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Abstract 

Preservation of the cultural property for today and for the future is one of the important 
interests in our society. The information, which we can hold from those materials, is a 
valuable key to understand the past. One of the efforts is conservation procedure to preserve 
both aesthetic and physical conditions of the irreplaceable artefacts. Conservation is a process 
including a range of different steps of treatments. Cleaning is one of the critical steps to 
stabilize material and to recover hide details on the surface. Therefore it is very important to 
choose suitable techniques and methods to avoid damage of artefacts. The research and 
development are still going to find more suitable techniques. One of the new techniques is 
laser, which has shown a good potential as a cleaning tool in many of material categories in 
conservation work. 

This thesis presents an investigation of laser cleaning technique of metal artefacts using 
Nd:YAG and TEA CO2  lasers. The first part is a general overview of the laser technique, 
metal conservation and the practical work. 

Paper A presents removal of adhesives and coatings from iron samples using pulsed TEA 
CO2- and Nd:YAG-lasers. Trial samples are treated with different kinds of adhesives and 
coatings used in metals conservation and then cleaned using the lasers. The results compares 
with a conventional technique, micro blasting. Comparison between the laser-cleaned surfaces 
is also performed by optical microscopy and Raman-spectroscopy. The comparative study 
shows that the best cleaning result is achieved by the TEA CO2  laser. The coatings are 
removed entirely without damage to the substrate. 

Paper  B  deals with cleaning of corroded iron samples using pulsed TEA CO2- and Nd:YAG-
lasers. TEA CO2  lasers are successfully used for removal of organic materials and rust. The 
Nd:YAG laser is able to clean the corroded samples, however, the risk for surface damage is 
higher than using the TEA CO2  laser. Analysis of the surfaces cleaned by the lasers is carried 
out by optical- and scanning electron microscopy, X-ray spectrometry and Raman-
spectrometry. 

Paper  C  is a comparative study of cleaning of iron samples using TEA CO2- and Nd:YAG 
lasers. In the experiment 1 cleaning of rust by an Nd:YAG laser and by micro blasting are 
compared. Experiment 2 deals with removing of the wax coating from iron samples by a TEA 
CO2  laser with different power densities. The first experiment shows that the samples cleaned 
by pulsed laser retain a better surface structure than that by the micro blasting. The second 
experiment shows how different energy densities affect the same surface. 

Paper  D  is an investigation about cleaning of silver threads in textile using Nd:YAG laser at 
different wavelengths, 1064  nm,  532  nm  and 266  nm.  The goal of this work is to find a 
feasibility to clean the tarnished silver without any damage of the underlying silk since the 
conventional chemical treatment is problematic to apply in this specific specimen. 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 1064  nm  wavelength easily provides the 
damages such as melting and burning to the silver as well as the silk inside. 
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1. Introduction 

Throughout the history of humanity manufacturing and collection of use or interest has taken 
place. For most of the time, the collected items were repaired when necessary by craftsman. 
The need for more professional techniques to take care of objects of interest arose first when 
the serious collection of such artefacts/curios began.. Such collected artefacts have a symbolic 
value and must also be regarded as a source of important historical information. However, to 
take care of artefacts, which often have decayed are the result of long exposure to the 
elements and to human handling, was not easy. As early as the 18th century treatment of 
different kinds of historical artefacts was carried out [I]. 

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

The key to a successful conservation is a complete understanding of the material from which 
an artefact 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 avoid 
damage and increases the state of preservation of artefacts. 

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, laser, for surface 
cleaning of artefacts. 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]. 

2. Conservation of artefacts 

The science of conservation has grown out of an earlier craft tradition of restoration and now 
involves the application of theory and practice of technical methods to conservation 
procedures. Conservation has an important role in bringing the past to life, and also to 
minimize the effects of further deterioration of the material itself. Conservation of 
archaeological artefacts is concerned with the objects and structures which represent the 
archaeological record. The investigation of excavated artefacts 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 artefact finds itself. Materials can become 
unstable and decayed which can result in a series of damaging changes to the object. 
Therefore an immediate act to preserve objects, for example by an active conservation, is 
necessary. Conservation focuses foremost on ensuring that objects are usable, i.e. that they 
can be viewed or handled. Conservation helps reveal the historical evidence that an artefact 
contains and maintains them in good condition for different studies today and even in the 

1 



future and thus has an important role in the process of understanding societies and 
technologies from the past and in different cultures. 

The processes of active 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. 

2.1. Ethics in conservation 

Applying and developing conservation techniques demands not only a high degree of manual 
skill but also 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 for 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.0) in co-operation with other European cultural institutions 
has defined recommendations and guidelines for conservator/restorers in the European 
communities [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 early days by craftsman. All treatments 
should take account of the original shape and surface details, materials adhering to the 
artefacts and also the original nature of the remaining material. It is recognised that no 
treatment is in the strictest sense 'reversible' but that the most important criteria is that the 
conservator should interfere minimally with the true nature of an artefact. Finally, 
conservators and all others working with historical artefacts, for instance archaeologists, finds 
specialists, curators, analytical scientists, etc., are expected to work only within their own area 
of expertise [6, 7]. 

2.2. 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 
importaftit part of the stabilizing process and is one of the most important processes in the 
conservation of artefac9 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 joining of broken parts. Cleaning procedures, which involve 
removal of materials from an artefact, are the most difficult to control and the results can be 
highly critical for the long term preservation of the item. 
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There are two categories of contaminants which must be cleaned, foreign matter which is not 
part of the original object, and materials resulting from the chemical and physical alteration of 
the original material of the object. Foreign matter is simply secondary materials that have 
become mixed with the original material. This also includes adhesives and filling material 
from old repairs because conservation processes are not permanent and in the meantime both 
the object and added materials change. Re-treatment is necessary if an earlier treatment has 
failed or has proved unsuitable. A product of alteration, such as metal corrosion products, 
forms through a chemical reaction between the original material and chemicals from the 
environment such as gases in the air or salts in solution from soil or the sea [8]. The 
deterioration and long term preservation of any material depend on both the nature of the 
material and the surrounding environments. 

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 kept. 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 
damaging if incorrectly used. fIn practice, it is rarely possible to entirely separate the 
contaminants from the object. Besides, removing a product of the deterioration process, which 
is originally a part of an aitefact, involves removing some of the artefact 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. In the other 
words, it is impossible to control abrasive particles to remove just contaminants on the 
surface. The loss of surface detail can reduce the aesthetic appeal of an artefact and in extreme 
cases can even lead to deterioration of the material. On the other hand, 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. 

Figure I. 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]. 
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2.3. Metals 

The most typical type of deterioration seen in metal artefacts 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 seen as corrosion. The corrosion products replace the metal 
and also affect their physical properties. Corrosion products are often chemically the same as 
raw material of metals, i.e. ores. Extracting a metal by, for instance, the process of smelting 
is in effect the reverse of corrosion [6]. Corrosion crusts (an example, 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. 

Figure 2. Example of a typical corroded archaeological iron object 

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

Corrosion 	Chemical formula of compounds 	Colour 
	

Characteristics 
products 

FeO 	iron (II)oxide 

Fe304 	iron (II, III)oxide 

7-Fe203  iron (III)oxide 

a-Fe203  iron (III)oxide 

a-Fe0OH 
iron (III)oxyhydroxide 
ß-Fe0OH iron (III)oxyhydroxide 

y-Fe0OH 
iron (III)oxyhydroxide 
Fe0OH iron (III)oxyhydroxide 

FeCO3  iron (II)carbonate 

FeS2 	iron (H)disulfide 

Fe3(PO4)2•81420 
iron (H)orthophosphate 
FeSO4.4H20 iron (II)sulfate 

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

Taconite 

Black 

Black 
	

Magnetic 

Dark brown 

Bright-red 
	

Protective, 
when heated above 200°C 

Red/brown/yellow 
	

As bulky 	mass 

Orange 
	

Metal-rust 	interface, grows 
when chloride ions around 

Orange-red 

Amorphous 

Grey/yellow/brown 
	

In calcareous soil 

Yellow 

White/blue 
	

Protective 

Green 

Pale blue/yellow 
	

Powdery 

Low-grade iron ore, contain 
about 25% Fe as magnetite  
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To arrest the process of decay of metal artefacts, especially archaeological artefacts, 
conservation is necessary. A typical conservation treatment includes several procedures such 
as cleaning, repair, stabilisation and finishing. During the repair, broken pieces of an artefact 
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 
artefact, the causes of decay have to be removed as much as is possible. For stabilising 
archaeological iron artefacts, removal of chlorides (desalting) in deionised water is commonly 
used. The last process in metal conservation is usually a surface treatment. Here, for example, 
a surface coating can be applied to the artefact which acts as protection. 

The cleaning of metal artefacts 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 corrosions products 
piece by piece and, to avoid damaging the artefact, the tool used should be softer than the 
material being cleaned. Tools powered by electricity, compressed air, or ultrasonic 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 artefact. This method requires skill and considerable operator experience since 
damage of the artefact due to over cleaning can easily occur. Another problem 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 artefact 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 artefact. The use 
of toxic chemicals also presents a potential health risk for conservators and can be damaging 
to the environment. 

3. Laser cleaning 

3.1. Introduction 

The word Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. 
Laser radiation is an intense monochromatic light which is emitted in a highly collimated 
beam. This laser light occurs when excess energy stimulates an atom or molecule to emit 
energy as light, whereas ordinary light, from the sun or a light bulb, is emitted spontaneously 
without any outside interference. The theory about light appeared 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 
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Wavelength 	Electromagnetic 	Types of lasers  
nm 	 Radiation 

Gamma 
rays 

UV  

Visible  

IR  

KrF Excimer (248nm) 
HeCd  (325  nm) 

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

GaAs  (845  nm) 
Nd:YAG  (1064  nm) 
CO2 (10,600 nm)  

1p-2  

Microwave 

Radiowave 

(Maser) 

10 

102 

108  

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 (some 
examples, see Figure 3). The character of a laser depends 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-colored) and _coherent and have high 
directionality. Laser power is usually measured in watts (joule per second) and shows how 
much energy the laser releases per unit time. Lasers can emit pulses of various duration's and 
repetitions rates, or can emit a continuous beam. Lasers, such as the Nd:YAG laser used in 
this study, which can emit at different wavelengths by using harmonic generation. 

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

6 



3.2. Cleaning application 

Since the invention of the first laser development has been extremely rapid and the unique 
properties of laser radiation have be 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 surface 
[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 used in several conservation applications and has 
potential as an effective alternative to many traditional methods of manual cleaning. 

The first research studies on the application of laser technology to art restoration were 
performed in 1972 by  Asmus  and co-workers [17]. Since the 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 
contaminants and underlying substance. The laser cleaning of other materials, for example 
stained glass [20], photographs [21], tiles [22], paper and parchment [23] and paintings [24, 
25], have 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 artefacts 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 and 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 surface cleaning removes contaminants from a surface using laser irradiation. Since 
laser cleaning is a physical process, but applied under highly controlled conditions, the 
procedure 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. 
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However, lasers have a large initial investment cost which is probably the biggest 
disadvantage of this technique. 

3.2.1. Mechanisms 

Cleaning by laser irradiation involves complex mechanisms such as  photothermal,  
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 
are shown 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 so as not to 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. The power level in the laser beam itself 
depends on several factors including variations in power level with time, efficiency of 
converting excitation energy into laser energy and excitation methods. In general, shott_putses 
from a laser are 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 result in 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 of the surface. 

Figure 4. Ishikawa diagram of the factors affecting the laser cleaning process. 
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3.2.2. 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 certain encrustations, better cleaning efficiency can be 
archived by choosing a laser wavelength that is strongly absorbed by the surface together with 
pulse depositing 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 occurs. However, in a typical laser-cleaning situation, the expected 
peak temperature of perhaps 370°C 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]. 

3.3. Experiment 

Two types of lasers, TEA CO2  and Nd:YAG, were used in this study (see Table 2). The 
samples to be cleaned were in various conditions and covered by different kinds of organic or 
inorganic contaminants. For all experiments a pulsed mode was used to enable close control 
the beam and to avoid melting of the surface. Short pulses were used to minimise conduction 
of heat into the metal which could otherwise cause unwanted phase transformations. In 
general, an out-of focus beam spot is used in laser cleaning of artefacts since the high beam 
energy densities in a tightly focused beam spot can cause formation of plasma in the air above 
the target which prevents further beam-surface interaction. An out-of focus mode can be 
achieved by varying the working distance between the optics and the surface [16] (Figure 5). 

Table 2. Laser systems used in the experiments 

TEA CO2 	 Nd:YAG 

System 	 ALLTEC,  Allmark  870 	Lynton,  Paragon XL 
Beam transport 	90°  deflection, focusing 	Articulated arm 
Wavelength 	10,600  nm 	 1,064  nm  
Pulse energy 	2 — 4  J 	 0.5J 
Energy density 	1 — 80 J/cm2 	 0.4 — 16 J/cm2  
Frequency 	1 — 20 Hz 	 1 — 10 Hz 
Focusing 	 Defocused 	 Defocused 
Spot form 	Square 	 Round  
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Figure 5. Focal point of lens and diverging of laser beam 

ALLTEC TEA CO2  laser  LYNTON Nd:YAG laser  

LH:  Laser Housing 	DM: 90°  Deflecting Mirror 	FL: Focusing lens 	FF:  Fine Focus 
0: Object 	EX: Exhaust 	 KB: Keyboard 	HA: Height Adjustment 
AP: Audio Protection PG: Protecting glasses 	AR: Articulated arm 

Figure 6. The lasers using in the experiment 

TEA CO2  laser (Figure 6) 
The Carbon-dioxide (CO2) laser is one of the gas lasers which can be operated either pulsed 
or continuously at wavelength of 10.6 gm. An electric discharge passing through the laser gas 
excites t laser. The laser medium consists of carbon dioxide with nitrogen and helium.. The 
efficiency can reach 20 % which is high by laser standards. The Transversely Excited 
Atmospheric (TEA) CO2  laser, which used in this study, is one of the variations of the carbon-
dioxide laser. It is operated at gas pressure of around one atmosphere; other designs operated 
at pressures below one atmosphere. TEA CO2  lasers are available in a wide range of power 
levels and can emit intense pulses lasting between 40  ns  to 1 gs [11]. Carbon dioxide lasers 
have relatively high efficiency have low cost and are the most commonly used industrial laser 
for applications such as marking and cleaning such as removing paint from aircraft. In 
cleaning application the TEA CO2  laser appears only to be useful for metal cleaning due to the 
fact that metals have high reflection and can be irradiated by high energy density in the far 
infrared with no significant surface heating and therefore no surface damage [32]. 
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Nd:YAG laser (Figure 6) 
Nd:YAG is the most common solid-state laser and uses light-emitting neodymium (Nd3+) ions 
embedded in crystalline matrix of yttrium-aluminium garnet (YAG, Y3A15012). This laser can 
be operated in pulsed or continuously mode at a wavelength of 1.064 p.m. The peak power can 
reach tens or hundred of kilowatts in millisecond-long pulse generated by a flashlamp, or over 
100  MW  in a  Q-switched pulse of 10 to 20  ns. Q  is a characteristic quality factor of a laser 
cavity; a higher  Q  means lower losses. In cleaning application the  Q-switching is usually 
achieved by electro-optical devices to produce short and very powerful pulses of laser light. 
By using non-linear crystals, the 1064-nm  output of an Nd:YAG laser can be converted to 
green light with wavelength of 532  nm.  The process is named harmonic generation. By this 
also light at the third harmonic at 355  nm  and the fourth harmonic at 266  nm  in the ultraviolet 
can be generated [11]. The Nd:YAG laser is generally used for the cleaning of works of art 
and also in industry since it is relatively efficient when treating substances such as stone, 
metal, textiles, skin products, pottery, etc. 

3.4. Analysis 

There are many analytic methods that can be useful when carrying out a scientific 
investigation of works of art. Analytical techniques can reveal information about an object 
that is not visible to the human eye [36]. It is therefore important to use scientific analysis to 
evaluate the results of any experimental investigations. In this study morphology studies were 
performed using optical microscopy of all samples and scanning electron microscopy  (SEM)  
of some of the samples (see Figure 7). These methods were used to control and document the 
surface structure before and after laser cleaning. Cross-sectioning of the samples was also 
performed. Analysis using Raman-Spectroscopy [37] of some samples revealed the presence 
of different organic and inorganic compounds before and after laser cleaning. It is important 
to check that the cleaning process is achieving good results and that the original material is 
preserved after the cleaning process. For example, analysis can show the presence of a wax 
coating on a corroded iron sample before and after laser cleaning (see Figure 8). In this case, 
the analysis was carried out using a RENISHAW 200 Raman-microscope, with  Ar-ion laser, 
at 514  nm  as excitation source at a magnification of between 20 — 50X. In this study, analysis 
with a Raman-microscope using HeNe-laser was not successful. Sample characterization was 
also carried out using X-ray analysis (see Figure 9). 

Figure 7. Scanning Electron Microscope,  SEM,  cross section of the laser cleaned nail. 
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Figure 8. Raman spectroscopy before and after removing a wax layer from an iron object. 
a) The analysis shows the presence of a wax coating.  
b) After laser cleaning no traces of wax can be detected. 
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(a) Corroded area, where the original  Zn-coating has flaked off  

(b) Partially protected area, where the original  Zn-coating is preserved 

Figure 9. X-ray analysis of the nail, cleaned by TEA CO2  laser. 

4. Discussions 

Different materials show different absorption of laser light depending on factors such as the 
wavelength of the laser and the properties of the material. For this reason, it is important to 
choose a suitable wavelength to achieve a successful cleaning result. In this study two types 
of lasers, Nd:YAG and TEA CO2  lasers, have been used since most metals tend to more 
reflective at longer wavelengths. However, in theory, the longer wavelength and high 
reflection of laser light from a carbon-dioxide laser should make it more suitable for cleaning 
metals without damage or significant heating of the metal substrate. Although only part of the 
laser light is absorbed, the carbon-dioxide laser can deliver more power than Nd:YAG lasers, 
offsetting the higher absorption at the shorter wavelength. 

Metal artefacts are most commonly covered by two types of contaminants; inorganic 
corrosion products and organic materials, such as dirt, from the environment, and old 
conservation material such as coatings and adhesives. Corrosion products are usually 
inhomogeneous and complicated in structure, and their chemical and physical properties vary 
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between samples. As a consequence, corrosions products show a varied response to laser 
irradiation. In contrast, the organic contaminants are often more homogeneous and are easier 
to remove using laser cleaning, especially using the TEA CO2  laser, without any visible 
damage to the metal substrate [26]. However, all materials involved in conservation, 
including both the original material and contaminants, are aged and decayed and their 
properties differ from fresh materials. For these reasons, the laser parameters have to be 
controlled and adjusted for every new cleaning situation to avoid any damage of the material. 

Several problems can occur during the cleaning of metals by laser irradiation. During high 
power laser heating, the intense laser radiation is absorbed by the target material and rapid 
temperature rise in the surface occurs. The target material vaporises and the absorption of the 
laser radiation increases. Formation of a partially ionised cloud of metal vapour, a plasma, 
then forms in front of the target surface (See Figure 10). The plasma strongly absorbs the 
laser energy and disturbs the removal mechanisms. Since the plasma prevents further laser 
radiation from reaching the target, the removal process is determined predominantly by 
effects associated with the plasma. The heated plasma can result in high pressures (1-100 
kbar) causing a shock wave to form. When the laser pulse ends, the removal of a thin surface 
layer (1-100 lam) occurs due to spalling [34]. However, this mechanism is not very selective 
and can cause damage to the underlying substrate. For this reason, cleaning of metals using 
lasers should be with short duration pulsed below the plasma formation threshold. 

(a) sample positioning 
	

(b)  plasma plume caused by the laser pulse 

Figure 10. Plasma formation during irradiation with TEA CO2  laser pulses. 

As well a damage such as melting and vaporisation, oxidation and discolouring of metals are 
other common problems arising during laser cleaning. The high temperatures at the surface 
caused by the laser radiation result in a thermochemical reaction between oxygen in the air 
and the object being irradiated [38]causing an oxidised or discoloured area to forms. 

To avoid the problems mentioned above the following should be considered or used. 
• Cleaning should be carried out at the lowest practical beam fluences. 
• Selecting proper experimental parameters for next cleaning process [19]. 
• Using a jet of air, argon, nitrogen, helium etc. to blow the plasma away. 
• A vacuum system can be used to reduce oxidation of an object by lowering the 

oxygen pressure [38]. 
• The acoustic information associated with vaporisation and the formation of plasma 

gives an indication of the cleaning process and the results [39]. 
• Development of on-line monitoring and controlling techniques [39]. 
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5. Conclusions 

The development of laser-based cleaning techniques over the past few years has shown great 
possibilities as a new cleaning method for use in conservation. The fundamental difference 
between cleaning with laser radiation and conventional methods is using of light, or photons, 
which can discriminate between the contaminant and substrate due to their differing 
absorption characteristics. In many cases, results have shown that cleaning using lasers offers 
many advantages over conventional cleaning techniques based on chemical or mechanical 
actions. Because of its unique characteristics as a controllable, selective, precise, non-contact 
and environment-friendly cleaning device, lasers offer the potential to be used as a cleaning 
tool in the conservation of many different categories of material. The close control possible 
with the process allows the conservator to stop the cleaning process at any point before any 
potential damage of the artefact occurs. The selectivity and self-limiting nature of the process 
allow the contaminant layers to be discriminated from and removed from the original surface. 
In addition, the precision and the non-contact nature of laser cleaning allows delicate artefacts 
to be cleaned more safely. Thus, laser cleaning is an interesting alternative for conservation 
problems that are still unsolved or that are difficult to handle using traditional cleaning 
techniques. 

Underexposure can leave residual contamination on the surface while overexposure can result 
in substrate damage. Laser cleaning of metals must therefore be carried out at the lowest 
possible energy density to avoid surface damage such as melting and oxidation. It is therefore 
important to determine the lowest energy levels that are capable of removing contaminants 
and corrosion layers from a metal surface. This is achieved by controlling parameters such as 
the number of pulses and the energy per pulse. Since surface damage could easily occurred by 
overexposure to a laser pulse of too high a fluence, successful cleaning without damage can 
only be achieved with care by an experienced and trained conservator. As with any industrial 
process, it is obviously important that all health and safety guidelines for the use of lasers and 
recording of the cleaning procedures should be followed. 

There remain many areas to be investigated before lasers can be applied as a standard 
cleaning tool in metal conservation. These include study of the correlation between the 
different mechanisms occurring during a laser cleaning process in order to help select the 
most suitable laser parameters such as fluence, power, pulse duration, beam size, etc. for any 
given application. Since, the grain structure of archaeological objects provides useful 
information about the manufacturing techniques used [40] investigation of influence of laser 
cleaning on the grain structure of the metal artefacts cleaned by laser radiation is also 
required. Finally, a detailed understanding of laser interaction phenomena on samples in 
different conditions is required to give information to help control of cleaning of given 
surfaces. 
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Removal of adhesives and coatings from iron artifacts 
using pulsed TEA CO2- and Nd:YAG-lasers. 

Yangsook Koh.' and Istvan Sårady**b  
aKiruna Centre for Conservation of Cultural Property; bLuleå University of Technology 

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,  532  nm  and a TEA CO2-laser with 10,600  nm  have been carried out. Trial samples were treated with different 
kinds 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. 

1. INTRODUCTION 

Corrosion of archaeological metal artifacts takes place very rapidly after excavation. Once excavated factors such as 
moisture and the air 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 treatment 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 solubility of those materials in organic solvents which makes chemical cleaning difficult or 
impossible in which case 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 and information which the artifact carries on its surface can be lost. 

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 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 artefacts [3,4]. The advantages of lasers over more traditional methods include: 

*vskAforemalsvard.bd.se;  phone +46 980 702 96; fax +46 980 837 79; Kiruna Centre for Conservation of Cultural Property, 
Arent Grapegatan 20, SE-981 32 Kiruna, Sweden 
Istvan.Saradvemb.luth.se-  phone +46 920 912 73; fax +46 920 993 09;  Luleå  University of Technology, SE-971 87  Luleå,  Sweden 
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b.  

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 and high reflection of infrared laser light, makes them 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. 

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 900  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  0.253; 	0.4- 8 Jfcm2  
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 

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. The actual coatings were aged for 
two years. 

2.1 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. 

a. 

Quadrant 1 

77

,........- Quadrant 2 

\\ \------- Quadrant 4  Quadrant 3 

Figure I. Schematic of trial sample plates (a.) show  ng  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. 

This study has investigated the use of lasers for removing coatings and adhesives from metal artifacts for re-
conservation. The cleaning effects of lasers of three different wavelengths; a 10,600  nm  TEA CO2  laser and 1,064  nm  
and 532  nm  Nd:YAG lasers, have been compared and the treated surface analysed by optical microscopy and other 
analysis methods. 
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2.1.1 Cleaning of trial samples by TEA CO2  laser 

The laser used was designed for marking of food packaging, modified by the removal of the mask used to give the text 
or other image on the package. 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 using 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 60inm or 70 mm from the focus gave optimal results. It was found to 
be almost impossible to remove the adhesives at 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. 

Table 2. Summary of the parameters used for the TEA CO2  laser tests on trial samples 

Distance from the focus (focal length) +60 mm +70 rum 
Spot size 6.5  x  7mm 	8J/cm2  7  x  8 mrn 	7J/cm2  

Paraloid  B  72 	(HMG) about 5 pulses 
Cellulose Nitrate 	(Karlssons  glue) about 5 pulses 
Epoxy 	 (Araldite) about 20 pulses 
Paraloid  B  72 	(Conservation adhesive) about 5 pulses 
Cyanoacrylat 	(Loctite 407) about 5 pulses 
Cyanoacrylat, black (Loctite 480) 3 pulses 

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

The same procedure to find 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 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 3. 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 I or 2 pulses 
Cellulose Nitrate 	(Karlssons  glue) Adhesive removed by I 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 

2.1.2 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 optimum energy density values were in the range of 0.4— 2 J/cmz, depending upon the wavelength used. 

Table 4. 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 

Table 5. 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 3/cm2. Adhesive removed easily 
Dinitrol (4010, liquid) 0.4 J/cm2. The adhesive discoloured and flaked 
Dinitrol (To 29241, paste) 0.5 3/cm2. The adhesive was easily removed, slight darkening of the surface 
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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' colour. 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. 

Figure 3. The appearance of a trial sample coated with araldite. (Composite image)  
N  = Nd:YAG laser 1064  nm,  W = untreated micro-crystalline wax coating,  G  = Nd:YAG 532  nm  (green) laser, 
T = TEA CO, laser,  MB  = micro-blasting 0 = original metal surface, A = remains of araldite after treatment 

Removal of adhesives from the corroded iron samples using Nd:YAG laser gave similar results to those observed in the 
non-corroded trial samples; the adhesives discoloured and 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. 

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 

24 



hid:YAG-Laser CO2-Laser 

0.1 0.2 0.3 0.5 	1 	2 
Wavelength  Ä.  (ffl) 	ipm] 

8 10 20 

4. DISCUSSION 

4.1 Interaction mechanisms 

4.1.1 TEA C01-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 artefacts. 
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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 longer wavelength, in this case 
CO2  -laser are less likely to damage the metal artefacts. On the other hand, organic compounds are transmissive or 
translucent at visible and near infrared, but absorb strongly in the far infrared 

The absorption of radiation in organic compounds is due to the interaction of photons with different radicals. Photons with 
energy  E  = hv = 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  Fe0OH + hy Fe203  + 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 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. 
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4.1.2 Nd:YAG-Iaser, 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  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. 

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 wavelengt of the Nd:YAG — laser, due 
to the photo- and thermochemical dehydration of the Fe(OH)2  and forming of FeO. At the same time, the removal of the 
coating is far less effective by the Nd:YAG-laser beam, than with the TEA COT-laser beam. 

Surface darkening, caused by the therm° chemical decomposition of Fe(OH)2  described earlier, was much more commonly 
observed. The process is thus much more sensitive and correct operating parameters and care by the operator  ar  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. 

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.  

The Araldite layer on non-irradiated iron surface could be identified around wavenumber 3071 and 2910 cm''. 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 wavenumber 3077 and 2924 cm-1. This indicates minor photo- or 
themm-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'. 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' respectively appeared. These are 
characteristic for iron oxides and -hydroxides. 

26 



A commercial conservation agent, Dinitrol, which is used as a protective surface coating on iron artefacts has spectral lines 
at 2881 and 2843 cm-1  respectively. The surfaces irradiated with the TEA CO2 laser showed no traces of Dinitrol. The new 
spectral lines observed between 1591 and 275 cm' are due to different iron oxides and iron hydroxides. These results 
indicate that by using the near  IR  and visible (SHG, green) wavelengths from an Nd:YAG-laser, the Dinitrol layer could be 
completely removed. However, the surface of the object darkened considerably due to the thermal and photo-chemical 
effects described earlier. 
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 artefacts, the physical and chemical properties of the material 
must be considered. Tne 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  laser if 
problems with dehydration and discolouration of the rust is to be avoided. There is a further risk that the resulting iron 
oxide melts 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. 

The superior cleaning effects with the TEA CO2  -laser and the risk for surface melting when using pulsed Nd:YAG lasers at 
the 1R and visible wavelengths were also confirmed by investigations with Scanning Electron Microscope,  SEM.  
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Abstract 

Archaeological iron artefacts 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 for 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 

artefacts 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. 

As test samples, corroded utility articles, such as nails and hand tools have been 

used. 

Depending on the composition of the crust, different lasers have been used: TEA 

CO2  lasers have been successfully used for removal of organic materials and 

rust. E0-Q-switched Nd:YAG laser 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 for surface damage 

was higher than when using the TEA CO2  laser. 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 artefacts / 

metallography I optical & scanning electron microscopy. 
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1. Introduction 

In archaeology, most artefacts are extracted from environments in which they 

have lain for between one hundred and several thousand years. Since all matter 

is subject to decay it is very rare to discover artefacts in pristine condition. Metal 

objects react with chemicals in the environment such as moisture, oxygen, 

carbon dioxide, salts, etc. and form various corrosion products. These occur both 

inside and on the surface of the metal artefacts, which 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 

(Figure 1). The corrosion of archaeological metals continues and can even 

accelerate after excavation. Careful use of a suitable conservation treatment is 

therefore necessary to preserve the material and the valuable scientific 

information that the artefacts carry. 

Cleaning is usually the first step of many in conservation work. It is also one of 

the most difficult operations undertaken when preserving metal artefacts. Any 

cleaning must be carried out with great respect and consideration of the original 

object's form, function and material. In recent years, a number of new methods 

for cleaning and stabilising iron artefacts have been presented. 

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 artefact. 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 
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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. Unfortunately, no entirely 

satisfactory conservation treatment has yet been developed. For this reason it is 

necessary to find and develop new techniques and methods which are more 

suitable for treating different kinds of artefacts. Lasers are currently being tested 

for a wide range of conservation duties. Due to the fact that they are highly 

controllable and can be selectively applied, lasers can be used to achieve more 

effective and safer cleaning of archaeological artefacts. 

Cleaning test on various materials using lasers were performed by John  Asmus  

and co-workers during the 1970s and gave very promising results. Since the first 

cleaning test, scientists and conservators have done much research to 

investigate the use of lasers as a cleaning tool on different materials during 

conservation [2, 3]. However, very few applications of laser cleaning of metal 

artefacts have been reported [4]. An investigation of 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 [5]. 

Lasers offer many advantages over traditional methods. Laser cleaning is a 

selective, non-contact method that leads to better preservation of the surface and 

surface details. Furthermore, laser cleaning is safer from the point of view of 

working environment and environmentally [6, 7]. 
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The work presented here has investigated the use of lasers for cleaning 

archaeological iron artefacts. Corroded archaeological iron artefacts are often 

covered by brown or orange corrosions products mixed with both organic and 

inorganic contaminants from the earth. 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 tluence for successful cleaning, careful evaluation 

by microscopy and metallographic cross sectioning has been carried out [8]. 

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, 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  X  = 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 most suitable for cleaning metal artefacts. 

Absorption of radiation in organic compounds is due to the interaction of photons 

with different radicals. Photons with energy  E  = hv = 0.116 eV strongly excite the 

—OH, -CH, -CN radicals causing organic compounds to become heated and 

evaporated. 

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  wavelengths. A pulse repetition rate of up to 10 Hz is possible 
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with this equipment. The photon energy of the  IR  and green beams are about 

1.18 eV and 2.36 eV respectively. 

2. Experimental Methods 

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  have been carried out 

(Tab/el). Due to the need to carry out destructive analysis of the samples, no 

registered archaeological artefacts were cleaned. Instead, corroded earth-found 

utility articles of iron have been used. The type and appearance of the samples 

varied, but most of them were covered with a crust containing organic fibres, 

mineral particles, dirt, etc. 

2.1 Dry cleaning 

2.1.1 TEA CO2  laser 

The laser used was designed for marking food packaging, but was easily adapted 

for cleaning the archaeological samples. 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. This was found to be at ca. +70 mm, corresponding to an energy density 

of 8  J  cm-2.  lt  was almost impossible to clean the surface from corrosion 

products at the first pulse and several pulses were often necessary. This is due in 

part to plasma formation, which can occur at high-energy densities, which affects 

the efficiency of the process. 
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2.1.2 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 before the focal point of the 

lens, between -5 mm and -20 mm before the focus. 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, i.e. the stated distance from the focus. The 

optimum energy density values were in the range of 0.4-2  J  cm-2, depending 

upon the wavelength used. 

2.2 Wet cleaning 

Application of a thin water film on the surface before irradiation, known as steam 

cleaning, increases the cleaning effect and is especially helpful if the crust is 

difficult to remove [9]. 

2.2.1 TEA CO2  laser 

The surface of the test sample was brushed with common tap water before the 

cleaning process started. The light from this laser is absorbed by water and 

hence a thin layer is sufficient to enhance the cleaning process. 

2.2.2 Nd:YAG lasers at two wavelengths 

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 with water before laser cleaning. 
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3. Results 

Cleaning by laser has shown different effects on the surfaces of the tested 

samples.  lt  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 

using the TEA:CO2  laser. The presence of the  Zn  coating was confirmed by  SEM  

analysis of the surface (Figure 3). Comparison of laser cleaning against 

traditional methods showed that the laser cleaned surface retained more of the 

original topographical structure (Figure 4). Wet cleaning using the TEA CO2  laser 

resulted in rapid cleaning of thin corroded surfaces with rust and organic 

contaminants, but the effect on the surface covered by mineral particles was 

again poor. Some blackening of the surface was observed during operation, but 

no melting of the substrate occurred. 

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 

and dehydration effects. When using Nd:YAG lasers for cleaning, the process is 

much more sensitive and correct operating parameters and care by the operator 

are required. Once the surface has blackened, the laser radiation is absorbed 

more readily and further damage can easily occur. Wet cleaning using the 

Nd:YAG laser gave better results and surface corrosion flaked away from the 

artefact more easily than without the water film. 

Removing mineral particles was difficult using either of the laser systems. 
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4. Discussion 

This study concerns the cleaning of corroded iron and steel surfaces with the 

help of a pulsed laser delivering very short pulses. Three different wavelengths 

have been used. 

Laser cleaning relies upon the photomechanical effect of the intense shock wave 

associated with the formation of plasma near the surface [10]. This effect 

requires very high peak power or energy densities and short pulse duration. The 

shock wave causes the superficial layer to be fragmented into small particles and 

removed without causing damage to the underlying surface. 

If the energy density or fluence is very high, even a poorly absorbing surface will 

be affected. This was observed in some of the tests as a blackening of the 

surface. The reaction mechanism associated with this blackening may be 

explained by "dehydration" of the brownish-red coloured rust by [5]: 

2 Fe0OH (goethite) + hv => Fe203 (maghenite)+ H20 

6 Fe203 (maghenite) + hv => 4 Fe304  (magnetite) + 02 

At even higher fluences, the Fe203  formed can melt as its melting temperature is 

much lower than that of metallic Fe. Should this occur, small, ball-like features 

can be formed on the surface. High fluences are difficult, but not impossible, to 

achieve with TEA CO2  laser, making the process less sensitive to operator error 

when cleaning a metal artefact. Should such chemical and thermal changes 

occur, the surface is irreparably damaged. This is true for all the lasers tested, 

but much more likely to occur with shorter wavelengths. 
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5. Conclusions 

The cleaning effect of TEA CO2  and Nd:YAG lasers on iron artefacts varies. 

However, both types of laser have been used to clean the samples in this study. 

The TEA CO2  laser shows better results than the Nd:YAG when removing 

organic materials from metal surfaces. This confirms the results of an earlier 

study using Raman-Spectroscopy [11]. 

Knowledge of the physical and chemical properties of materials to be treated are 

critical when choosing a laser suitable for surface cleaning prior to conservation. 

One of the properties of metals is their high reflection of light in the far infrared 

(Figure 2). In theory, 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. Colour, 

porosity and surface structure all affect the process. Changes in the thickness of 

the layer to be removed also require changes to operating parameters. 

Plasma formed during laser cleaning absorbs 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 further risk that any iron oxide formed melts 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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Once the technique is understood, registered archaeological artefacts with a 

higher intrinsic value will also be treated. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge Norrbotten's Research Council,  Luleå,  

Sweden, who sponsored this study. Thanks also to ALLTEC  GmbH,  Lübeck,  

Germany, for help with the TEA CO2  laser experiments and to Dr. Leo Hassler,  

Luleå,  Sweden, who allowed us to use his Nd:YAG lasers for the experiments. 

We will also thank David Legge for help with proof reading of this paper. 

REFERENCES 

1. Blackshaw S.M., An appraisal of cleaning methods for use on corroded iron 

antiquities, Maritime monographs and reports No.53 (1982) 16. 

2. Cooper M., Laser Cleaning in Conservation: An Introduction, Butterworth-

Heinemann, Oxford, 1998, 7-18. 

3. Asmus  J.F. Light Cleaning: Laser Technology for Surface Preparation in the 

Arts, Technology & Conservation Fall (1978) 14-18. 

4. Pini  R.,  Siano S., Salimbeni  R.,  Pasquinucci M., Miccio M., Tests of laser 

cleaning on archaeological metal artefacts,  J.  Cult. Heritage 1 (2000) 129-

130. 

5. Cottam C.A., Emmony D.C., Practical assessment of the cleaning effect of 

TEA CO2  laser radiation on corroded metal samples, in: Kautek W.,  König  E. 

(Eds.),  Lasers in the Conservation of Artworks (LACONA II), 

Restauratorenblätter (Special Issue), Mayer & Comp., Vienna, 1999 

6. Watkins KG., A review of materials interaction during laser cleaning in art 

restoration, in: Kautek W.,  König  E. (Eds.),  Lasers in the Conservation of 

39 



Artworks (LACONA l), Restauratorenblätter (Special Issue), Mayer & Comp., 

Vienna, 1997, 7-15. 

7. Choe-Koh Y.S., The Effect of Nd:YAG Laser Cleaning on Metals,  Göteborg  

University, Gothenburg, 1996, 9. 

8. Scott D.A., Metallography and Microstructure of Ancient and Historic Metals, 

The Getty Conservation Institute, Marina del Rey, CA, 1991. 

9. Cooper M., Laser Cleaning in Conservation: An Introduction, Butterworth-

Heinemann, Oxford, 1998, 61. 

10. Lee  J-M., In-Process and Intelligent Monitoring Systems for Laser Cleaning 

Process (doctoral thesis), The University of Liverpool, Liverpool, 1999. 

11. Koh, Y.S. and Sarady, I.: Removal of adhesives and coatings from iron 

artefacts using pulsed TEA CO2- and Nd:YAG-lasers. (Presented at the  SPIE-

conference 4402: Lasers in Metrology and Art Conservation, Munich, FRG, 

June 18-19, 2001). 

12. Cottam C.A., Emmony D.C., Laser cleaning of metals at infra-red 

wavelengths, in: Kautek W.,  König  E. (Eds.),  Lasers in the Conservation of 

Artworks (LACONA l), Restauratorenblätter (Special Issue), Mayer & Comp., 

Vienna, 1997, 95-98. 

40 



Tables 

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 900  deflection 

& focusing lens 

articulated arm 

& focusing lens 

articulated arm 

& focusing lens 

Wavelength 10,600  nm  1,064  nm  532  nm  

Pulse energy 2-4  J  0.5  J  0.25  J  

Energy density 1-60  J  cm-2  0.4 -16  J  crri2  0.2 —8  J  cm-2  

Pulse Freq. 1-20 Hz (2 Hz) 1-10 Hz (2 Hz) 1-10 Hz (2 Hz) 

Focusing defocused defocused defocused 

Spot square round round 

Captions for figures 

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

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 wavelength, 
in this case, CO2  laser is less likely to damage the metal artefacts. 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. 

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

Figure 4. The surface of blasted and laser treated specimens. a). Original rusty 
surface.  b).  Glass blasted, but 'over-cleaned' surface, with changes in the 
omamentics. Some areas remain rusty.  c).  Surface after moderate glass 
blasting.  d).  Wet cleaned surface with TEA CO2  laser, showing uniform cleaning 
effects. 
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SURFACE CLEANING OF IRON ARTEFACTS 

BY LASERS 

Yang Sook Koh and Istvan Sårady 

Summary — Historical metal artefacts are an important part of our 

cultural heritage and hence the technical and historical information found 

in an artefact must be preserved. Conservation is one of the main processes 

to preserve such artefacts. This process must be carried out within a 

framework of regulations for conservation ethics to protect cultural 

properties against improper handling. Development of new conservation 

techniques is an ongoing process necessary to find better and safer 

methods. 

During the last few decades laser cleaning has been developed and applied 

in conservation and offers good potential. Some of the advantages of laser 

cleaning is its precision and precise control during the cleaning process and 

is safe for users and the environment. In this paper the general method and 

ethics of the laser cleaning technique for conservation are presented. The 

results of two experiments are also presented; experiment 1 compares 

cleaning of rust by an Nd:YAG laser and micro blasting whilst experiment 2 

deals with removing the wax coating from iron samples by a TEA CO2  laser. 

The results of the laser cleaning were analysed by optical microscope and 

Raman spectroscopy. The first experiment showed that cleaning with pulsed 

laser and higher photon energy retained a better surface structure than 
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micro blasting. The second experiment showed how differences in energy 

density affect the same surface. 

Introduction 

Metal objects have played an important roll in everyday life since ancient 

time. Various metals have been used for manufacturing items such as tools, 

weapons, jewellery or religious objects. A great number of ancient artefacts 

have been excavated and continue to be excavated around the world. These 

cultural artefacts, both archaeological and historical, are often found in 

collections at regional and national institutes and museums that have a 

responsibility to ensure that the artefacts in their care are effectively housed, 

conserved and documented. The aim of this is to preserve collections for the 

future and to enable them to be used for the development and dissemination 

of knowledge, through research, educational work, permanent displays, 

temporary exhibitions and other special activities [1]. Conservation and 

restoration of artefacts is an important part of these activities. 

To stop physical decay and to preserve artefacts usually requires some 

form of conservation. The materials and techniques used in conservation 

have developed over many years. Despite the availability of new techniques 

and conservation equipment, the four basic stages of conservation to stop 

the process of decay - stabilisation, cleaning, repair and restoration - have 

not changed since scientific conservation began over a century ago [2]. 
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Cleaning is an essential part of the conservation process and both improves 

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. 

For cleaning metal artefacts, conservators often use techniques such as the 

use of dental tools or micro blasting to assist with the removal of corrosion. 

With those methods very small fragment of the original artefact are often 

removed from the surface. These methods are difficult to control which 

easily results in over-cleaning of the surface which may reduce the visual 

appeal of a surface and in extreme cases even accelerate further decay. The 

organic materials used in conservation over the years, such as adhesives and 

protective coatings also decay and age resulting in the need for re-treatment 

of the object. For removing of old conservation material before a re-

conservation process solvents are often used. However, solvents can be 

environmentally harmful and represent a health hazard. In extreme cases 

chemical residues left on the artefact can cause long-term problems. 

During the past forty years conservation work has been developed from a 

simple craft into an advanced profession. This development owes much to 

the increasing use of scientific techniques and the development of new 

materials. In parallel with this, lasers have also developed and are now 

widely used in industrial, medical, militarily, scientific or artistic 

applications. Laser cleaning is a modem conservation technique which has 

been taken from industrial and medical uses of lasers, not least of which for 

their low environmental impact when cleaning of both industrial and 

cultural objects. The use of lasers in conservation and restoration work has 
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become increasingly significant and lasers are now routinely used for 

cleaning artefacts and in other applications such as imaging [3]. 

Conservation ethics 

Individual artefacts carry valuable and irreplaceable historical and technical 

information. For this reason, all artefacts must be treated and handled with 

cares and respect. Conservation aims to preserve the physical condition of 

an artefact and the information it carries and to protect an artefact from 

irresponsible or damaging handling. Conservation must be carried out 

within a framework of ethical standards and principles which set standards 

to guide or regulate conservation activities. International guidelines for 

ethical standards in conservation have been created, such as ICOM. 

The intention must be to ensure that the collections are passed on to future 

generations in as good and safe a condition as practicable, having regard to 

current knowledge and resources... Recognition and respect for the cultural 

and physical integrity and authenticity of individual objects, specimens or 

collections are fundamental values in conservation work. For sacred works 

this includes respect for the traditions and cultures of the communities that 

used them... The condition of an object or specimen may require 

interventive conservation and the services of a properly qualified 

conservator. This may include restoration or repair, but the principal goal 

should be to stabilise the object or specimen... All conservation procedures 
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should be documented and reversible, and all added materials and physical 

or genetic modification should be clearly identifiable from the original 

object or specimen [1]. 

Lasers in conservation 

Laser surface cleaning is a relatively new process. Lasers are unique sources 

of light, providing energy in the form of a very intense, monochromatic, 

well-collimated beam. There are many different types of lasers which have 

varying wavelength and energy characteristics. Laser cleaning involves very 

complex mechanisms such as photo-thermal, photo-chemical and 

mechanical effects. 

Laser cleaning developed initially in industry as an alternative to wet or 

chemical cleaning which is environmentally costly [4]. Laser cleaning uses 

no chemicals and leaves no residues and hence waste disposal making it 

ideal for use in the conservation and restoration of archaeological artefacts 

and artwork. In addition, cleaning of small objects without damage is 

difficult to achieve using traditional cleaning techniques such as chemical or 

mechanical cleaning due to difficulty of control and relatively high 

mechanical forces involved. These processes can result in contamination of 

the surface of the artefact and the risk of damaging delicate parts [5]. 

Attempts at cleaning of artwork using lasers began in 1972 when John  

Asmus  tried to clean an Italian statue. This was successful and the technique 
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has become an important tool for the precise removal of surface pollutants 

without damaging the underlying material [6]. 

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 gm. At this wavelength the light 

is strongly absorbed by layers of surface contamination but not by the 

underlying substrate. 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/fluence 

should be high enough to remove the dirt layers but low enough to ensure 

that the substrate surface is not damaged [7]. However these principles work 

best for materials, such as polluted stone, parchment, textiles, paintings and 

stained glass, which show a high contrast between absorption and reflection 

of the surface contaminants and substrate. (For such materials, even better 

results can be obtained using excimer lasers at ultraviolet wavelengths.) 

Investigations into using Nd:YAG laser for cleaning metal artefacts have 

also been carried out [8, 9]. Another laser type which has also been used for 

cleaning metals is the TEA CO2  laser which provides short pulses of 

infrared radiation at a wavelength of 10.6 gm. 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]. 
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Experiment 

Two comparative experiments were performed in this study; cleaning of rust 

and cleaning of wax on old iron samples. The samples used were iron 

objects excavated in northern Sweden. These have similar corrosion 

products to those seen on even older archaeological objects. 

Experiment 1 compared the cleaning effects of an Nd:YAG laser with 

conventional cleaning using micro blasting. The  LYNTON  PARAGON XL 

Nd:YAG laser used emits short duration, 10  ns,  pulses with an energy of 

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. 

Experiment 2 investigated the cleaning effects of a TEA CO2  laser at three 

different energy densities, achieved by varying the distance between the 

focal point of the laser and the surface of the artefact. The ALLTEC  

ALLMARK  870 TEA CO2  laser used emits radiation at a wavelength of 

10.6 gm in the form of short pulses, with energy of 2 - 4  J  with a typical 

duration of 100-1,000  ns  at a repetition rate of up to 20 Hz. 

Table I Laser systems used in the experiments 

Nd:YAG(Visible, green) TEA CO2  ( Infrared) 

System 	 Lynton  Paragon XL 	Alltec,  Allmark  870 

Beam transport 	Articulated arm 	90°  deflection, focusing 

Wavelength 	 532  nm 	 10,600  nm  

Pulse energy / density 0.25  J;  0.4 - 8 J/cm2 	2 —4  J;  1 — 80 J/cm2  

Frequency 	 1 — 10 Hz 	 1 —20 Hz 

Focusing 	 Defocused 	 Defocused 

Spot form 	 Round 	 Square 
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Experiment 1 

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 

Nd:YAG laser whilst the other was cleaned by micro blasting with 

aluminium oxide powder. After cleaning both samples were treated by the 

same conservation procedure. Firstly desalting in deionised water and then 

removal of rust products 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. 

Table 2 Cleaning of samples taken from a scythe using frequency doubled 

Nd.- YAG laser pulses and micro-blasting. 

Reference 	Laser cleaned 	 Cleaned using 

micro-blasting 

No cleaning 	Nd:YAG 	 Micro blast 

Wavelength 	532  nm  (Green) Aluminium oxide 

Pulse energy 	3.5 J/cm2 	Size 0 0.050-0.075 mm 

Frequency 	10  HZ 	Pressure 	0.5 MPa 

Spot form 	round 
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a) Reference 

10  ..11 	MITI   

b)  Cleaned by 

Nd:YAG laser  

c)  Cleaned using 

micro-blasting 

Figure 1 Surface of the samples before (a) and after conservation  (b, c)  

Experiment 2 

A part of an old iron spade was divided into four small squares, about 2cm  

X  2cm. 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 as shown in Table 3 to compare the cleaning effect of 

different energy densities and to find the optimal cleaning distance for 

similar iron object. 
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Table 3 Removal of wax from samples taken from a spade using TEA CO2  

laser. Wavelength: 10,600  nm,  Frequency: 2 Hz, Spot form: square 

Reference 	Cleaned at 	Cleaned at 	Cleaned at 

distance 33cm 	distance 32cm 	distance 31cm 

No 	Spot size: 	Spot size: 	Spot size: 

irradiation 	0.65  X  0.6 cm2 	0.5  X  0.42 cm2 	0.3  X  0.33 cm2  

Energy density: 	Energy density: 	Energy density: 

5.1 J/cm2 	9.5 J/cm2 	20.0 J/cm2  
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10 mm  

10 min 

a) Reference 
	

b)  Distance 33cm 

Energy density: 5.1 J1cm2  

c)  Distance 32cm 

Energy density: 9.5 J/cm2  

d)  Distance 31cm 

Energy density: 20.0 J/cm2  

Figure 2 Surface of the samples before (a) and after laser cleaning  (b, c, d).  
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Results and Discussion 

The corroded iron surface on archaeological artefacts is often unstable and 

easy to flake off as seen in the reference sample in Figure 1. Corrosion 

products are commonly inhomogeneous and whose 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 artefact 

before cleaning to avoid unexpected damage. In the first experiment both 

cleaning methods removed corrosion products from the samples. However, 

the microscope pictures, Figure 1, 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 seen. 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. 

Besides inorganic corrosion products such as rust, surface coatings such as 

wax often require removal before a re-conservation of metal artefacts. 

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. In experiment 2 the most of wax 

could be removed by 1 or 2 pulses from the TEA CO2  laser. However, 
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rough surfaces were difficult to clean completely. The laser spots must be 

overlapped to ensure complete removal of the wax coating. 

The surface of 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  (distance 32 cm with the optics used). This allowed cleaning with 1 to 

2 overlapping pulses without the risk of damaging the substrate due to the 

factors mentioned earlier. 

Cleaning/removing of organic coating using a TEA CO2  laser showed 

promising results in earlier studies since this wavelength (10.6 gm) is 

strongly absorbed, whilst inorganic contaminants such as rust and dirt show 

a large variation in absorption, due to composition, water content etc 

[11,12]. All metals are highly reflective in the far infrared (see Figure 3) and 

because of this 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 artefacts 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 investigated on a 

case by case basis prior to extensive cleaning. 
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Formation of plasma (partially ionised cloud of vapour) above the 

irradiated metal object can cause increased surface damage due to so called 

plasma heating which results in discolouring/darkening of the surface. 

Plasma formation can also affect the effectiveness of the cleaning. This 

problem was observed in experiment 2 where dark spots were seen on the 

sample irradiated at the highest energy density 20 J/cm2  (See Figure 2). 

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 [13]. Plasma formation can also be prevented by using 

a shielding gas stream, for example Nitrogen, over the sample surface. 

Absorptivity is also affected by surface roughness; rough surfaces 

absorbing more strongly than smooth ones. Very rough surfaces, with 

cavities and other 'hidden' areas are difficult to clean since much 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. 

To study the pre- and post-irradiated surfaces, Raman spectroscopy was 

used since it is non-destructive and allows sure indication of the presence or 

absence and identification of a wide range of organic and inorganic 

compounds. As would be expected, the cleaned samples from experiment 1, 

which involved removal of rust and inorganic contaminants, showed similar 

surface chemistry. In the experiment 2, where wax was to be removed, the 

Raman spectrum of the reference sample showed a clear indication of the 
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wax. On the irradiated samples no spectral lines originating from the wax 

were seen, confirming that the laser cleaning process was very effective. 

Nd:YAG-Las r 
	

CO3-Laser 

W.valannth /...n 

Figure 3 The absorption coefficients for different metals as a function of 

wavelength. At 10.6 pm, typical for the CO2  laser, most metals are highly 

reflective. Although not shown in this figure, the laser absorption of organic 

materials such as glues, waxes, resins as well as common surface 

contaminants such as earth and dirt is significandy higher. 

(Adapted from  Trumpf  Laser  GmbH).  

Conclusions 

Laser cleaning is an effective technique for assisting in the conservation of 

metal artefacts since it provides a high degree of control during cleaning 

allowing fragile objects or items with much surface detail to be effectively 

59 



cleaned. This degree of control is essential when preserving items with 

surface relief, original tool markings and surface patina. 

However, 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 present 

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. However, removing organic coating such as wax from metal 

objects using TEA CO2  laser can be carried out safely without risk for 

damaging the metal substrate. It is therefore 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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Manufacture of lasers  

LYNTON  PARAGON XL Nd:YAG  laser: 

LYNTON lasers,  Greenheys  Business Centre, 10  Pencroft Way, 

Manchester,  M15 611,  UK 

ALLTEC  ALLMARK  870  TEA CO2  laser:  

ALLTEC  GmbH, Seelandstraße  67, D-23569 Lübeck,  Germany 
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Figure 3 The absorption coefficients for different metals as a function 

of wavelength. At 10.6 pm, typical for the CO2  laser, most metals are 

highly reflective. Although not shown in this figure, the laser absorption 

of organic materials such as glues, waxes, resins as well as common 

surface contaminants such as earth and dirt is significantly higher. 
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Abstract 

Laser removal of surface contaminants on silver threads was carried out using 

Nd:YAG laser radiations from near infrared (1064  nm)  through visible (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 the silver ribbon wraps the bunch of 

silk fibres. The goal of this work is to find a feasibility to clean the tarnished silver without 

any damage of the underlying silk since the conventional chemical treatment is 

problematic to apply in 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 1064  nm  wavelength 

easily provides the damages such as melting and burning to the silver as well as the silk 

inside. 

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, laser is considered to be a 

promising cleaning technique for artwork conservation due to the fact that laser is highly 

controllable and monochromatic energy source which can remove the surface 

contaminants precisely and selectively [1-5]. 

In this article, an Nd:YAG laser is used to remove the surface tarnish on silver 

threads. A thread in the museum textile was made of silver and silk where the silver 

ribbon wraps the bunch of silk fibres. In order to find a feasibility to clean the tarnished 

silver without any damage of inside silk using laser irradiation, various laser wavelengths 

such as 1064  nm  (infrared), 532  nm  (visible) and 266  nm  (ultraviolet) were utilized in the 

change of laser fluence. 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 at 

the almost same level of laser fluence applied. Cleaning threshold fluences for the three 

wavelengths were also found from the experiment. 

2. Metal threads and conservation problems 

In past, metals have been used as a raw material in textiles, especially for 

magnificent objects or textiles with a symbolic meaning. The fabrication of metallic 

filaments may trace back to 3rd  century BC in the Middle East [6]. Different manufacturing 

techniques of the filaments such as hammering, high-speed casting have been 

developed. A gilded wire is used commonly from 15th  century in Europe both for weave 

and embroider for high-class manufacturing. However all types of filament may be used 

in their original form or spun on to a fibre core to produce a metal thread. The thickness 

of the fibre core determines the fineness of the 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 material and the 
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multiplicity of degradation processes. The condition of the metal textile depends on 

quality of the materials and manufacturing, natural ageing processes, and the conditions 

in which they have been treated and kept. Because of the combination in metals and 

organic fibres, the conservation of textile containing metal threads presents a variety of 

problems to conservators [7]. There are lots of concerns about the safety in 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 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 damages particularly in the underlying organic 

silk fibres was attempted by using various laser wavelengths. 

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 the maximum repetition rate is 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 (KTi0PO4) 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 irradiated to the textile sample surface. The sample was placed on an 
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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 Cleaning sample 

The silver threads textile sample used in this experiment is shown in Fig. 1, which is 

assumed to be 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 condition, silver is transformed to two compounds, 

i.e. Ag20 and Ag2S. It is possible to differentiate between the materials by colour, i.e. 

Ag20 is formed by thin white layer and Ag2S is basically black depending on the degree 

of the 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 + 1/202  => Ag2S + H20 

<Fig. 1> Experimental sample of silver threads textile 

It should be noted that the sulphur was detected from the sample surface by  EDS  

analysis, and the sulphur peak was significantly decrease on the cleaned surface 

produced by laser irradiation. 

4. Results and Discussion 

In order to investigate the effect of laser wavelength in the laser cleaning of the 

silver threads experimentally, three radiations 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. 

Fig. 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 
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the edge of the silver ribbon was melted and a rough silver surface was formed after the 

laser irradiation. The severe melting at the edge is probably due to the thermal 

localisation. From the 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 any damages both on the silver and on the silk. 

<Fig. 2> Silver and silk surfaces before and after laser treatment at 1064  nm  

Fig. 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 shown 

that the tarnish on the surface was removed successfully without apparent damage such 

as surface melting in the silver. However it was found from the magnification that the 

underlying silk was still burned and a few of fibres are disconnected. From these results, 

it could be seen that the laser wavelength of 532  nm  is effective to remove the surface 

tarnish on the silver whereas it could damage the silk thermally by laser induced heat 

generation. 

<Fig. 3> Silver and silk surfaces after laser treatment at 532  nm  

Fig. 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 removal of the tarnish from 

the silver surface. It is clearly seen that the black surface tarnish has been removed 

successfully and revealed a bright silver surface. In addition, the silk inside was still intact 

without any apparent damages such as burning and colour change. From these results, 

the UV laser irradiation of 266  nm  was seen to be very effective to clean the silver 

threads textile without any impacts to the underlying silk. 

<Fig. 4> Silver and silk surfaces after laser treatment at 266  nm  

In order to understand the thermal effect in the change of laser wavelength, the 

outer areas of the laser-irradiated spot where laser-induced thermal energy affects (called 
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"HAZ: Heat Affected Zone) are investigated, which is shown in Fig. 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 causing further surface degradation by 

thermal oxidation. At 532  nm,  the 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 the heat enough to produce 

the change in the composition of the outer area. On the contrary, any change of the 

surface colour at the outer area was not found at 266  nm.  This implies that the thermal 

contribution or generation at the use of UV irradiation of 266  nm  is quite small to change 

the surface colour at the outer area of laser spot. 

<Fig. 5> Outer areas of the laser-irradiated spot at (a) 1064  nm,  (b)  532  nm,  and  (c)  

266  nm  

As a result, the near infrared laser radiation of 1064  nm  provides a large thermal 

effect both on the silver and the silk, while the ultraviolet radiation of 266  nm  gives small 

thermal effect to the surfaces and the radiation is more effective to remove the silver 

tarnish successfully without damaging the underlying silk. 

In order to compare the cleaning performance in the change of laser wavelength, 

the removal efficiency was measured for the three different wavelengths as a function of 

laser fluence, which is shown in Fig. 6. The removal efficiency was defined by the 

cleaned area after the irradiation of five laser pulses, i.e. 100 % means that the removal 

efficiency 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 the laser fluence. This 

implies that more effective interaction between the laser beam and the surface tarnish I 

72 



induced as decreasing the laser wavelength, which is probably due to the larger laser 

absorption and the photo-chemical dissociation induced by the energetic UV photons at 

the shorter wavelength laser irradiation [3-5]. It was also found that the threshold laser 

fluences for the removal of the tarnish on the silver surface were around 0.06 J/cm2  at 

266  nm,  0.2 J/cm2  at 532  nm  and 0.6 J/cm2  at 1064  nm  respectively. 

<Fig. 6> Removal efficiency as a function of laser fluence for three wavelengths of 

1064  nm,  532  nm,  and 266  nm  

5. Conclusions 

Laser removal of the surface tarnish on silver threads 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 the almost same laser fluence. A successful removal of the 

tarnish on silver surface was achieved by the laser irradiation at 532  nm  and 266  nm  

while 1064  nm  was found to be inappropriate due to melting of the metal. It was also 

found that the thermal damage such as burning, disconnection in the underlying silk was 

revealed 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 

at the heat-affected zone around the laser-irradiated spot. In addition, it was found that 

shorter wavelength provided higher removal efficiency and lower threshold  {aser  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 provide any apparent damages both on the silver and the silk inside. 
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Front surface of 
the sample 

After laser treatment  (x  100) 
	

Magnified silk surface 

Before laser 
treatment  (x  100) 

Back surface of the sample 
	 Magnified front surface 

<Fig. 1> Experimental sample of silver threads textile 

<Fig. 2> Silver and silk surfaces before and after laser treatment at 1064  nm  
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After laser treatment(x 100) 	Magnified silk surface 

<Fig. 3> Silver and silk surfaces after laser treatment at 532  nm  

After laser treatment  (x  100) 
	

Magnified silk surface 

<Fig. 4> Silver and silk surfaces after laser treatment at 266  nm  
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(a) Colourful surface  

(b)  Yellowish surfacce 
	(c)  No colour change 

<Fig.  5>  Outer areas of  the laser-irradiated  spot at (a) 1064  nm,  (b) 532  nm  and (c) 266  

nm  
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