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This special chapter focuses on the contribution of thermal

analysis to the preservation of cultural heritage and its

continuing vital role. Case studies outlining the use of these

techniques have been reported in chapters in ‘‘Modern

Analytical Methods in Art and Archaeology’’ [1] and in

the ‘‘Handbook of Thermal Analysis and Calorimetry’’,

respectively [2]. In both, reports of collaborative projects

with major museums, art galleries, and conservation centres

were described, and included the application of the full range

of thermoanalytical techniques, differential scanning calo-

rimetry (DSC), thermogravimetry (TG), thermomechanical

analysis (TMA), dielectric analysis, dynamic mechanical

analysis (DMA), and micro-thermal analysis (l-TA).

The last decade has seen a steady increase in the con-

tribution of advanced analytical techniques, including

thermal analysis, as concern for the preservation of cultural

heritage and its sustainability increases, in the face of

effects of climate change and the potential threat it poses to

the sustainability of Europe’s cultural heritage. In view of

this, one of the main issues is assessment of levels of risk to

the built environment and to the valuable collections of

heritage objects in museums, art galleries, and libraries.

This requires knowledge of the quality of the existing

outdoor environment and for objects, the indoor environ-

ments in which they are displayed or stored. The level of

corrosivity will be influenced by the ingress of pollutants

from the external environment and any contributions from

indoor sources. It is also necessary to have an under-

standing of how damage to cultural heritage occurs, and

how these processes can be retarded to ensure that the

objects are protected. Thermal analysis offers methods for

problem solving in this area and evidence of this is in a

recent article [3] and then the current collection of articles

in this chapter which reflect areas of investigation per-

formed in both outdoor and indoor environments, and

include characterization of materials used in historic

buildings, artefacts in outdoor cultural heritage, ceramics,

wood used in cultural heritage, historical parchment in

archival collections, and paint media analysis.

In the introduction to this chapter examples of the

application of thermal analysis to preventive conservation

and risk assessment will be given. This will be followed

by some examples of the use of thermal analysis for

damage assessment of objects and evaluation of environ-

mental effects and conservation treatment. Techniques

such as controlled environment DMA and nanoscale

techniques of atomic force microscopy (AFM) and l-TA

have been used.

The quality of environments and the effect of environ-

mental factors such as light, relative humidity, and pollu-

tants on objects both in outdoor and indoor environments
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are studied in preventive conservation. To achieve this,

monitoring is performed of the microclimate surrounding

the object using both diffusive passive samplers and

dosimeters. Such a study was performed in the PROPAINT

project ‘‘Improved protection of paintings during exhibi-

tion, storage and transit’’ (EU 6th Framework Programme

http://propaint.nilu.no), where the corrosivity of the

microclimate within and outside frames containing paint-

ings was monitored [4]. The results obtained using passive

samplers showed that levels of inorganic pollutants were

lower inside the frames than outside, whereas the levels of

volatile organic compounds (VOCs) such as ethanoic acid,

methanoic acid, toluene, a-pinene were higher [5]. Studies

were also performed of paintings within transit frames

given the emphasis on loans of collections for major exhi-

bitions. The levels of VOCs raised concern about the pos-

sible long term deleterious effect on varnishes on paintings.

Accelerated ageing tests were performed within the PRO-

PAINT project of the effect of ethanoic acid at various

concentrations and relative humidity values on natural tri-

terpenoid varnishs (resin mastic and dammar) and synthetic

varnishes (MS2A a reduced ketone resin, Paraloid B72 an

acrylic resin). Changes were evaluated using DMA, mass

spectrometry, AFM and l-TA. Results are reported in the

PROPAINT project final report which is accessible on the

project website (http://propaint.nilu.no). Work is in pro-

gress within the current MEMORI (Measurement, Effect

Assessment and Mitigation of Pollutant Impact on Movable

Cultural Assets) project (EU 7th Framework) to determine

threshold levels of damage of organic pollutants (ethanoic

and methanoic acids) on organic objects. Preliminary data

obtained in the PROPAINT project showed that for the

extreme case where dammar varnish was exposed to glacial

acetic acid a large shift in Tg occurred with significant

changes at the molecular level. This illustrates the value of

Tg measurement in preventive conservation as a marker of

damage due to the corrosive activity of the microclimate to

which the varnish is exposed. The objectives of the

MEMORI project follow the requirements of EU 7th

Framework programmes for improved understanding of the

mechanisms by which damage to cultural heritage occurs,

and for optimizing procedures to ensure that tangible cul-

tural heritage is protected.

Dosimeters are increasingly used in preventive conser-

vation since they integrate the combined effects of the

environmental factors and provide an early warning signal

of the degree of corrosivity of the microclimate surround-

ing heritage objects. An example of the application of

thermal analysis in evaluation of paint dosimeters is given

by the work performed in the ERA (Environmental

Research for Art Conservation), a 4th EC Framework

project (EV5VCT94 0548). Mock paintings were prepared

and DSC, TG and DMA together with FTIR and mass

spectrometric techniques were used to assess the changes

on accelerated ageing of the paint and on site exposure to

selected and different environments for a period of

9 months [6]. The paint strips were prepared according to

traditional paint tempera preparations using a selection of

pigments on a polyester substrate. They showed differences

in behaviour according to pigment type which was influ-

enced by the reactivity of the pigment and its effect on the

paint media in terms of crosslinking and thermal stability.

This was the first time that DMA had been used on egg

tempera paint films and the glass transition of the lipid

component and the effect of the various inorganic pigments

such as smalt (cobalt oxide glass) and azurite (basic copper

carbonate) was measured. It was also found that differently

pigmented strips had differing sensitivities to light and

NOxSO2. After site exposure ranking of extent of damage

was made and this exceeded measured changes in the

accelerated aged samples and illustrated the synergistic

effects of environmental parameters acting on the paint

dosimeters and that the levels of inorganic pollutants

contributed to the damage. As expected changes at sites

where there was little or no control of the environment

occurred to a greater extent than in environments where

conditions were controlled [7].

Other workers have also reported thermo-oxidative

studies using DSC to show differences in the thermal sta-

bilities of the prepared paint films, and those previously

exposed to UV and NOx [8]. In this article, DSC was also

used with TG for testing prepared oil paint films, glue and

resins and to study film formation of tung oil and Chinese

lacquer.

Preventive conservation also concerns itself with the

nature of storage facilities. A common storage system for

archaeological iron used within English Heritage makes

use of plastic containers (Stewart boxes) with silica gel. A

recent study described how the performance of the boxes

was evaluated by monitoring the relative humidity and

levels of pollutants within the boxes, and measuring their

air exchange rates [9]. Spectroscopic (FTIR) analysis

together with DSC was used to determine the state of

preservation of the polyethylene and polypropylene-based

storage boxes. Small samples were removed for determi-

nation of the degree of crystallinity (%) of the polymers.

Deterioration of the boxes could have adverse effects on

storage microenvironment and the stored archaeological

iron. This could cause splitting of the lids and loss of

efficiency of the box seals which would reduce their pro-

tective effect and the lifetime of the silica gel. In addition,

any deterioration will possibly release VOCs and such

compounds could reach significant levels in enclosures.

The presence of certain compounds could well accelerate

the deterioration reactions of the stored archaeological iron

or other metal artifacts. The stabilization of archaeological
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iron has presented serious problems for conservators and

work is in progress to optimize procedures. Studies have

reported the post excavation changes which occur and

which involve the formation of b-FeOOH, akaganéite. TG

and MS analysis of akaganéite has been reported [10]

together with crystallographic studies and Mössbauer

spectroscopy. The detection of akaganéite has been con-

sidered relevant to the stability of archaeological iron

objects on display and in storage. This is the subject of the

Ph.D thesis ‘‘Post excavation Changes and Preventive

Conservation of Archaeological Iron’’ (in preparation) by

David Thickett, senior conservation scientist at English

Heritage.

Knowledge of the physico-chemical state of the object,

and particularly of any visible alteration products which

form on display or in storage environments is also essential

to preventive conservation. A recent study was made on the

black crust removed from historic buildings in two Italian

towns (Pisa and Ravenna). Sampling in Pisa included

sampling from the Leaning Tower of Pisa. The composi-

tion of the black crusts containing gypsum and carbonates

was closely related to the characteristics and levels of

pollution in the surrounding environment [11]. It was

demonstrated that thermal analysis was suitable for dis-

crimination and measurement of the carbon fraction in

damaged layers on buildings. Moreover, the ratio between

organic and elemental carbon content showed a difference

between the two sites indicating that where variability in

the ratio occurred then the organic fraction was not

exclusively attributed to combustion emissions. It was

concluded that the availability of suitable analytical

methodologies, and in this case the innovative use of

thermal analysis, was important not only in assessment of

damage to monuments and historical buildings but also in

defining a sustainable protection and maintenance of cul-

tural heritage. The project CARAMEL (Carbon content

and origin of damage layers in European monuments) was

supported in part by the EC, 5th Framework within the

Environment and Sustainable Development Programme

Project (Contract no. EVK4-CT-2000-00029).

Physico-chemical characterization of artefacts also

contributes to the understanding the early technologies as

described in the thermal analysis study of samples from the

terracotta warriors of the Qin Dynasty. Here, techniques of

TG, DSC, TMA and X-ray diffraction were used to char-

acterize the composition of terracotta (Qin dynasty) and

then TMA and thermomagnetometry were used to dem-

onstrate that the material had not been previously fired to

temperatures above 600 �C [12]. The presence of a ferro-

magnetic component showed a difference in the TG curve

in the presence and absence of a magnetic field. Above

600 �C which is also above the Curie temperature of

magnetite the TG curve showed identical behaviour.

Thermomagnetometry has also been used to study miner-

alized archaeological iron samples from the 4th century

AD cart burial from East Yorkshire, UK [13].

An example on the effect of environmental factors of

indoor cultural heritage is given by a study of leather

bookbindings which were stored in differing locations, the

British Library, London and in Aberystwyth, Wales.

Thermomicroscopy (or Micro Hot Table) was used to test

the shrinkage characteristics of fibres sampled from the

bookbindings, and additional analysis involving amino acid

analysis, measurement of pH, and content of sulphate and

tannins was also performed. Measured differences corre-

lated with the higher levels of pollutants in the central

London location of the British Museum, and it was found

that shrinkage temperature was a useful parameter in the

modelling of the average breakdown profile of leathers

[14]. The work on collagen-based materials continued with

parchment within the framework of two EU projects, MAP

(Microanalysis of Parchment) [15] and IDAP (Improved

Damage Assessment of Parchment) [16]. Parchment, like

leather, is also made from animal skin but differs from

leather in that it is not treated with tannins. Large collec-

tions of parchment documents exist in public and private

libraries, archives and religious institutions which are

recognized as being amongst the most valuable objects of

our cultural heritage. The main aim of the IDAP project

was to develop and optimize methods for damage assess-

ment. Accelerated ageing of new parchment using gaseous

pollutants (NO2,SO2 and mixed gases) as well as thermal

and light ageing was performed and resulting samples

investigated by DSC. This is the first time that a in depth

study of pollutant ageing together with heat and light on

parchment has been performed and results provided a

useful basis for assessment of level of damage [17].

Atomic force microscopy and micro-thermal analysis

were then used to develop procedures for damage assess-

ment at the nanoscale level. Some correlation was found

between measured shrinkage temperature, as determined

by thermomicroscopy, with the degree of retention of the

periodic collagen D-banding (AFM), and thermal degra-

dation behaviour at the micro-scale (l-TA). Controlled

environment DMA was also used to study the change in

mechanical properties (modulus, displacement) of dried

parchment with increase in RH, and some correlation was

found between AFM and l-TA, displacement with increase

in RH, and shrinkage temperature [18]. This approach has

also been used to study samples from historical tapestries

and accelerated aged wool and silk samples [19]. So these

examples show that thermal analysis can contribute in

several ways to damage assessment and contribute to fur-

ther preservation of the objects.

The application to modern plastics has also received

attention. Recent study has reported on the application of
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chemical and thermal analysis methods for studying cel-

lulose ester plastics [20]. Results from this study form the

basis for studies of art works made from cellulose acetate.

The point is also made that these objects require particular

attention from conservators, particularly if stored in tightly

sealed containers, as the release of volatile gaseous prod-

ucts (ethanoic acid in the case of cellulose acetate) will

accelerate degradation processes and lead to sudden onset

of deterioration, as observed with photographic film.

Another example can be found in synthetic polyamides

used in heritage textile collections frequently in combina-

tion with natural organic materials. For preservation they

are often exposed to the same pest treatments as natural

polymers, which includes lowering or raising the temper-

ature. In addition if treated whilst the textile is hanging the

additional load may have an effect. Analysis of the data

obtained indicated that observed changes could be related

to alterations in the degree of crystallinity produced by

changes in temperature and the presence of stress during

the treatment [21]. The notion of crystallization as a cause

of damage was also the outcome of a recent study made on

the suits worn by astronauts during launch and landing

phases [22].

Thermogravimetric studies of wood used in cultural

heritage are described in one of the articles in this chapter.

Recent application of controlled environment DMA has

shown that different types of wood (oak, pine) have dif-

ferences in their mechanical response to programmed

increase and decrease in RH, and for pine there was a

measurable difference in the radial and tangential direc-

tions. These results obtained by the author were presented

(also accepted as paper http://www.woodculther.org/) at

the International Conference held by COST Action

IE0601-Wood Science for Conservation of Cultural Heri-

tage in Izmir (Turkey) 20–22 October 2010. Examples of

use of oak and pine in heritage objects can be found in the

windchest of organs, and in panels of paintings. Measure-

ments were also made on gilded pine wood, and differences

between gilded and ungilded samples were observed.

Another interesting application of DMA related to wood

was the investigation of the viscoelastic characteristics of

resins and oils that are commonly used for varnishing

violins. From the viscoelastic characterization, a simplified

model was used to understand the relationship between the

physico-chemical properties of isolated simple varnishes

and the mechanical characteristics of samples of varnished

woods [23].

Thermal analysis in combination with other techniques

has also been used to test the effects of conservation

treatment. Examples include the following: optimizing

firing treatment of cuneiform tablets [24], monitoring

effects of solvent and aqueous cleaning of prepared oil [25]

and acrylic paint films [26], testing effect of humidification

of painted canvases [27] and the effect of deacidification of

painting canvases [28]. Canvas, like paper, consists prin-

cipally of cellulose, and on ageing depolymerization of

cellulose fibres occurs which is promoted by acidic con-

ditions. In recent years hydroxide nanoparticles have been

used for deacidification of paper and canvas [29]. Calcium

hydroxide particles, once deposited onto paper cellulose

fibres, deacidify them and react with carbon dioxide from

the air, forming a calcium carbonate reservoir on the fibres.

Work is in progress by the author using controlled envi-

ronment DMA to test the effect of deacidification using

nanoparticles on the mechanical properties of painting

canvases and their response to variations in relative

humidity.

The work mentioned in this introductory section has

demonstrated the wealth of applications using thermal

analysis in the area of cultural heritage, also with com-

plementary advanced analytical techniques. The study has

also demonstrated that the applications cover a wide range

of materials which occur in outdoor and indoor environ-

ments, and the potential of relatively new techniques such

as l-TA for spatially resolved thermal analysis.
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