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Mechanical and moisture-related properties 
of selected dried tempera paints
Katarzyna Poznańska1, Aleksandra Hola2, Roman Kozłowski1, Marcin Strojecki1 and Łukasz Bratasz1* 

Abstract 

Mechanical properties—modulus of elasticity and strain at break, water vapour sorption, and hygroscopic expansion 
of selected egg tempera and distemper paints were determined as a function of relative humidity (RH) filling in this 
way a critical gap in the knowledge required for the analysis of fracturing processes in paintings. The experimental 
work was made possible by the preparation of several tempera paints, mimicking the historical materials, in the form 
of large specimens. Lead white, azurite, and yellow ochre were selected as pigments, and egg yolk and rabbit skin 
glue as binding media. The water vapour sorption and the moisture-related swelling of the paints were dominated 
by the proteinaceous components of the binders. The linear hygroscopic expansion coefficient of the dried egg yolk 
binder was approximately 1 × 10−4 per 1% RH, several times less than the coefficient of the collagen glue (4 × 10−4 
per 1% RH). The moduli of elasticity of egg tempera paints at the RH mid-range were comparable to the moduli 
of aged oil paints, whilst the modulus of elasticity of the distemper paint was close to values measured for animal 
glue-based grounds. The paints experienced the transition from brittle to ductile states on increasing RH. The egg 
tempera paints were found to be more brittle than the distemper paint, gessoes, and, generally, aged oil paints. The 
observations modify a frequently used laminar model of panel paintings in which the mismatch in the response 
of glue-based ground layer and wood substrate to variations in RH has been identified as the worst-case condi-
tion for the fracturing of the entire pictorial layer. This study demonstrated that tempera could be more brittle 
than the ground layer and in consequence more vulnerable to cracking.
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Introduction
Paintings are multi-layered structures composed of a sup-
porting substrate—mostly wood or canvas that was often 
sized with animal glue, a preparatory layer of ground to 
produce a smooth painting surface, a pictorial layer, and 
varnish on the top. Generally, materials constituting 
paintings swell or shrink when they gain or lose moisture 
on increasing or decreasing ambient relative humidity 

(RH), respectively. Hygric stresses are generated in paint-
ings owing to different humidity-induced dimensional 
changes of the individual layers or the external constraint 
on such changes imposed by frames, stretchers, or cra-
dles. When the stresses go beyond the critical levels 
cracking and flaking of the layer materials can occur.

Paintings, being the category of most valuable objects 
in museums, are one of the most vulnerable to tempera-
ture and RH variations. The concept that a stable climate 
offers structural stability to paintings has, for a long time, 
been derived from practical observations; a much-quoted 
example was the observation that the wartime storage of 
the collection of the National Gallery in London in a slate 
quarry reduced flaking previously found to occur while 
the collection was on exhibition in the Gallery [1]. Sta-
bilizing RH variations became a common good practice 
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which evolved into the current climate specifications for 
museums. Until the beginning of the 1990s, these specifi-
cations were based on the technical capabilities of climate 
control systems rather than an experimental or theoreti-
cal understanding of collections needs. Only then, the 
‘engineering’ approach to the determination of allow-
able ranges of environmental variations was initiated 
by Mecklenburg’s group at the Smithsonian Institution. 
Mechanical and moisture-related properties of mate-
rials present in painted objects—wood, canvas, glues, 
grounds, and oil paints—were systematically determined, 
including their dimensional response to climatic varia-
tions as well as the critical levels of strain at which the 
materials began to deform plastically or fracture [2–4]. 
The information was systematically enlarged and refined 
by other researchers [5, 6], the most recent contributions 
being data on the mechanical properties and dimen-
sional change of canvases sized with animal glue and 
the mechanical properties of animal glues and oil paints 
after approximately 30 years of drying [7–9]. The use of 
the nanoindentation technique on submillimetre samples 
collected from paintings has been an attempt at obtain-
ing mechanical parameters of original aged materials 
[10, 11]. Testing techniques for studying the mechanical 
properties of artists’ paints were reviewed [12]. The anal-
ysis of moisture and mechanical response of materials 
and their assemblies allowed the evidence-based specifi-
cations to be developed for collections, first using simple 
conceptual models and then computer-aided simulations 
[13–15]. A comprehensive review of the existing data and 
evidence-based climate specifications was provided by 
Michalski [16]. The outcome of laboratory research and 
modelling has influenced relevant standards and guide-
lines accepted by the cultural heritage sector worldwide 
such as the joint declaration on environmental guidelines 
by the International Institute for Conservation and the 
International Council of Museums [17] and the chap-
ter ‘Climate Control in Museums, Galleries, Libraries 
and Archives’ in the handbook of the American Society 
of Heating, Refrigeration and Air Conditioning Engi-
neers [18]. The internationally agreed guidelines inform 
in turn the practice of rational climate control in many 
museums leading to more relaxed environmental speci-
fications allowing the energy consumption and the use of 
fossil fuels to be reduced [19]. Furthermore, determining 
mechanical and moisture-related properties of historic 
materials used in paint layers allows a physical model of 
historical paint layers to be developed, including crack 
networks—the craquelure patterns that are a distinctive 
characteristic of the artwork, an outcome of the con-
struction and painting techniques employed by the work-
shop and the artist [20]. Understanding mechanisms and 
processes involved in craquelure formation will allow 

characteristics of craquelure patterns to be coupled to a 
geographical area and period in which the painting was 
created with a long-term objective to support the authen-
tication of paintings.

Despite the indisputable progress in the determina-
tion of properties of historic and artistic materials, the 
lack of data characterizing tempera paints, emphasized 
by the recent review of paint properties [12], strikes as 
a fundamental knowledge gap. Generally, ‘tempera’ is a 
binding medium that is added to pigments to obtain a 
paint that would adhere to a surface. Since antiquity, a 
large variety of natural substances such as eggs, milk, 
gum arabic, animal glues, wax were used as a binding 
medium, producing diverse tempera paints found in 
paintings and illuminated manuscripts, which makes it 
impossible to establish one universal definition of the 
technique [21]. In this article, the term ‘egg tempera’ 
denotes paints with egg yolk as a binder, ‘distemper’ 
paints with animal glue as a binder, and the general 
term ‘tempera’ is used for both types of paints.

Egg tempera played a particularly significant role in 
Italian Medieval and Early Renaissance panel paint-
ings. Also, the richest and most frequently cited source 
of recipes for tempera production emerged from Italy 
in the early fifteenth century. In his classical work—‘Il 
Libro dell’Arte: O, Trattato della Pittura’, Cennino Cen-
nini explained that egg tempera is a mixture of egg yolk 
added to pigments ground with water [22]. The icons 
have been painted in the Eastern Orthodox Church 
until today also with the use of egg tempera.

Egg yolk is composed of half water and half solids. 
Yolk has a highly complex heterogeneous hierarchical 
structure [23]. It is a lipid- and protein-rich medium. 
The chemical composition of egg yolk as relevant to 
the tempera painting technique is discussed elsewhere 
[24, 25]. Lipids and proteins are not separated but are 
associated as non-soluble particle aggregates or soluble 
complexes in liquid plasma. Film-forming properties 
largely derive from the proteinaceous components, and 
the lipid component functions as a plasticizer and gives 
flexibility to the paint. Combining NMR relaxometry 
and rheological measurements, a recent study demon-
strated that the interaction of proteins with surfaces 
and edges of pigment particles is the origin of a strong 
change in the rheological properties of the paint [26]. 
Egg tempera undergoes chemical changes on thermal 
and light ageing, and exposure to air pollutants [27, 28]. 
Van den Brink [29] reported that lead-white and azur-
ite tempera underwent different reactions during age-
ing—lead ions promoted hydrolysis of the ester bonds 
in the glycerolipids and the protein-lipid network pol-
ymer, contrary to copper ions that promoted mainly 
oxidation.
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A distemper technique is characteristic of wall paint-
ings on wood in China and other East Asian countries, 
India, and ancient Egypt. Also in European wooden 
architecture, the technique was used for decorating walls 
and architectural surfaces. According to Cennini, the rec-
ommended practice for some pigments, especially blue, 
was to use animal glue as a binder instead of egg yolk 
to avoid ‘yellowing’ of the paint. Animal glue is a natu-
ral polymer based on collagen. Collagen consists of long 
protein molecules that dissolve by heating in water, the 
cooled solution forms a gel, and, as the water evapo-
rates, the gel forms a solid. Collagen gives flexibility to 
the distemper paint due to the ability of the molecules to 
stretch. Distemper is lean, which means that it contains a 
small amount of binder, and the paint is porous and dull.

In contrast to the extensive literature on the chemis-
try and photochemistry of egg tempera paints, data on 
their mechanical properties are scarce. Ortiz provided 
information on their moduli of elasticity measured at 
the laboratory conditions using atomic force microscopy 
nanoindentation while tracing changes in mechanical 
properties due to the ageing and biodeterioration pro-
cess [30]. The obtained values ranged from 0.3 GPa for 
the unpigmented egg yolk to 0.7–4.25 GPa for recon-
structed paints with iron oxide red, cadmium yellow, zinc 
white, and massicot as pigments. The nanoindentation 
technique was also used by Freeman et al. to determine 
the mechanical properties of small historic distemper 
samples with red ochre from the Eidsborg stave church 
in Norway and the obtained values of moduli of elasticity 
ranged from 5 to 21 GPa [11]. As demonstrated by the 
authors, the technique characterized the samples at the 
micro- and nanoscale, therefore, the determined values 
could be influenced by local features of the components 
and significantly differ from the macro-properties of 
bulk material. Moreover, the nanoindentation character-
izes samples in the compressive mode whereas most of 
the macro-mechanical properties relevant for computer 
modelling and evaluating the risk of mechanical fracture 
due to an unstable environment requires to be deter-
mined in tensile tests.

Therefore, the present work has aimed to determine 
mechanical and moisture-related properties of selected 
egg tempera and distemper paints as a function of 
RH and fill in this way a critical gap in the knowledge 
required for the analysis of fracturing processes in paint-
ings. The paper is organized as follows. The preparation 
of paints reconstructing as closely as possible historical 
paints as well as data on their composition and density 
are described in “Materials and methods” section, in 
the same section, all experimental methods used in the 
investigations are described. “Results and discussion” 
section  is divided into four sub-sections that provide a 

systematic progression through four material properties 
fundamental to the assessment of risk of degradation of 
tempera paints: water vapour sorption, moisture-related 
swelling, modulus of elasticity, and strain at break. Rela-
tionships between RH and water vapour adsorption, 
moisture-related swelling, and moduli of elasticity are 
provided. The conclusions are reported at the end.

Materials and methods
The reconstructed paint layers mimicking historical 
paints were used in the measurements due to a lack of 
historical samples of large size required to determine ten-
sile properties or moisture-related swelling. To make the 
composition of reconstructed paints as close as possible 
to the historical materials, the samples were prepared by 
a qualified painting restorer following the traditional rec-
ipe from Cennini’s treatise.

A group of three pigments—lead white, azurite, and 
yellow ochre commonly used in the traditional painting 
practice and containing diverse metal ions were selected. 
As indicated in the introduction, lead-white and azurite 
determine different processes of chemical change in the 
lipid fraction of the egg yolk binder [29]. In turn, yellow 
ochre represents an important group of iron oxide-based 
pigments known to degrade the binder in oil paints. Tra-
ditional ancient lead white consisted predominantly of 
trilead bis(carbonate) dihydroxide (2PbCO3·Pb(OH)2), 
also referred to as basic lead carbonate, that occurs nat-
urally as the mineral hydrocerussite. The pigment was 
produced historically from metallic lead and vinegar, and 
contained lead carbonate (PbCO3), corresponding to the 
mineral cerussite, as a minor component [31]. Therefore, 
in this study, both compounds were investigated—basic 
lead carbonate (from here hydrocerussite) from Sigma-
Aldrich (SA 243582) and lead carbonate (from here 
cerussite) from Kremer Pigmente GmbH (KP 4600—also 
referred to by the producer as Cremnitz white). Azurite 
(KP 10200) and yellow ochre (KP 40200) were from Kre-
mer-Pigmente GmbH.

Two types of binding medium were prepared. For egg 
tempera, the binding medium was prepared using fresh 
hen eggs. The egg yolk was separated from the egg white, 
and the fibrous strings were removed. Part of the fresh 
egg yolk was applied on a polyester foil and allowed to 
naturally dry for 6 months serving as reference material. 
The yolk was mixed with distilled water in a ratio of 1:1 
w/w. The binding medium for the distemper paint was a 
7% w/w water solution of rabbit skin glue (RSG). The dry 
RSG pearls (Kremer 63028) were soaked in cold distilled 
water overnight. After the glue had soaked and swollen, 
it was heated at around 50 °C until it was fully dissolved.

The paints were prepared by grinding the pigment with 
the appropriate amount of binding medium in a mortar, 
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adding a few more drops of water, if necessary, to make 
the paint easy to spread. Several pigment-to-binder ratios 
were tested to produce paints that met three criteria: 
were usable for painting, did not crack during drying, 
and did not chalk in a dry state. Initially, a layer of paint 
200  μm thick was applied on a polyester film, and after 
drying it was detached from the substrate. The obtained 
paint films were too brittle and therefore not suitable for 
the tensile tests. To overcome this limitation, the paints 
were cast into a mould and left to dry at ambient con-
ditions (23–25  °C, 50% RH) for 6 months. Large blocks 
of dried cast materials around 15 mm thick (Fig. 1) were 
machined into small specimens 6 mm × 6 mm × 80 mm.

Two aspects need to be considered for large speci-
mens of paints tested in this study when compared to 
paint films: smaller surface-to-volume ratio and more 
likely presence of air bubbles and voids as structural 
flaws. Moduli of elasticity measured for large specimens 
may be underestimated because the actual cross-sec-
tion of the specimen is smaller than the one calculated 
from the specimen’s size. For the same reason, mois-
ture-related swelling measured for large specimens may 

be also underestimated. On the other hand, values of 
the strain at break may be smaller for paint films due 
to the effect of near-surface structural flaws at which 
cracking is initiated on the specimen loading.

Details of the prepared paints are given in Table  1. 
The ratio of the pigment to the binder in dried paints 
is expressed in % as the pigment volume concentra-
tion (PVC): PVC = P/(P + B)·100, where P is the vol-
ume of the pigment and B is the volume of the dried 
binder. It was assumed in the calculations that all water 
added during preparation and contained in the egg 
yolk evaporated when the paint dried. The volume of 
an ingredient was calculated from mass divided by the 
material density. Pigments were stored at approximately 
23–25 °C, 40–50% RH before weighing. The densities of 
the fresh egg yolk and RSG were 1.03 [32] and 1.1 kg/
dm3, respectively, and of the pigments—according to 
manufacturers’ information—hydrocerussite 7.1, cerus-
site 6.4, azurite 4.0, yellow ochre 3.5 kg/dm3. The calcu-
lations assumed that water constituted half of the mass 
of the fresh yolk. Bulk density was determined from the 

Fig. 1  Specimens of a distemper paint with azurite and egg tempera paints with azurite, yellow ochre, cerussite, and hydrocerussite as pigments 
(from left to right)

Table 1  Composition, bulk density, and porosity of tempera paints investigated in the study

Pigment Binder Ratio of pigment 
to binding 
medium in wet 
paint (w/w)

Pigment content 
in wet paint (% 
w/w)

Pigment content 
in dry paint 
(% w/w)

Pigment content 
in wet paint (% 
v/v)

PVC in dry 
paint (% 
v/v)

Bulk 
density 
(kg/dm3)

Porosity (%)

Cerussite Egg yolk 2.20 69 90 26 63 2.27 47

Hydrocerussite Egg yolk 2.94 75 92 30 66 2.83 53

Yellow ochre Egg yolk 2.14 68 90 39 75 1.66 53

Azurite Egg yolk 2.95 75 92 44 78 2.05 57

Azurite RSG 2.29 70 97 37 90 2.14 58
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average mass and dimensions of 5 samples of each type 
of paint stored at approximately 23–25 °C, 40–50% RH.

Porosity of dried paints was calculated from their bulk 
density and PVC to be around 50% (Table  1). However, 
the porosity structure differed between the paints. As 
one can observe in Fig.  1, whilst the distemper paint 
shows a uniform structure of small pores, the specimens 
of egg tempera paints contain large air bubbles and voids 
in their structure.

Water vapour sorption isotherms were measured for 
single specimens of pigments, unpigmented dried yolk, 
and paints with the use of a vacuum microbalance from 
CI Electronics in the full RH range (5 to 90%) at 25 °C. A 
sample of around 0.1 g was weighed and outgassed prior 
to a measurement under a vacuum of a residual pressure 
of less than 10  Pa. The vacuum was maintained until a 
constant mass was obtained, then subsequent portions 
of water vapour were introduced. The moisture content 
in a sample exposed to a given RH eventually attained a 
constant level termed the equilibrium moisture content 
(EMC). EMC is expressed as the increase of the initial 
mass of the outgassed sample in percent. Samples were 
considered to have reached EMC when the mass changes 
after 30 min were less than 5 µg in 3 min. The measure-
ments were repeated three or four times, and an average 
isotherm was calculated except of the dried egg yolk. For 
this material, water vapour sorption process was slow, 
especially at high RH. The reason was probably the tran-
sition from a dry solid to a gel with increasing RH. There-
fore, the isotherm recorded for the maximum time of 
equilibration of 2 weeks justified experimentally is pub-
lished in this study. To each adsorption and desorption 
point an exponential growth curve was fitted to find the 
true EMC value. The relative uncertainty of the sorption 
measurements was approximately 10% except for dried 
egg yolk at a high RH level of 90%.

Swelling isotherms were determined in a Univer-
sal Testing Machine Inspekt Table  10 kN (UTM) from 
Hegewald & Peschke MPT GMBH (Nossen, Germany) 
typically using specimens 50  mm long. The specimen 
was mounted in the upper jaw and the lower part was 
free to move in the vertical direction. Three pairs of ref-
erence points were applied with a marker evenly across 
the specimen width. The elongation was measured by 
optical extensometer One from the same manufacturer 
as UTM with an accuracy of 2 μm at a constant temper-
ature of 25  °C as a function of RH, starting at 30% and 
finishing at 90% with an increment of 10%. Each new RH 
level was maintained until a constant length of sample 
was obtained. The time of specimen equilibration was 
approximately 6 h at RH levels between 30 and 70%, 10 h 
at 80%, and 24 h at 90% RH. The strain was calculated as 
an average of three length measurements for three pairs 

of reference points. The uncertainty of the measurement 
is estimated as 10% of the value.

Tensile properties were determined using UTM 
equipped with a 100 or 500 N load cell depending on the 
specimen strength. The specimen was glued into flex-
ible Cardan joints, using a high-stiffness epoxy resin, to 
ensure a linear alignment and prevent cracking due to 
bending during the load application. The effective length 
of the glued specimens was approximately 60 mm. Each 
specimen investigated was preconditioned at a given RH 
level in a climatic chamber for 1 day. UTM was equipped 
with a sealed compartment connected to the climatic 
chamber, which allowed RH to be precisely controlled 
at four RH levels: 30, 50, 75, and 90%, and the temper-
ature at 25  °C. The displacement was measured using a 
mechanical extensometer from the same manufacturer 
as UTM with a gauge length of 50 mm and an accuracy 
of 0.2  μm or in some cases with the optical extensom-
eter which, however, was less accurate—2  μm as indi-
cated above. The rate of elongation was 0.125  mm/min 
corresponding to a strain rate of 0.0042%/s. The speci-
men with the mechanical extensometer attached to one 
side was preloaded to a level for which the elongation 
was fully reversible and then unloaded. Such a proce-
dure ensured better alignment of the specimen and the 
Cardan joints. The preloading level was 10  N, 5  N, and 
2 N for RH 30% and 50%, 75%, and 90%, respectively. The 
cycle was repeated and, after unloading, the position of 
the mechanical extensometer was changed to the oppo-
site side of the specimen. Finally, the load was increased 
in the displacement-controlled mode until the failure of 
the specimen. The load-extension data obtained for both 
positions of the extensometer were used to calculate the 
average load-extension curve. The lead white specimens 
at the highest RH level were very ductile and the attach-
ment of the mechanical extensometer was causing bend-
ing of the specimen. Therefore, the optical extensometer 
was used to measure elongation instead. The modulus 
of elasticity was determined from the slope of the load-
extension curve in the linear region not exceeding 0.02%. 
Values of the modulus and strain at break for each paint 
were determined as the mean values from between two 
and four loading experiments at each RH level.

Results and discussion
Water vapour sorption
The relationship between EMC and RH for dried egg yolk 
is shown in Fig.  2. Its characteristic feature is a hyster-
esis loop, that is to say, higher moisture content during 
desorption when compared to that during adsorption, 
extending to low RH values. The phenomenon is asso-
ciated with the swelling of a non-rigid binder structure 
in the course of adsorption so that the effect is in fact a 
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manifestation of elastic hysteresis [33]. The water vapour 
adsorption data for RSG taken from Fig. 2 in ref. [14]. are 
shown for comparison.

The Guggenheim–Anderson-de Boer (GAB) three-
parameter equation was used to describe the sorption 
of water vapour on the investigated materials. The equa-
tion is widely employed to describe the full shape of the 
type II isotherm in the IUPAC 1985 classification [33]. 
Such isotherm type indicates the monolayer-multilayer 
physisorption in which an adsorbed surface layer pro-
gressively thickens as the vapour pressure is increased 
up to saturation pressure. The GAB equation was fitted 
to experimental points in the range from 0 to 80% RH 
which covers RH conditions relevant to the preservation 
of paintings indoors:

where EMC is the equilibrium moisture content in per-
cent, RH—relative humidity in percent, Vm—the mon-
olayer capacity in the same units as EMC, c—an energy 
constant related to the difference of free enthalpy 
(standard chemical potential) of water molecules in the 
upper sorption layers and in the monolayer, and k—the 
third parameter, related in turn to the difference of free 
enthalpy of water molecules in the pure liquid and the 
upper sorption layers.

Curves calculated using the GAB equation are com-
pared in Fig.  2 with the experimental data. For the 
dried yolk, the GAB constants were determined sepa-
rately for the adsorption and desorption branches. The 
GAB constants, their uncertainties, and the coefficient 
of determination R2 are given in Table  2 for all materi-
als investigated. Owing to the hysteresis loop, only the 

EMC(RH) =
Vm · c · k · RH/100

(1− k · RH/100) · (1+ (c − 1) · k · RH/100)

adsorption branch yields meaningful physical param-
eters—the monolayer capacity and the energy constant.

The EMC-RH plots for pigments are shown in Fig.  3. 
The pigment sorption did not exhibit any significant hys-
teresis loops.

The egg yolk and RSG sorb significantly more water than 
pure lead white pigments and azurite. Relatively high sorp-
tion by yellow ochre, almost 3% at 90% RH, is caused by the 
20% weight content of clay minerals, predominantly kao-
linite, in the pigment as determined by x-ray powder dif-
fraction in this study (data not shown). The measurements 
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Fig. 2  Equilibrium moisture content versus RH for binders (the 
adsorption data for RSG taken from ref. [14]). The experimental data 
are compared with the curves calculated from the least-square 
regression of the data to the GAB equation

Table 2  GAB constants obtained from the fit of water vapour 
sorption isotherms to the experimental data

Vm c k R2

Pigments

 Yellow ochre 0.70 (0.04) 16.2 (3.4) 0.81 (0.03) 0.978

 Azurite 0.152 (0.01) 15.2 (3.8) 0.81 (0.03) 0.97

 Hydrocerussite 0.028 (0.009) 8.3 (5) 0.67 (0.17) 0.89

 Cerussite 0.024 (0.001) 5.1 (1.9) 1 (fixed) 0.96

Binder

 Rabbit skin glue adsorp-
tion

3.44 (0.06) 3.7 (1.6) 0.96 (0.04) 0.99

 Egg yolk

  Adsorption 2.75 (0.13) 2.95 (0.3) 0.96 (0.01) 0.99

  Desorption 2.78 (0.13) 75 (55) 0.99 (0.02) 0.99

Egg tempera

 Yellow ochre 0.74 (0.08) 13.6 (4.1) 0.73 (0.06) 0.94

 Azurite 0.25 (0.03) 17.3 (5.2) 0.71 (0.06) 0.95

 Hydrocerussite 0.21 (0.01) 7.4 (0.6) 0.85 (0.01) 1.00

 Cerussite 0.25 (0.01) 12.1 (0.7) 0.81 (0.01) 1.00

Distemper

 Azurite 0.25 (0.02) 17.9 (5.2) 0.88 (0.03) 0.97
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Fig. 3  Equilibrium moisture content versus RH for pigments. 
The experimental data are compared with the curves calculated 
from the least-square regression of the data to the GAB equation
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agree well with water sorption data for two yellow ochre 
pigments reported in [34].

The water vapour sorption by the paints was approxi-
mately a sum of the sorption by the binder and the pig-
ment when the pigment-to-binder ratio was taken into 
account (Fig. 4). As a result, the sorption by the paints with 
hydrocerussite, cerussite, and azurite was very similar inde-
pendently of the binder used. In turn, the paints contain-
ing yellow ochre sorbed more than twice as much as other 
paints, particularly in the lower RH range.

Moisture‑related swelling
The direct effect of moisture sorption by paints is their 
swelling. Moisture-related swelling of the paints investi-
gated in the RH range of 30–90% is shown in Fig. 5.

The moisture-related swelling of paints depends on swell-
ing characteristics of pigment particles and binder, their 
respective contents in the dried paint—reflected in the pig-
ment volume concentration PVC, and the microscopical 
geometry of particles and binder. As the volume concen-
tration of pigments, which adsorb little moisture, is high in 
paints (60–90%, see Table 1), the overall swelling of paints 
is an order of magnitude smaller than that of the binders. 
The microstructure of the pigment-binder system can fur-
ther reduce the swelling of paints. The linear hygroscopic 
expansion coefficient αRH,binder for the dried egg yolk and 
αRH,paint for the paints were obtained by the linear regres-
sion of the data in low and high RH ranges of 30–40% and 
70–90%, respectively (Table 3). The hygroscopic expansion 
coefficient for the binders (αRH,binder) was calculated for the 
low RH range using the formula derived by Michalski [35]:

αRH ,binder = αRH ,paint
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Fig. 4  Equilibrium moisture content versus RH for the tempera paints 
investigated. The experimental data are compared with the curves 
calculated from the least-square regression of the data to the GAB 
equation
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Fig. 5  Moisture-related strain for the tempera paints investigated

Table 3  The linear hygroscopic expansion coefficient of paints and dried yolk measured in the study and calculated for their 
components

a Value reflecting the moisture-related swelling of the binder only

RH range 30–40% 70–90%

Linear hygroscopic expansion 
coefficient

αRH,paint [10−5 per 1% RH] αRH,binder [10−4 per 1% RH] αRH,protein [10−4 per 1% RH] αRH, paint /binder 
[10−5 per 1% 
RH]

Dried egg yolk 1.6 (measured) 4.9 79

Egg tempera

 Yellow ochre 1.0 (0.85a) 0.9 2.8 2.8

 Azurite 1.0 1.3 3.9 2.4

 Hydrocerussite 1.3 1.0 3.1 3.4

 Cerussite 1.0 0.7 2.2 1.9

Distemper

 Azurite 1.6 4.6 4.6 4.1
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In Michalski’s model, particles of an assumed spherical 
shape are embedded in the binder and well separated one 
from another at the start of drying. The binder dries as a 
semirigid gel, and the binder molecules are assumed to 
maintain their relative position during the process. Since 
most of the binder can be assigned to separate spheri-
cal shells around pigment particles, the drying is envis-
aged as shrinkage of these shells. The model allows the 
interparticle separation in dry paint to be calculated—its 
relative change on swelling of the disks of binder between 
pigment particles is equivalent to the hygroscopic expan-
sion coefficient of a paint from which, in turn, the coef-
ficient for binder can be calculated for the given paint 
composition reflected in the PVC value.

As lead white pigments and azurite adsorb very little 
moisture, it was assumed that the moisture-related swell-
ing of the paints containing the pigments is solely due to 
the swelling of the binders. In contrast, clay in natural 
earth pigments like yellow ochre significantly contributes 
to the swelling of paints containing them with increasing 
RH. Mecklenburg determined the moisture-related swell-
ing isotherm for a dried yellow ochre oil paint which is 
dominated by the response of the pigment given the neg-
ligible response of the aged oil binder ([3], Fig. 31). It can 
be assessed from this swelling isotherm that the hygro-
scopic expansion coefficient of the pigment is 1.5 × 10−6 
per 1% RH in the RH range of 30–40%. After the value 
was subtracted from the coefficient calculated for the yel-
low ochre tempera paint, the contribution of the binder 
to the coefficient was 8.5 × 10−6 per 1% RH and such 
value was used to calculate αRH,binder for this particular 
paint. Finally, it was assumed that the swelling of egg 
tempera paints is only due to the swelling of the proteina-
ceous component of the binder which constitutes just 
one-third of the yolk solid phase (Table 2  in ref. [25]). . 
The hygroscopic expansion coefficient of proteins in each 
binder αRH,proteins was then calculated, the binder in the 
distemper paint was assumed to be pure collagen.

The coefficient for the glue binder in the distem-
per paint agrees with values of 4 × 10−4 per 1% RH and 
4.2 × 10−4 per 1% RH provided by Mecklenburg [36] and 
Rachwał et  al. [14], respectively, and is similar to the 
coefficient for the egg yolk protein measured. The coef-
ficient for yolk proteins calculated from the swelling 
data for egg tempera with the same pigment—azurite—
was somewhat lower, and further decreased to approxi-
mately 3 × 10−4 per 1% RH for hydrocerussite and yellow 
ochre, indicating the effect of pigment’s morphologi-
cal characteristics on the dimensional response of the 
binder in the paint. The effect is particularly evident for 
the paint with cerussite. SEM micrographs shown in 
Fig.  6 reveal a difference in the crystal morphology of 
cerussite and hydrocerussite. While hydrocerussite is a 

coarse-crystalline material with single crystals gener-
ally well separated from each other, cerussite consists 
of agglomerations of small pigment particles into large 
clumps. The effective dimensional response of the binder 
surrounding the agglomerates is reduced as indicated by 
a much lower value of the coefficient for the egg yolk pro-
tein in the tempera paint with hydrocerussite.

Modulus of elasticity
An example of single measurements of stress-strain 
curves for egg tempera paints with cerussite as a pigment 
obtained at various RH levels is presented in Fig. 7. Strain 
is expressed as a change in the specimen’s original length 
in percent. The evolution of plots with RH is representa-
tive of all paints investigated.

The increase in tensile strength and stiffness observed 
for the paint with decreasing RH is accompanied by a 
reduction in the strain at break. The initial moduli of 
elasticity, determined from the slope of the stress-
strain curve at low strains not exceeding 0.02% for egg 
tempera and distemper paints with various pigments, 

Fig. 6  SEM micrographs: a cerussite, b hydrocerussite
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are summarized in Fig.  8. The moduli of elasticity for 
egg tempera paints are comparable to the moduli of oil 
paints, dried for relatively long periods exceeding 20 
years [9]. As the mechanical properties of paints sig-
nificantly depend on pigments present in their com-
position, a direct comparison is possible only for the 
paints with lead white—the values of moduli of elas-
ticity at approximately 50% RH were 0.7 and 1 GPa 
for egg tempera with hydrocerussite or cerussite (this 
study), or oil paint aged for 30 years [9], respectively. 
In contrast to paints with lead white, a dramatic differ-
ence is observed between the moduli of elasticity of egg 
tempera and oil paints containing pigments with iron 
oxides-hydroxides like yellow ochre. Whilst the egg 
tempera paint with yellow ochre investigated in this 
study formed a stiff film with the modulus of elasticity 
of 3.5 GPa at approximately 50% RH, paints with the 
same pigment and oil as the binder experience a seri-
ous loss of stiffness combined with increasing plasticity 
as curing time goes on, owing to early hydrolysis reac-
tions in the binder taking place [3, 37]. As the tempera 
paints are water-based, the drying process predomi-
nantly involves evaporation of the solvent with proteins 
creating a polymerized network that gives stiffness to 
the paint.

The modulus of elasticity of the distemper paint is close 
to values measured for animal glue-based ground (gesso) 
[14, 38]. The paints experience a decrease in the modulus 
of elasticity with increasing RH (Fig. 8). The loss of stiff-
ness is particularly pronounced for RH higher than 75%, 
independently of the type of tempera or the pigment. The 
observation points to a transition from a brittle to ductile 
(gel-like) state. The proteinaceous binder in egg tempera 
was found to mirror such transition in the glue-based 
grounds [38] and oil paints [34].

Strain at break
The strain at break determined for the paints investigated 
is shown in Fig. 9. As expected, the distemper paint has 
strain at break similar to that of gesso up to 65% RH as 
structurally the materials are identical except for different 
pigments which are inert solids. The strain at break of egg 
tempera paints is below 0.1% at an RH level of 30% and 
gradually increases with RH to between 0.2 and 0.5% at 
90%. The materials are more brittle at the RH mid-range 
than gesso with the strain at break of approximately 0.2%. 
Furthermore, the values measured at 50% RH are gen-
erally lower than those determined for oil paints even 
dried for long periods ([9], Fig.  6). For the paints with 
lead white pigments for which a direct comparison of the 
mechanical properties is possible that difference is strik-
ing 0.15% and 1% for egg tempera or oil paint aged for 
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30 years, respectively. The tensile strength of the paints 
investigated is shown in Fig. 10.

The values of strain break determined in this study for 
egg tempera paints further support the necessary modi-
fication of a frequently used laminar model of paintings 
subjected to variations of RH proposed recently [9]. 
The model is based on the principle of superposition 
and assumes that the structural response of a painting 
is obtained by superimposing individual responses of its 
components: wood or canvas support, animal glue size, 
a preparatory ground layer, paint, and varnish. So far, the 
gesso has been considered the component of the picto-
rial layer that has the lowest strain break and cracks first 
when the layer experiences an increase in the tensile 
strain. This study demonstrates that tempera paints, sim-
ilarly to some oil paints, are more brittle than gesso and 
may crack first under tensile strain.

Conclusions
Panel paintings are in a category of heritage objects most 
vulnerable to temperature and RH variations and their 
climate-induced damage is an important type of risk in 
most museum collections and historical interiors. Devel-
oping evidence-based environmental specifications for 
the cultural heritage sector requires collecting data on 
mechanical and moisture-related properties of historic 
materials that can supply input into algorithms modeling 
risk of climate-induced damage of materials and their 
assemblies and provide a frame of reference for conserva-
tion and museum professionals. Furthermore, properties 
of historic materials used in paint layers allow under-
standing of mechanisms of crack pattern formation—the 
craquelures—which are a distinctive characteristic of 
the artwork. Since the 1990s, such properties of mate-
rials present in painted objects—wood, canvas, glues, 

grounds, and oil paints—were systematically determined, 
as analysed in detail in the introduction. The lack of data 
characterizing tempera paints has remained so far a fun-
damental knowledge gap.

In this study, the preparation of several tempera 
paints, mimicking the historical materials, in the form 
of large specimens enabled laboratory measurements of 
their moisture-related and mechanical properties. The 
water vapour sorption by the paints was approximately 
a sum of the sorption by the binder and the pigment if 
the pigment-to-binder ratio was taken into account. The 
egg yolk and glue binders were found to sorb signifi-
cantly more water than lead white pigments and azurite, 
only yellow ochre visibly contributed to the water sorp-
tion of the paint owing to the presence of kaolinite in 
the pigment. The direct effect of moisture sorption by 
paints is their swelling. The linear hygroscopic expan-
sion coefficient of the egg yolk binder was determined to 
be approximately 1 × 10−4 per 1% RH, several times less 
than the coefficient of the collagen glue (4 × 10−4 per 1% 
RH). The moduli of elasticity for egg tempera paints were 
comparable to the moduli of aged oil paints, whilst the 
modulus of elasticity of the distemper paint was close 
to values measured for glue-based grounds. The paints 
experienced a decrease in the modulus of elasticity with 
increasing RH, mirroring the transition from the brittle 
to ductile state documented in earlier research for glue-
based grounds and oil paints.

The egg tempera paints were found to be more brittle 
at the RH mid-range than the distemper paint, gessoes, 
and, generally, aged oil paints. The observations further 
support the necessary modification of the frequently 
used laminar model of panel paintings in which the mis-
match in the response of gesso and unrestrained wood 
substrate in the direction across the grain to variations 
in RH has been identified as the worst-case condition 
for the fracturing of the entire pictorial layer. This study 
demonstrated that tempera paints investigated, similarly 
to some oil paints, are more brittle than gesso and in con-
sequence can crack first when the pictorial layer experi-
ences an increase in tensile strain.

It is believed that the mechanical and moisture-related 
properties of the tempera paints determined in this study 
are close to those of historical paints. The glue and egg 
yolk binders predominantly solidify and harden through 
gradual loss of water through evaporation. The glue 
binder contains only proteins and no significant aging 
effect on the physical properties of the dried material 
is expected. In turn, though the egg yolk contains both 
proteins and lipids, it is a polymer network of proteins 
formed during water evaporation that primarily deter-
mines the properties of the dried paint film, with a lesser 
contribution of the small lipid part whose molecular 
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composition is known to evolve owing to chemical reac-
tions with oxygen. Indeed, the high stiffness of the egg 
tempera paint with yellow ochre established in this study 
points to an effective hardening mechanism not weak-
ened by hydrolysis of the lipid component well-estab-
lished for oil paints containing iron oxides-hydroxides.
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