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Introduction

The treatment of paintings on metal plates repre-
sents some of the most challenging situations in easel
paintings conservation. Differences induced in the film
forming and aging properties of the oil paint film by the
presence of a metal support require a comprehensive
conservation approach that considers not only the char-
acteristics of the paint film and the specific nature of the
metal plate but also the interface formed in-between
them. Despite having different metal plates used as
painting support throughout history (i.e. copper, lead-
tin, silvered copper plates, etc.) (Wadum 1998, 1999;
Komanecky 1998; Horovitz 2013; Cross et al. 2013)
this paper will briefly address some issues dealing specif-
ically with paintings on copper plate.

Recent studies have pointed out some of the aspects
that might have contributed to the pristine condition
that many copper paintings of the collections world-
wide present nowadays (Horovitz 1998; Pavlopoulou ez
al. 20006). The absence of a size layer, the non hygro-
scopic support and the chemistry involved in the reac-
tion of the free fatty acids of the oil with the metal

cations from the plate are some of the main issues ad-
dressed in literature to explain the exceptional condi-
tion usually presented by paintings on metal plate in
comparison to the degradation experienced by canvas
and wood panel paintings of similar age. However,
some times severe damage can be found in form of dis-
ruptions, cracking or flaking. Many damages are sim-
ply mechanical in nature such as bending the copper
plate etc., but the study of other structural aspects can
add some understanding to the failure mechanisms ob-
served in copper paintings.

The drying and film forming process of oils on
copper plate

From ancient treatises to more recent scientific
texts, literature refers to the multiplicity of materials
and techniques used throughout history to produce flat
and stable paintings on metal plate. The predominance
of oil grounds in the production of copper paintings
has been extensively reported. Paintings on copper
plate produced from the 16™ century onwards usually
present thin oil grounds made of lead white and earth
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After 18 hours:
A. Cold pressed linseed oil
B. Linseed w/Litharge
D. Acid refined Linsced
E. Alkaline refined linsced
F. Cold pressed safllower
G. Cold pressed walnut
H. Refined poppy
1 Refined safflower

After 5 years

A. Cold pressed linseed oil
F. Cold pressed safflower
G. Cold pressed walnut oil
H. Refined poppy oil

Fig. 1 (a, b). Copper ions from a copper plate reacting with different
drying oils

pigments, generally umbers. Red earths, and carbon
black and even calcium carbonate have also been found
in the literature (Horovitz 1986, 1999; Broers 2003).
In some occasions an extra oil priming was applied to
the metal plate in addition to the pigmented oil ground
and in other cases lead white in linseed oil was applied
to both faces of the metal plate to prevent corrossion
(Pavlopoulou ez al. 2000).

The thickness of the paint film, the type of oil and
its refining treatment, the presence of antioxidants and
inhibirors, the presence of metal ions, and the underly-
ing support are some of the factors that influence the
film forming process of oil paint films.

There are several circumstances where metal ions
are present in paintings. Some authors suggest that
large amounts of metal ions from pigments or a drier
can react with the fatty acids that are produced dur-
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ing contionuos paint hydrolisis to form increased
amounts of metal carboxylates (Erhardt ez a/. 1990),
which has a direct relationship to the mechanical
properties of oil paint films (Mecklenburg ez al. 2005;
Erhardt ez 2. 2005). Driers containing metal ions can
be added to paints in a ratio of 0,005 to 0,2 per cent
metal based on the solid binder (oil). Some metal
ions can also be extracted by the oil from the bound
pigment which can have significant implications in
the mechanical and dimensional properties of the re-
sulting paint film (Mecklenburg ez al. 2013; Fuster et
al. 2016 a, b).

A third source of metal ions can be obtained direct-
ly from the metal substrates themselves. Research has
shown that metals such as copper interact with the free
fatty acids of the oil paint film. The extent of copper
the free fatty acids of the drying oil are putting into
solution depends on the type and refining of the oil.
In 1996 Horovitz observed the reactions of different
oils (linseed, poppy and walnut oil) after being in con-
tact with a copper plate for ten days (Horovitz 1996).
Broers ran a similar experiment with different combi-
nations of cold pressed linseed oil applied on copper
plates subjected to different surface treatments includ-
ing artificial ageing (Broers 2003). Similarly, in figures
la and 1b it is possible to observe how the fatty acids
in the oil seem to be putting some of the copper into
solution. Over time, the copper ions are reacting with
the oil to form the green compound (where carboxy
lates have usually been identified) and that can be ob-
served as a green transparent layer as reported by sev-
eral authors (Horovitz 1996; Gunn 2002; Broers
2003; Gates 2006; Pavlopoulou ez al. 2006). In about
eighteen hours a green tint was observed (Figure 1a).
Depending on the drying oil used different results
were obtained. Figure 1b shows some of the plates af-
ter five years. Overtime the oil continued to get a
darker and denser green, being poppy, safflower, and
walnut the ones showing the most dramatic effects.

The fact that copper ions react with the oil has rele-
vant structural implications. Such mechanism influences:

a) The speed of drying: compounds of the merals ex-
isting in more than one valence state (i.e.: cobalt, man-
ganese, lead, but also copper, zinc, etc.) speed up the
drying rate of drying oils (Mills ez a/. 1984; Mecklen-
burg ez al. 2005; Fuster ez al. 2016). Figure 2a shows the
drying of processed linseed oil as a function of the refin-
ing process. Figure 2b shows the effects of different sub-
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Fig. 2 (a, b). Figure 2a shows the drying of different processed linseed oils. Figure 2b shows the effects of a metal substrate in the drying

of linseed oil

strates in the drying of linseed oil. As it can be observed,
the maximum oxigen uptake for linseed oil applied on a
lead plate takes place eight times faster than when that
same oil is applied on an inert substrate such as polyes-
ter that does not provide any metal ion. Copper and
brass (a copper and zinc alloy) also accelerate four times
the drying of the oil film. Hard oil films were formed
on all the metal plates whereas the pure oil on the inert
substrate remained tacky.

b) The adbesion of the paint layers to the underlying
substrate: A faster drying of the oil paint film on a cop-
per substrate is not necessarily directly related to im-
proved mechanical properties. Nevertheless in the case
of paintings on copper, the drying and film forming
properties of the oil paint film can be explained as a
function of the ion migration mechanism.

Mecklenburg et al. have studied the influence of
pigments, metal ions and the mixing of paints and ion
migration mechanisms on the stability of oil paints and
suggested that metal ions are not only capable of mi-
grating throughout a given paint layer bur also suffi-
ciently mobile to migrate from one paint layer to an
adjacent one in a painting enhancing (i.e. lead ions) or
degrading (i.e. zinc ions) the adjacent paint layers.
Those paintings that do not have the benefit of metal
ions contributing to the durability of adjacent layers
(i.e. earth grounds) are typically easily damaged by
high environmental moisture levels and cleaning sol-
vents (Mecklenburg er al. 2013; Tumosa et al. 2013).
This suggest that adhesion in-between the metal sup-
port and the paint layers is enhanced when lead and
copper ions are involved. Oil paint films on lead and

copper plates are therefore expected to present good
anchorage to the substrate.

On the contrary, adhesion problems can be expected
in some specific alloys (i.e. brass) and coated plates (i.c.
tinned plates). Metal plates were commonly coated with
zinc, lead, tin and also lead-tin alloys in the past (Horo-
vitz 1996). For example, tin-plated iron supports are said
to be susceptible to high humidity, oxygen and pollutants
(Cross et al. 2013). Some reference to the presence of
adhesion failure in tinned plates has also been reported in
literature. Previous research has shown that the presence
of tin accelerates the oxygen uptake and drying of a lead-
tin yellow in cold pressed linseed oil paint film in a simi-
lar way a siccative such as litharge would do (Figure 3a).
Figures 3b and 3c also show that the paint film formed
gets stiff and brittle in quite a relative short period of
time, being prone to premature cracking (Mecklenburg
et al. 2008). Having a tinned support contributing in
such a way to the durability of the upper paint layers
could explain the adhesive failure in form of recurring
delamination, cleavage and cracking that sometimes is
observed in paintings on tinned plates.

) The durability of the paint film: that the underly-
ing substrate is contributing (or not) to the upper layers
has also an influence in how the paint layers will resist
to environmental moisture and cleaning solvents. This
can have dramatic consequences in the dark areas where
carth pigments are predominant, since the hydrolysis
they experience in the early stages of their drying pro-
cess not only causes the degradation of the mechanical
properties but increases their vulnerability to atmos-
pheric moisture and cleaning solvents.
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Fig. 3 (a, b, ¢). Figure 3a shows the drying of a lead tin yellow in
cold pressed linseed oil. Figure 3b shows the mechanical properties
of lead-tin yellow in cold pressed linseed oil at different aging stages.

The figure also shows the effects of changing relative humidity in
the mechanical behaviour of the sampel tested. Figure 3c shows a
picture of a lead-tin yellow in cold pressed linseed oil paint film only
after 18 years of ageing at room conditions

Aspects influencing the structural behaviour of
paintings on copper plate

There are several aspect that help explain the type of
damage that can be found in paintings on copper plate.

a) Alternative forces

In the traditional canvas painting where glue size is
present, that size actually acts as a significant suport to
the paintings design layer. The research carried out in
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the 1980’s demonstrated that in a wide range of rela-
tive humidity conditions (20-70 per cent RH), the
primary force in canvas paintings is in the size layer
given the stiffness (high elastic modulus) and strength
development of animal glues over most of the RH
range (Mecklenburg 1982, 2007; Hedley 1988). In
such circumstances, the glue size provides support to
the entire painted structure. As a result of stretching
and as a consequence of environmental fluctuations
different forces act in each layer of canvas paintings.
This does not happens in copper paintings (where — in
structural terms — the copper constitutes the support),
which has relevant implications in conservation terms

(Mecklenburg 1982).

b) The mechanical and dimensional properties of the
resulting paint film and its response to enviornmental
Sfluctuations.

b.1. The structural behaviour of copper paintings

and the efffects of Relative Humidity (RH)

Copper plates are not hygroscopic and therefore
they are not expected to experience any change in
dimensions due to RH fluctuations. Also, being the
painted structure a restrained system, the absence of
a glue size prevents the painted structure from most
of the humidity-related damage typically found in
canvas paintings since the animal glue is the material
that shrinks the most in dessicated conditions (devel-
oping very high stresses) and that loses all its adhe-
sive an cohesive properties with RH levels above 80
per cent, (Mecklenburg 1988, 2007; Mecklenburg ez
al. 1991; Roche 2003, 2005). Moreover, the lack of
shrinkage in copper substrates in high RH environ-
ments prevents the paint layers from experiencing
compression, thus damage in the form of tenting is
not expected to be found in paintings on copper
plate (Andersen et al. 2016).

Nevertheless, that copper plates are not mois-
ture-sensitive and have no glue sizing does not mean
that they cannot experience any damage when subject-
ed to different levels of relative humidity. Several au-
thors have referred to the presence of microfissures in
the dark earth colors (Horovitz 1996). Despite that the
presence of lead white in the ground and a metal sub-
strate should be expected to enhance the durability of
an earth oil ground to some extent, in some severely
damaged studio cases, most of paint disruption usually
took place in the darker areas of the paint film. Even
having a metal plate contributing ions to upper layers
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Fig. 4 (a, b, ¢, d). Figure 4a shows the weight change of different earth oil paints. Figure 4b shows the free swelling strain of a 13-years old burnt

umber in linseed oil as a function of relative humidity. Figure 4c shows the free swelling strains of a 10-years old lead white in cold pressed
linseed oil as a function of relative humidity. Figure 4d shows the stress strain curve of red iron oxide in cold pressed linseed oil. The effects of

hydrolisis in the early stages of ageing can be observed

the fact of darker areas being more prone to disruption
that the ligther ones could be the consequence of sever-
al encountered circumstances.

First, copper plates can be severely damaged in ad-
verse environments since high relative humidity could
promote the corrosion as well as enhance other specific
chemical processes in the mid-to-long term to the metal
plate as it has been reported elsewere (Horovitz 1986;
Broers 2003; Pavlapoulou et al. 2006). Even if the pos-
sibility of being subjected to the extreme conditions
that promote the corrosion of copper supports could
seem rare in those artworks preserved indoors, conden-

sation as well as moderate RH fluctuations could be a
reason for paint disruption.

Second, and as mentioned in the precedent sec-

tion, the understanding of pigments’ role in oil paint

film forming process is crucial to understand the type
and extent of damage found in paintings. In copper
paintings this becomes especially relevant since earth
pigments are a typical component in oil grounds, to-
gether with lead white and carbon black (Horovitz
1986). Research has shown that the clay content in-
duces severe swelling in earth based paint films mak-
ing them become extremely weak and dimensionally
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responsive to moisture and therefore vulnerable to hu-
mid environments as well as to solvent action (Figures
4 a, b). Such dramatic swelling also cause the paint to
shrink and crack with desiccation as the swelling caus-
es plastic deformation. The fact of being slow driers is
also responsible for a more significant dimensional re-
sponse to changing RH in comparison to stiffer paints
such as lead whites, that have shown to be less dimen-
sionally responsive to RH (regardless the drying oil
used in the oil paint film formulation) (Figure 4c).
The hygroscopicity of earth pigments could also con-
tribute to retain moisture in the painted structure pro-
moting other chemical reactions that, together with
the hydrolisis experienced by earth oil paint films in
the early stages of their drying process, could contrib-
ute to paint softening and plasticity (Figure 4d).

Finally, cracking and flaking has been traditionally
asssociated to the movement of hygroscopic supports
such as wood or fabrics. Therefore no RH-induced crack
should be expected in those paintings where the sub-
strate is non-responsive to RH such as copper plates.
However there has been significant misunderstanding in

the way paint cracking takes place. The study of the di-
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mensional and mechanical properties of single painting
materials and their response to environmental fluctua-
tions provides a deeper understanding on the behaviour
of more complex multiple-layered structures. On the
one hand, different materials swell and shrink in a differ-
ent magnitude depending on the material for a same
given RH range. On the other hand, not being copper
responsive to RH, any hygroscopic material applied to it
(i.e. priming, paint layer, etc.) will experience significant
internal stresses if environmental oscillations take place,
since the metal support will be acting as a restraint to the
upper layers when these attempt to shrink upon dessica-
tion (Mecklenburg 1982; Hedley 1988). The inability of
the design and paint layers to contract when the ambient
is dessicated will turn into significant stresses that will be
dependent of the magnitude of the RH changes, the co-
efficient of the expansion of the material (and therefore
the materials’ atempt to contract), as well as on the elas-
tic modulus of the materials. It is because the support
does not move that the upper layers will fail (crack) if 0,5
per cent strain is exceded.

b.2. The structural behaviour of copper paintings
and the efffects of temperature
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As observed in panel paintings, paintings on copper are
not prone to temperature cracking. Copper has a very low
thermal coefficient (0,000017) which means that it does
not experience significant changes in dimensions as a func-
tion of changes in temperature. The average termal coefi-
cient of expansion for oil paint films is five times higher
(0.000083), but these are still very small numbers especial-
ly when compared to moisture coefficients. Figure 5a rep-
resents the free swelling strains for pines as a function of
temperature and figure 5b represents the free swelling
strains of different oil paint films in linseed oil naturally
aged for 22 years. As it can be seen, all of the oil paints
follow a similar trend which is an indication of the binding
medium governing the behaviour of these oil paint films in
a broad range of temperatures regardless the pigment used
in their production. Considering copper’s thermal coefti-
cient of expansion and the information showed in figure
5b, a drop of temperature from room conditions (22°C) to
5°C would make copper shrink 0,05 per cent, a negligible
value compared to the dimensional changes induced by
moderate RH in hygrscopic painting materials. The only
possibility for temperature having a significant effect in the
cracking of oil paints is when it drops below oils’ glass tran-
sition temperature, since the paint film will become ex-
tremly brittle and will crack irreversibly.

Conclusions

In the last twenty years there has been a significant
and gradual increase in the information available around
the production, degradation and conservation of paint-
ings executed on metal plate. Whereas art technological
studies have showed the historical, economical, aesthet-
ic and technical reasons that brought artists to evolve to
what was thought to be a more stable and gentle sup-
port, conservation science is providing a deeper under-
standing of the chemistry and mechanics of painting
materials. Even if artists were probably not aware about
the changes that the interaction between the painting
materials and the novel metal substrate would take place
in the course of time in their artworks, the stiffness,
portability, easy preparation absence of cracks or tears
and stability against biodeterioration in combination
with a more refined, smooth, bright and precious ap-
pearance enticed artists into experiencing with metal
plates to produce new paint effects.

In this paper some factors influencing the film form-
ing properties and behaviour of oil paint films in copper

paintings were discussed. This paper built up on previous
research and focused on the behaviour of the painted lay-
ered structure and the effects of relative humidity and
temperature in its long term performance. Given the
structural and chemical complexity of paintings on metal
plate, the understanding of the role of metal supports and
their interaction with the upper paint layers in the me-
chanical and dimensional stability of the painted structure
is crucial for the development of appropriate conservation
strategies and the selection of the materials and methods
that guarantee their structural stability in time.
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