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Abstract
Metal soap formation is one of the most wide-spread degradation mechanisms observed in historical oil paintings, 
affecting works of art from museum collections worldwide. Metal soaps develop from a chemical reaction between 
metal ions present in the pigments and saturated fatty acids, which are released by the oil binder. The presence of large 
metal soap crystals inside paint layers or at the paint surface can be detrimental for the visual appearance of artworks. 
Moreover, metal soaps can possibly trigger mechanical damage, ultimately resulting in flaking of the paint. This paper 
departs from a recently proposed computational model to predict chemo-mechanical degradation in historical oil paint-
ings, as presented in Eumelen et al. (J Mech Phys Solids 132:103683, 2019). The model describes metal soap formation 
and growth, which are phenomena that are driven by the diffusion of saturated fatty acids and proceed by a nucleation 
process from a crystalline nucleus of small size. This results into a chemically-induced strain in the paint, which may pro-
mote crack nucleation and propagation. The proposed model is here used to investigate the effects of saturated fatty 
acid concentration and initial nucleus geometry on the amount of chemo-mechanical damage generated. Numerical 
simulations show that both factors have a marginal influence on the growth rate of the metal soap crystal, but play a 
significant role on the extent of fracture induced in the paint.
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1 Introduction

This work is motivated by the degradation of historical 
oil paintings associated with metal soap formation and 
growth. Oil paintings generally consist of multiple lay-
ers of paint, composed of metal-based pigment particles 
embedded in an oil binding medium, which are sup-
ported by a canvas or wooden substrate. Metal soaps 
form as a result of the chemical reaction between metal 
ions released from pigments or driers and saturated fatty 
acids extricated by the drying oil [1]. The initial reaction 

leading to metal soap formation is hypothesised to be 
reversible and to result into metal soaps in an amorphous 
state. Metal soaps can subsequently crystallize into insolu-
ble aggregates by means of an irreversible reaction [2], 
thereby progressively growing into crystals of large size 
that deform pictorial layers and protrude through the 
paint surface. This growth process generates so-called 
chemically-induced strains in the paint system, ultimately 
causing damage and flaking of the paint [3–5]. Figure 1 
shows a clear example of a metal soap crystal originating 
in the ground layer and breaking through several layers 
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of paint until it reached the top of the paint surface, as 
was observed in the Portrait of Marten Soolmans (1634) by 
Rembrandt van Rijn (Rijksmuseum, Amsterdam) [6].

Eumelen et al. [7] have recently presented a computa-
tional multi-physics model to predict the chemo-mechan-
ical degradation of historical oil paintings as a result of 
metal soap formation and growth. The methodology 
allows to describe the growth of a metal soap crystal and 
shows the associated crack formation, revealing that the 
amount of chemo-mechanical damage is significantly 
affected by the stiffness mismatch between the paint 
material and the metal soap, the fracture strength and 
toughness, the chemically-induced strain, and the reaction 
rate. Two additional factors that may play a relevant role in 
determining the metal soap-induced fracture response of 
a painting are the concentration of saturated fatty acids, 
which represents the “driving force” of the chemical reac-
tion, and the geometrical characteristics of the metal soap 
nucleus around which the growth of a crystal initiates. In 
the present communication, the model proposed in [7] is 
used to investigate the effect of these two parameters on 
the degradation process of a paint layer.

This paper is organized as follows. A review of the 
chemo-mechanical model proposed in Eumelen et al. [7] 
is presented in Sect. 2. Section 3 describes the geometry 
and material parameters used in the numerical simula-
tions, and the results are discussed in Sect. 4. Conclusions 
are finally presented in Sect. 5.

2  Chemo‑mechanical model

The computational model proposed in [7] is based on 
the coupling between a diffusion-reaction model and a 
mechanical model. The framework allows to simulate the 
spatial growth of a metal soap crystal, and computes the 
corresponding stress and strain fields generated inside 
a paint layer. Although the model formulation is three-
dimensional, in order to keep computational times man-
ageable, in this communication three-dimensional paint 
configurations are simplified to two-dimensional plane-
stress models. The computational results are also applica-
ble to two-dimensional plane-strain models, by converting 
the definitions for the effective elastic stiffnesses, Poisson’s 

Fig. 1  a Rembrandt van Rijn, 
Portrait of Marten Soolmans, 
1634, oil on canvas, 207.5 
cm x 132 cm, Rijksmuseum, 
Amsterdam, The Netherlands. 
After treatment. b Micro-detail 
of the painting (before treat-
ment) showing tiny whitish 
globules of lead soaps protrud-
ing through the black paint 
surface. c, d A paint cross-
section is taken at the top left 
of the painting, showing a 
large metal soap protrusion 
(diameter circa 150 �m). The 
light microscopic images of 
the metal soap aggregate are 
taken under c normal light 
illumination (bright field) and 
d ultraviolet illumination (365 
nm). See [6]. Photos: copyright 
Rijksmuseum
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ratios and growth strain accordingly [7]. The three-dimen-
sional simulation of representative paint configurations 
remains a topic for future research. For clarity, the adopted 
assumptions and modelling strategy are reviewed below.

2.1  Modelling assumptions

The complex chemical processes resulting in metal soap 
formation are modelled in accordance with a series of 
assumptions. First, the paint is idealised as a homoge-
neous domain with a specific initial concentration of 
saturated fatty acids. Pigment particles are not explicitly 
modelled; their properties are incorporated in the effec-
tive behaviour of the paint material. Next, the metal soap 
growth process is assumed to depart from a pre-existing 
crystalline nucleus of a (small) specified size. The spatial 
growth of the metal soap crystal occurs by defining a mov-
ing reaction zone at the interface between the crystal and 
the paint material. Additionally, only the irreversible part 
of the chemical process leading to metal soap formation 
is modelled, i.e., the intermediate, amorphous state of the 
metal soap is neglected. This implies that crystalline metal 
soap immediately forms upon the reaction between metal 
ions and saturated fatty acids. Based on this assumption, 
the reaction scheme for the formation of crystalline metal 
soap can be written as [7]:

where M + nR designates a metal ion M reacting with n 
fatty acid chains R, as a result of which crystalline metal 
soap c- M(RCOO)n forms. The crystallization rate is denoted 
as kcrys . For the preservation of museum collections, the 
indoor climate fluctuations, characterized by temperature 
and relative humidity variations, are typically kept within 
relatively strict bounds [8, 9]. As a first modelling step, the 
dependency of the metal soap reaction rate on these fac-
tors is therefore neglected in the present analyses. How-
ever, environmental conditions can generally influence 
both the mechanical properties [10] and the chemical 
characteristics [11, 12] of paint layers, and may affect the 
choice of conservation treatments [13]. The sensitivity of 
metal soap formation to temperature and relative humid-
ity variations still needs to be better quantified in experi-
ments in order to adequately account for this effect in the 
modelling of chemo-mechanical degradation of paint sys-
tems. Hence, this is a topic for future study.

2.2  Modelling strategy

The reaction scheme described above is translated into 
a diffusion-reaction model along the lines of [14]. The 

(1)M + nR
kcrys
������������������→ c- M(RCOO)n

crystalline

,

diffusion-reaction equation is expressed in terms of the 
concentration of free saturated fatty acids. The reaction 
kinetics is incorporated in a sink term, with its value being 
proportional to the rate of crystalline metal soap formation. 
In a second equation, the time evolution of the crystalline 
metal soap is specified as a function of the concentration of 
saturated fatty acids available for the reaction and the vol-
ume fraction of the paint material in which metal soap has 
not yet formed, see [7] for more details.

The spatial growth of a metal soap crystal, which occurs in 
a small reaction zone at the boundary of the crystal, induces 
a strain field (and a corresponding stress field) in the paint 
system. This coupling between the chemical and mechanical 
fields is quantified by defining a chemically-induced growth 
strain, which is taken proportional to the volume fraction 
of crystalline metal soap generated. Moreover, changes in 
the mechanical properties associated to crystalline metal 
soap formation are determined by using a rule of mixtures, 
in which the effective stiffness is calculated as the volume 
average of the properties of the chemical phases present 
in the specific material point. Mechanical equilibrium equa-
tions finally complete the chemo-mechanical modelling of 
the paint system.

The chemical and mechanical models are solved with 
the aid of the finite element method (FEM). Accordingly, the 
paint geometry is discretized into plane-stress continuum 
elements that simulate the two-dimensional bulk responses 
of the metal soap and paint materials. In accordance with 
the approach originally proposed in [15], cohesive interface 
elements are placed in between all continuum elements 
modelling the paint configuration, see Fig. 2, thereby allow-
ing to describe the nucleation and propagation of relatively 
complex, discrete cracking patterns. The mesh density used 
in the FEM simulations is similar to that of the simulations 
presented in [7], whereby it has been confirmed that the 
spatial discretization is sufficiently fine for obtaining con-
verged numerical results. The constitutive behaviour of a 
crack is simulated with the interface damage model pro-
posed in [16]. The appearance of cracks locally hampers the 
diffusion of saturated fatty acids; this effect is accounted for 
by making the flux-concentration relation of the fatty acid 
at the crack surfaces a function of the mechanical damage 
generated, see [7] for more details.

The numerical solution procedure is based on a staggered 
scheme, in which the chemical and mechanical fields are 
analysed sequentially in an incremental-iterative fashion, as 
summarized in Table 1.



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1310 | https://doi.org/10.1007/s42452-020-3038-z

3  Numerical simulations

3.1  Material parameters

Most of the material parameters adopted in the numeri-
cal simulations were taken from different sources in the 
literature [17–19] and refer to lead-based pigment par-
ticles in combination with a stearic acid, forming lead 
stearate. The parameters for which experimental data are 
not available have been estimated by means of engi-
neering judgement. The specific parameter values are 
summarised in Table 2, see [7] for more details on the 
assumptions taken for the parameter selection.

3.2  Geometry and initial and boundary conditions

The numerical analyses depart from the reference con-
figuration studied in [7], which is schematically illus-
trated in Fig. 3a. The paint layer is idealized as a rectan-
gular domain of width 2l and thickness l, with l = 15� m. 
The thickness of the paint layer is chosen to be repre-
sentative of paint layers in historical paintings [20]. A 
small nucleus of crystallized metal soap is considered to 
be initially present, with its location taken in the center 

of the paint layer for simplicity. The shape of the nucleus 
is circular, with an initial radius r0 = l∕10 = 1.5� m. The 
effect of the initial nucleus size on the chemo-mechan-
ical degradation process has been investigated in [7], 
which has demonstrated that it governs the specific 
moment in time at which the fracture process initiates, 
but it does not affect the crack growth rate and the cor-
responding maximum crack opening. Note that, due to 
symmetry, only half of the paint configuration has been 
modelled.

For the diffusion-reaction analysis, the initial condi-
tion is formulated by assuming a uniform fatty acids 
concentration c0 = 91 mol/m3 [7] throughout the entire 
domain. In addition, at the right domain boundary 
a uniform saturated fatty acid concentration profile 
ĉ = c0 = 91 mol/m3 is imposed. The remaining bounda-
ries are characterized by a zero-flux boundary condition.

For the mechanical analysis, it is assumed that the 
paint layer is initially stress-free. Further, a zero horizon-
tal displacement is assumed at the left and right domain 
boundaries, which respectively represent the symmetry 
condition and the constraining effect provided by the 
adjacent paint material. The bottom domain boundary 
is constrained in the vertical direction, in order to mimic 
the support provided to the paint layer by the substrate.

Fig. 2  Model of a paint layer 
containing a metal soap crys-
tal. The geometry is discretized 
by continuum finite elements, 
which model the bulk behav-
iour of the paint and the metal 
soap. The cohesive elements 
placed in between the con-
tinuum elements (as schemati-
cally indicated by the dashed 
lines in the inset) simulate 
possible crack formation

Table 1  Staggered approach used in the incremental-iterative solution procedure

1. Diffusion-reaction model
   1.1 Perform the diffusion-reaction simulation by applying the initial (only at the first time increment) and boundary conditions
   1.2 Solve diffusion-reaction equation together with kinetic relation for metal soap development. Obtain the values of the concentra-

tion of saturated fatty acids and the volume fraction of crystalline metal soap
   1.3 Transfer the value of the volume fraction of crystalline metal soap to the mechanical analysis

2. Mechanical model
   2.1 Apply the boundary conditions for the mechanical model
   2.2 Calculate the growth strain as a function of the volume fraction of crystallized metal soap
   2.3 Solve the equilibrium equations iteratively by accounting for possible cracking within the paint domain. Obtain the displacement 

field and the local damage parameters
   2.4 Transfer the values of the damage parameters to the diffusion reaction analysis
   2.5 Return to 1.1. for performing the next time increment
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Departing from the reference model, the influence 
on metal soap development and crack formation by the 
geometry of the metal soap nucleus and the fatty acid 

concentration profile applied at the right domain bound-
ary is investigated through a parameter variation study. 
The effect of the geometrical characteristics of the metal 

Table 2  Material parameters 
used in the numerical 
simulations, adopted from 
[7], and the corresponding 
references

The parameters for which experimental data are not available have been estimated by means of engi-
neering judgement, see [7] for more details

Parameter Value Unit References

Diffusion-reaction model
Molarity 2470 mol/m3 [17]

Diffusion coefficient 3.6 ⋅ 10−11 m2/s [18]

Reaction rate 4.2 ⋅ 10−1 m3/(mol s) [18]

Mechanical model
Continuum elements
Growth strain 0.1 –
Elastic modulus paint material 115 MPa [19]
Poisson’s ratio paint material 0.3 –
Elastic modulus crystallized metal soap 115 MPa
Poisson’s ratio crystallized metal soap 0.3 –
Interface elements
Fracture strength 2.2 MPa [19]
Fracture toughness 0.418 N/mm [19]

Fig. 3  a Reference model used 
in the numerical analyses. b, c 
Input models for the param-
eter variation study exploring 
the effect of b the aspect 
ratio of the initial metal soap 
nucleus and c the saturated 
fatty acid concentration profile 
at the right domain boundary.
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soap nucleus is explored by additionally considering 
elliptical nuclei of width-to-height aspect ratios 2:1 and 
1:2, whereby the height of the ellipse is kept the same for 
all three cases, see Fig. 3b. The assumed nucleus geom-
etries are considered to be representative of metal soap 

aggregates observed in-situ. The influence of the fatty 
acid concentration profile is investigated by considering 
two additional concentration profiles at the right domain 
boundary, namely a linear profile ĉ(y) = 2c0y∕l and a sinu-
soidal profile ĉ(y) = c0𝜋∕2 sin(𝜋y∕l) , see Fig. 3c. Note that 

Fig. 4  Time evolution of the paint configuration (with the deforma-
tion plotted at true scale) illustrating the growth of the metal soap 
crystal and the fracture and surface deflection of the paint material. 
The contour plot variable � refers to the volume fraction of crystal-

lized metal soap. The results refer to a metal soap nucleus of initial 
aspect ratio 1:1 (left column), 2:1 (center column) and 1:2 (right col-
umn)
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all three profiles are characterized by the same average 
concentration value c0.

4  Results and discussion

4.1  Influence of nucleus geometry

The effect of nucleus geometry on metal soap formation 
is investigated by considering a set of nuclei characterized 
by different width-to-height aspect ratios, as illustrated in 
Fig. 3b, whereby the case of a circular nucleus corresponds 
to the reference simulation presented in [7]. Figure  4 
shows the progressive growth of the metal soap crystal 
and the resulting fracturing of the paint, for a nucleus 
with a width-to-height aspect ratio 1:1 (left column), 2:1 
(center column) and 1:2 (right column). The evolution of 
the process is described in terms of a dimensionless time 
parameter, defined as t̄ = tD∕l2 , with t the real time, D the 
diffusion coefficient and l the thickness of the simulated 
domain. The contour plot variable indicates the volume 
fraction � of crystallized metal soap. The fully crystallized 
material can be identified by the red color ( � = 1 ), while 
the original paint material corresponds to the blue color 
( � = 0 ). Notice further the narrow transition zone in which 
the chemical reaction occurs at the interface between the 
metal soap crystal and the paint, with 0 < 𝜙 < 1 . It can be 
clearly seen that the growth of the metal soap crystal even-
tually causes a significant deformation of the paint surface. 
This effect is also observed in cross-sections of metal soap 
crystals taken from real artworks, as for instance shown 
in Fig. 1.

Figure 5a illustrates the time evolution of the aver-
age radius r = (rx + ry)∕2 of the metal soap crystal, as 
expressed in its dimensionless form r̄ = r∕l . From the simi-
larity in the slopes of the three curves it is concluded that 
the initial nucleus geometry has a minor influence on the 
growth rate of the crystal.

Figure 5b presents the time evolution of the maximal 
normal opening v̄1 of the predominant crack in the paint 
system, which appears right above the metal soap crystal 
as a result of the stress generated by crystal growth reach-
ing the tensile strength of the paint material, see Fig. 4. The 
normal crack opening is presented in its dimensionless 
form, v̄1 = v1∕l . While the onset of damage occurs approxi-
mately at the same time for the three nucleus geometries 
considered, the crack opening clearly increases for a 
decreasing width-to-height aspect ratio of the nucleus. 
This is, because a metal soap aggregate developing an 
elliptical shape characterized by a large width (aspect ratio 
2:1) introduces a relatively low tensile stress in the top of 
the domain. Correspondingly, for a nucleus aspect ratio of 
2:1 the crack turns out to be almost not visible, see Fig. 4. 
When a crack is about to penetrate the approaching metal 
soap crystal, the crack faces at the crack tip close. Crack 
closure is due to the volumetric expansion of the metal 
soap crystal. This locally induces compressive stresses 
around the crack tip, in the zone adjacent to the crystal 
boundary, which leads to crack closure. This mechanism 
can be clearly observed for the case of a nucleus with 
an aspect ratio 1:2, illustrating that the normalized crack 
length of the predominant crack reduces from lc∕l = 0.133 
at t = 4.5-see Fig. 4c- to lc∕l = 0.119 at t = 6-see Fig. 4d.

4.2  Influence of fatty acid concentration profile

The influence of the saturated fatty acid concentration 
prescribed at the right domain boundary on the amount 
of developed chemo-mechanical damage is investigated 
by considering three different concentration profiles, 
which are uniform, linear and sinusoidal, as illustrated in 
Fig. 3c. The uniform concentration profile corresponds to 
the reference simulation presented in [7]. The deformed 
configuration of the paint layer is shown in Fig. 6 at differ-
ent values of the dimensionless time t . Similar to what is 
observed in Fig. 4, the metal soap crystal gradually grows, 

Fig. 5  Influence of the initial 
nucleus aspect ratio on the 
time evolution of a the metal 
soap crystal size r̄  (with r̄  
being the average radius of 
the crystal) and b the maximal 
normal crack opening v̄

1
 of the 

predominant crack.

(a) (b)
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deforming the top surface of the paint and generating a 
vertical crack in the top part of the sample. For the uniform 
and sinusoidal fatty acid profiles the shape of the metal 

soap crystal develops in a smooth, almost circular fashion. 
Conversely, for a linear fatty acid profile the metal soap 
aggregate gradually grows into a more irregular shape.

Fig. 6  Time evolution of the paint configuration (with the deforma-
tion plotted at true scale) illustrating the growth of the metal soap 
crystal and the fracture and surface deflection of the paint material. 
The contour plot variable � refers to the volume fraction of crystal-

lized metal soap. The results for the constant, linear and sinusoidal 
fatty acid concentration profiles at the right domain boundary are 
displayed in the left, central and right columns, respectively
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The time evolutions of the normalized average crystal 
radius r̄ and the normalized maximum crack opening v̄1 
are shown in Fig 7a, b, respectively. The imposed con-
centration profile appears to have essentially no influ-
ence on the growth rate and average size of the crystal. 
The influence on the crack opening, however, is quite 
significant. This can be ascribed to the growth character-
istics of the metal soap aggregate along the horizontal 
direction (dominant in the case of an aspect ratio 2:1). A 
larger crystal size in the horizontal direction (as observed 
for the linear concentration profile) generates a more 
uniform stress distribution, and therefore a lower stress 
in the top part of the paint, which leads to less crack 
development.The sinusoidal and constant concentration 
profiles, which are characterized by crystals of compara-
ble shape, lead to a similar crack response until t̄ = 4.5 , 
after which the crack starts to close for the constant 
concentration profile while it slightly advances for the 
sinusoidal concentration profile.

5  Conclusions

Departing from a recent computational model on 
chemo-mechanical paint degradation by metal soap for-
mation [7], this paper investigates the effect on chemo-
mechanical damage by the geometrical features of the 
metal soap nucleus and the profile of the saturated 
fatty acid concentration imposed on the paint sample. 
Numerical simulations are performed on a system com-
posed of a single metal soap nucleus embedded in a 
paint layer, thereby mimicking the growth of the metal 
soap crystal and the induced crack formation. It has been 
observed that both the fatty acid concentration profile 
and the aspect ratio of the metal soap nucleus have a 

significant influence on the amount of crack formation 
in the paint layer. On the contrary, the growth rate and 
the average radius of the metal soap crystal appear to be 
virtually insensitive to concentration profile and nucleus 
geometry.

In order to limit crack growth, it is worth investigating 
how particular conservation interventions (e.g., the use of 
specific solvents) and conservation procedures (e.g., con-
trolling the indoor climate conditions) may influence the 
saturated fatty acid concentration profile and the rate of 
the chemical reaction. Another topic for future research 
is the accurate determination of material parameters of 
historical paints from dedicated, small-scale experiments, 
such as nano-indentation tests [21], which will support an 
accurate validation of the modelling results. Finally, the 
present model will be extended to incorporate the revers-
ible part of the chemical reaction that relates to the for-
mation of amorphous metal soap, which is expected to 
provide a more realistic representation of the time scale 
at which metal soap growth occurs.
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Fig. 7  Influence of the pre-
scribed saturated fatty acid 
concentration on the time 
evolution of a the metal soap 
crystal size r̄  (with r̄  being the 
average radius of the crystal) 
and b the maximal normal 
crack opening v̄

1
 of the most 

predominant crack
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