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Fracture toughness of aged oil paints
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Abstract 

The fracture toughness in opening mode GIc for selected oil paints from Mecklenburg’s Paint Reference Collection 
after approximately 30 years of natural ageing was determined using the procedure adopted from the ASTM D5528–
13 standard in which double cantilever beam specimens are split in tensile tests. The careful reglueing procedure 
allowed multiple fracturing tests to be carried out that not only improved statistics of the measurements but also pro‑
vided insight into the variation of the fracture toughness across the paint film observed for some paints. The latter 
was due to pigment sedimentation or chemical change of the oil binder as a result of the easier access of oxygen 
from the side open to the air. For the lead white paint, used over centuries both in paint films and oil grounds, the GIc 
values more than doubled from 18 to 39 J/m2 for three consecutive cracks formed at an increasing distance from one 
side of the paint film. The study demonstrated that fracture toughness corresponding to the first crack formation 
in aged oil paints ranged between 10 and 40 J/m2, relatively low values compared to the animal glue-based ground 
in paintings. In consequence, oil paints are more vulnerable to crack initiation and growth induced by tensile stress 
than the ground layer. The measurements filled the gap in the knowledge required for the analysis of fracturing 
or delamination processes in paintings.
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Introduction
Paintings are in a category of cultural heritage objects 
that are most valuable but at the same time most vulner-
able to relative humidity (RH) variations. Understanding 
paintings as physical systems is fundamental for their 
effective preservation, that is to say, for optimizing envi-
ronmental specifications that would allow museum envi-
ronments to be effectively managed in terms of reducing 
energy use and carbon emissions. Paintings are complex 
multi-layered structures composed usually of wooden or 
canvas support that was often sized with animal glue, a 
ground preparatory layer, and paint and varnish layers 

on the top. All these materials absorb or lose moisture 
when RH increases or decreases. Changes in the mois-
ture content engender dimensional changes in the paint-
ings’ components‒swelling or shrinkage. The restraints 
imposed on these moisture-related dimensional changes, 
on account of rigid constructions such as frames, stretch-
ers, strainers, or cradles, or a connection to materials that 
respond differently, induce stresses in all the layers which 
can cause deformation, cracking, and delamination [1]. 
Further, shrinkage of the fresh pictorial layer during dry-
ing and film-forming processes needs to be taken into 
account to fully describe the mechanics of paintings [2, 
3].

Paintings are often dominant in museum collections 
and stringent environmental specifications (typically 21 
or 22 ± 1 °C) and 50 ± 5% RH) are generally seen as a way 
to reduce the risk of mechanical damage [4]. The imple-
mentation of tight climate control is usually difficult, 
particularly in historic buildings, and involves energy-
intensive air-conditioning systems. Evidence-based, more 
relaxed environmental specifications [5–7] have been 
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made possible by studies investigating the moisture and 
mechanical response of materials and their assemblies, 
as well as the critical levels of stress/strain at which the 
materials began to deform plastically or fracture [8–20]. 
A laminar model of paintings subjected to variations of 
RH was proposed [1]. It has been assumed that the struc-
tural response of a painting is obtained by superimposing 
individual responses of its components. This simple con-
ceptual model was supported and refined by computer-
aided simulations clarifying also a further development 
of crack systems–the formation of craquelures patterns 
in the pictorial layers [21–24]. Fracturing in layered 
materials is due to the stress transfer from the substrate 
to the uncracked layer or‒if cracks are already present‒
in the area between neighbouring cracks. Stress reaches 
its maximum value in the middle of the crack-free area. 
If the strength of the material is exceeded, a new crack 
nucleates. Ultimately, the crack saturation occurs and 
an additional load does not initiate new fractures. To 
summarize, with the use of the described models and 
simulations of stress fields, tolerable magnitudes of the 
moisture-induced dimensional changes, and in conse-
quence, tolerable variations of microclimate parameters, 
have been derived using the criterion of critical stress in 
the material inducing the strain at break.

The criterion has had its limitations as it refers to 
an ideal case in which the painting’s components are 
homogenous defect-free materials. In consequence, the 
criterion cannot be used to estimate the risk of crack 
formation at defects, or propagation of existing cracks. 
An alternative approach based on the concepts of frac-
ture mechanics has been used to assess such processes, 
first proposed by De Willigen twenty years ago for the 
analysis of craquelures in paintings [25]. The amount of 
energy released on the crack initiation at a structural flaw 
in a material or on the propagation of an existing crack 
is calculated and compared with fracture toughness–the 
property characterizing a material’s ability to resist crack 
propagation, determined experimentally. It can be inter-
preted as the energy needed to create a crack of a unit 
surface area. When the energy release rate exceeds the 
fracture toughness, crack formation and propagation are 
assumed. The J-integral, proposed by Rice in 1968, is one 
of the most frequently applied methods to calculate the 
energy release rate if an elastic behaviour of the material 
is assumed [26, 27]. In the field of heritage science, the 
method was used to model the initiation of a crack at a 
flaw in a ground layer of a painting [22, 24] or to analyse 
the risk of crack formation and propagation in wooden 
objects [28].

Although fracture toughness is the fundamental mate-
rial property in fracture mechanics, it has been deter-
mined only for a few materials contained in decorative 

layers of heritage objects. Schellmann et  al. provided 
fracture toughness for a ground layer used in wooden 
lacquer objects and for several adhesives used in their 
conservation [29]. The adhesive fracture energy between 
alkyd paint and a ground layer with acrylic binder was 
determined by Tantideeravit et  al. [30]. Bratasz et  al. 
determined fracture toughness for animal glue-based 
ground (gesso) for various pigment-to-binder ratios and 
RH levels [22]. So far, there has been no data on fracture 
toughness for paints which hinders the predictive abili-
ties of computational modelling. Eumelen et al. modelled 
the growth of metal soap crystals in an oil paint layer 
using a fracture toughness of 416 N/m [31] derived from 
stress–strain curves for a 14 year-old lead white in cold-
pressed linseed oil [32]. Zhang et al. performed a numeri-
cal investigation of interfacial and channelling crack 
growth in an alkyd paint-canvas system using fracture 
toughness of alkyd paint of 250 N/m [33] determined by 
Tantideeravit et al. [30]. A similar approach was used by 
Zhang et  al. to evaluate the impact of RH variations on 
panel paintings. The authors ‘reasonably but arbitrarily’ 
assumed the fracture toughness of oil paint to be 25 N/m 
but performed a parametric analysis varying the param-
eter in the range of 12.5–50 N/m [34].

The present study has aimed to determine the Mode 
I fracture toughness of naturally aged oil paints, GIc. Oil 
paints are challenging materials as their material param-
eters are known to evolve over years, even centuries. The 
study has been made possible by the authors’ unique 
access to samples of dried oil paints currently belong-
ing to Mecklenburg’s Paint Reference Collection at the 
Smithsonian Museum Conservation Institute [35]. The 
films were cast from 1978/9 until the 1990-ies on poly-
ester sheets. The most recent tensile properties of several 
paints used in this study were published by Janas et  al. 
[3].

Materials and methods
The oil paint films investigated in this study (Table  1) 
come from Mecklenburg’s Paint Reference Collection 
at the Smithsonian Museum Conservation Institute and 
had in their composition a selection of common pig-
ments used throughout history in the production of 
easel paintings, from traditional (lead white, verdigris, 
malachite, red ochre, red iron oxide, sap green) to more 
contemporary (zinc white, synthetic ultramarine). The 
paints belong to a group of ‘control paints’ and all were 
specifically manufactured by Gamblin Artists’ Oils Co. 
with all pigments ground in cold-pressed linseed oil with 
no other additives. Their compositions expressed as pig-
ment volume concentration PVC = P/(P + B) where P and 
B are volumes of the pigment and the oil binder, respec-
tively, are provided in Table 1. Both the pigments and the 
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oil were purchased from Kremer Pigments Inc. Litharge, 
a natural mineral form of lead (II) oxide, was added (1.6% 
w/w) as a drier to one of the paints with lead white. Thin 
layers of paints were cast in the 1990s on polyester sheets 
and allowed to dry under controlled environmental con-
ditions of room temperature and the 40–50% RH range 
until 2005 when they were stored in room conditions 
with no RH control. A few weeks before the measure-
ments reported in this study, the paint films were care-
fully peeled off from the polyester sheets by a qualified 
painting restorer.

The mode I fracture toughness, GIc, was determined 
using the procedure adopted from the ASTM D5528–
13 standard in which double cantilever beam (DCB) 
specimens are employed [36]. The DCB specimens were 
prepared by gluing the paint samples with cyanoacr-
ylate adhesive to the prefabricated mounting elements. 
The geometry of the DCB specimens was adapted to 
the size of available oil paint samples: 4 mm wide and 
15–20  mm long (Fig.  1). The mounting elements were 

machined from 4  mm thick polyacrylate sheets to the 
required geometry. The thickness of the specimen h 
and the initial crack length a0 satisfied the criteria of 
the standard to avoid large deflections of the speci-
mens’ arms. After glueing the paint, each DCB speci-
men was polished from both sides using fine sandpaper 
to remove the glue residue on the specimen’s sides and 
the edges of the paint film that were penetrated by the 
glue from the sides. Therefore, the effective specimens’ 
width was approximately 3.8 mm. The exception to the 
above scheme was one sample with lead white that was 
8 mm wide.

As the liquid cyanoacrylate adhesive can potentially 
penetrate and affect the glued material, the adhesive 
penetration depth was estimated prior to the test using 
a HIROX RX1000 microscope. The black colour of the 
adhesive was easily visible in most paints, particularly 
the light-coloured ones (Fig.  2). It was found that the 
glue penetration is around 10–20  µm leaving most of 
the material unchanged. Prior to the test, each specimen 
investigated was stored in the laboratory at temperatures 
ranging between 23 and 25 °C and RH of approximately 
40%. A pre-crack in the form of a small V-shape notch 
40–50 µm long was introduced in paint using a manually 
sharpened razor under the microscope.

Table 1  Thickness, pigment volume concentration PVC, and 
date of casting of oil paint films investigated, all made with cold-
pressed linseed oil

Pigments and driers Thickness [µm] PVC [%] Date of casting
(dd/mm/yyyy)

Lead white 130 44 07.02.1990

Lead white with litharge 140 44 06.02.1990

Zinc white 260 35 04.12.1998

Titanium white 300 47 07.04.1992

Malachite 290 48 15.03.1990

Sap green 280 – 11.12.1998

Verdigris 420 53 25.01.1999

Raw umber 140 20 02.06.1992

Red iron oxide (1992) 190 12 06.01.1992

Red iron oxide (1998) 250 12 03.12.1998

Synthetic ultramarine 340 45 13.05.1992

Fig. 1  a Geometry of a double cantilever beam specimen, b image of the DCB specimen after testing

Fig. 2  Microscopic image of a 290 µm thick malachite paint 
film during the test. Thin dark areas of adhesive penetration are 
visible at both film surfaces. The crack grew in the paint material 
not penetrated by the adhesive
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The fracture toughness experiments were conducted 
using a Universal Testing Machine (UTM) from Hege-
wald & Peschke MPT GmbH (Nossen, Germany) 
equipped with a video microscope DTX 500 Levenhuk 
(Tampa, USA), manually translated to follow and record 
the position of the crack tip. A printed scale with a gradu-
ation of 1 mm was attached to one side of the DCB speci-
men allowing the crack length to be measured (Fig. 1b). 
The synchronization of the recorded video with the UTM 
was obtained by the manual pressing of the DCB speci-
men before and after the test.

The DCB specimens were mounted on the UTM using 
steel loading pins inserted into the holes in the mount-
ing elements and load was applied by moving the upper 
crosshead at a rate of 0.0625  mm/min. Due to the lim-
ited amount of the paint material available for the tests, 
between one and three replicate samples for each mate-
rial were tested (Table 2).

Some tested samples, where the crack ran cohesively 
inside the paint layer, were re-glued and tested again 
using the same testing procedures. This allowed variation 
of the fracture toughness across the films to be deter-
mined. Due to polishing of the specimens’ sides after 
reglueing, the specimens’ width gradually decreased. 
Approximately each polishing reduced the specimen’s 
width by 100  µm. The procedure was repeated until 
reglueing was impossible for one of two reasons: reglue-
ing the sample several times caused complete penetration 
of the paint by the glue, or the rough surface of the devel-
oped crack made reglueing impossible. Figure  3 illus-
trates the lead white sample split three times during the 
consecutive loading cycles. For most of the paints, the 
crack initiated in the paint that was not penetrated by the 
adhesive. When the crack grew in the paint penetrated by 

the adhesive, the results were discarded, and the regluing 
procedure was terminated. The total number of tests on 
each material is given in Table 2.

The applied load, P, load point displacement, δ, and 
crack length, a, (Fig. 1), recorded in each test, were used 
to calculate fracture toughness GIc applying the Modified 
Beam Theory (MBT) Method as described in the ASTM 
D5528–13 standard:

where b is the specimen width. Δ, F, and N correct for 
the beam not being perfectly built-in at the crack tip, 
for large displacements, and the stiffening effect of the 
end-blocks, respectively. Their values were calculated as 
defined in the standard.

Results and discussion
Two load–displacement curves recorded in the tests for 
paints with verdigris and lead white are shown, as exam-
ples, in Fig. 4. After the initial, almost linear, part of the 
curve, a small or large drop in load is recorded (curves a 
and b, respectively) reflecting the onset of crack propa-
gation to a few millimetres beyond the pre-crack in the 
specimen. It was assumed that a crack with a sharp tip 
was created in this initial process. The load and displace-
ment values were subsequently recorded at every 1 mm 
increment of crack growth as they reflected stable propa-
gation of a crack until the sample failed. For each test, an 
average fracture toughness GIc was calculated using the 
propagation values. For each paint, fracture toughness 
was calculated as an average of GIc values from all tests 
performed‒single or multiple after the reglueing pro-
cedure, except for single tests. The average, minimum, 
and maximum GIc values for the paints tested are pre-
sented in Table 3. In all the tests, the fracture path propa-
gated through the paint layer either along the midplane 
or closer to the paint film surface that was cast on the 

GIc =
3Pδ

2b(a+ |�|)
·
F

N

Table 2  Number of oil paint samples investigated as well as 
number of repeated tests on the same sample

Paint Number of 
samples

Number of tests 
on a single 
sample

Lead white 2 3;1

Lead white with litharge 2 1;1

Zinc white 3 1;3;1

Titanium white 1 1

Malachite 1 2

Sap green 1 5

Verdigris 1 6

Raw umber 1 1

Red iron oxide (1998) 1 1

Red iron oxide (1990) 1 1

Synthetic ultramarine 1 1

Polyester side

Air side

First crack

Third crack
Second crack

Fig. 3  Microscopic image of the paint with lead white after the third 
test. The spaces in the first and the second cracks were filled 
with the glue. The third crack is open
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polyester sheet substrate. Only the paint with sap green 
experienced a complex fracturing pattern described in 
the text. The locations of crack propagation are indicated 
in Table 3.

The observed variability in the measurements 
indicates that dried oil paints are not homogenous 
materials. The reason for the large variability is the 
inhomogeneity of the paint across the film. For paint 
with lead white, GIc values more than doubled from 
18 to 39  J/m2 for three consecutive cracks, visible in 
Fig.  3, formed at an increasing distance from the side 
that was initially cast on the polyester sheet. Similarly, 
in six tests performed on the same sample of paint with 
verdigris, the GIc values were by two standard devia-
tions lower (approx. 9 J/m2) close to the side cast on the 
polyester sheet than from the free side (approx. 31  J/
m2). This effect resulted from an increase of the pig-
ment-volume concentration PVC at the polyester side 
caused by pigment sedimentation  in  paints, as  made 

evident by a  SEM micrographs  for the verdigris paint 
[37]. A decreasing amount of the oil binder (high PVC), 
caused by the sedimentation, led to a decrease in the 
bonding area between pigments and, in consequence, 
to a decrease in the cohesive energy of the stratum. 
The same tendency was documented for gesso whose 
fracture toughness started to decrease above the PVC 
of approximately 91% whereas practically no bonding 
was observed for PVC exceeding 95% [22]. In turn, the 
inhomogeneity across the film of paint with sap green 
resulted from the chemical change of the oil binder due 
to easier access of the oxygen from the film side open to 
the air. A difference in colour between the ‘air’ and ‘pol-
yester’ sides was apparent: the paint was yellowish from 
the air side and green from the polyester side. Although 
no chemical analysis was carried out on the sample, 
oxidative processes rather than light damage must have 
led to the colour change as all samples were stored in 
dark conditions. The interface between the two zones 
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Fig. 4  Stable and unstable fracture of the DCB specimens with paints: a verdigris, b lead white

Table 3  Fracture toughness GIc of the oil paints investigated

Paint Drying time [year] GIc [J/m2] Min–Max GIc [J/m2] Location of crack propagation

Lead white 33 28 18–39 Close to the polyester sheet substrate

Lead white with litharge 33 12 10–13

Zinc white 25 17 7–25

Verdigris 23 22 9–32

Sap green 25 83 31–180 Complex pattern

Titanium white 31 22 – At the midplane

Malachite 33 35 33–37

Raw umber 31 15 –

Red iron oxide (1998) 24 17 –

Red iron oxide (1992) 31 40 –

Synthetic ultramarine 31 36 –
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was an obvious flaw in the paint layer structure as the 
first crack developed at this interface (Fig.  5) and the 
GIc value was the lowest of all measured (Fig.  6). The 
second and third cracks developed sequentially closer 
to the air side. The fourth crack developed at the inter-
face between the paint and the cyanoacrylate adhesive 
and, therefore, was disregarded. Finally, the fifth devel-
oped in the green part, close to the polyester side and 
the calculation revealed the highest GIc of all measured 
(Fig. 6).

The only paint allowing for analysis of the evolution of 
fracture toughness with age was red iron oxide. A more 
than twofold increase in fracture toughness was observed 
for 31-year-old red iron oxide paint compared to 24-year-
old paint which points to the progressing molecular 
evolution of the oil binder even after 25 years. The iron 
oxide-based pigments are known to induce hydrolysis 
reactions degrading the binder in oil paints which experi-
ence decreasing stiffness and increasing plasticity during 
the initial curing period [38]. However, similarly to the 
evolution of fracture toughness, an increase in stiffness 
is observed in the paint containing iron oxide cured for 
31 years [3].

Conclusions
The reported measurements have confirmed the outcome 
of earlier studies that a fracture mechanics approach 
can be used to characterize components of the picto-
rial layers in paintings. The modified double cantilever 
beam method allowed the fracture toughness in opening 
mode to be successfully determined even for small sizes 
of available valuable oil paint films naturally aged for 
approximately 30 years.

The general conclusion from the study is that aged oil 
paints have low values of the first-crack fracture tough-
ness between 10 J/m2 and 40 J/m2, compared to the ani-
mal glue-based ground in paintings for which fracture 
toughness is approximately 100  J/m2 [22] as well as to 
alkyd paints for which the value is 250  J/m2 [30]. This 
demonstrates that paints are more vulnerable to crack 
initiation and growth induced by tensile stress than the 
glue-based ground layer. The values determined gener-
ally agree with those assumed by Zhang et  al. [34] and 
used for the evaluation of the impact of RH variations 
on panel paintings but are approximately one order of 
magnitude lower than the value used by Eumelen et  al. 
[31] in the simulation of cracking of paint layer induced 
by the growth of metal soap crystals. Furthermore, aged 
oil paints may exhibit varying fracture toughness across 
their thickness owing to changing PVC caused by pig-
ment sedimentation or to chemical change of the oil 
binder due to easier access of the oxygen from the side 
open to the air. Low values of fracture toughness deter-
mined for the initial crack propagation in paints with 
lead white and verdigris are particularly striking. The 
observed heterogeneity across the paint film is particu-
larly relevant for research on paints with lead white. The 
latter is a pigment that is frequently studied owing to its 
widespread use over centuries both in paint films and oil 
grounds. Though the effect of heterogeneity needs fur-
ther investigation, the lowest levels of fracture toughness 
determined in this study should be used when analysing 
the process of delamination of the paints with lead white.

The values reported in this study fill the gap in the lit-
erature on material properties of aged components of 
the pictorial layers and are a further step in understand-
ing paintings as physical systems. In particular, they 
allow more accurate modelling and understanding of the 
mechanisms of crack formation at a structural flaw, the 
propagation of existing cracks, also leading to delamina-
tion and flaking of the layers, or metal-soap protrusions 
in oil-based pictorial layers.

Undoubtedly, the presented research is only a starting 
point in characterizing the ageing of oil paints. As dem-
onstrated in the earlier studies referenced in this paper, 
the properties of oil paints evolved over decades or cen-
turies. Oil paints become stiffer and more brittle but 

Polyester side

Air side

First crack Second crack

Third crack

Fig. 5  Microscopic image of the paint with sap green after the third 
test indicating the propagation levels of consecutive cracks
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the information about the detailed evolution of fracture 
toughness with age still needs to be investigated.

Abbreviations
DCB	� Double cantilever beam
PVC	� Pigment volume concentration
RH	� Relative humidity
UTM	� Universal testing machine
w/w	� Weight per weight
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