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Shrinkage cracks are observed in many materials, particularly in paintings where great interest lies
in deducing quantitative information on the material with the aim of proposing authentication
methods. We present experimental measurements on the crack opening induced by the drying of
colloidal layers and compare these results to the case of a pictorial layer. We propose a simple model to
predict the crack width as a function of the thickness of the drying layer, based on the balance between
the drying stress buildup and the shear frictional stress with the substrate. Key parameters of the model
include the mechanical properties that are measured experimentally using micro-indentation testing.
A good agreement between theory and experimental data for both colloidal layers and the real painting
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is found. These results, by comparing the shrinkage cracks in model layers and in pictorial layers,
validate the method based on the use of colloidal systems to simulate and to reproduce drying cracks
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1 Introduction

Differential shrinkage in a material may cause material
cracking. Shrinkage can result from different causes: water
removal from a particulate material, cooling or aging through
a chemical process. From this shrinkage a wide range of
patterns can result in many materials and particularly in art
paintings. In this case, the great complexity and variety of crack
pattern morphologies are a potential source of information on
the materials used and the methods employed by the artists.
Analysis of crack patterns may provide important clues to the
mechanical properties, composition or implementation of
the work of art' and consequently can help to authenticate
paintings. It can be used to detect an “original crack pattern”
from a ‘“‘fake crack pattern” obtained by art forgers as an
attempt to reproduce paintings.>

There are many possible classifications of crack patterns in
the literature®* which take into account the global features of
the crack pattern as well as the features of an individual crack.
The consensus concerns the type of single crack and where two
typical cracks are defined: drying or premature cracks, and age
cracks. The first type occurs during the first hours or days in the
life of a painting whereas the second can appear after many
years. Drying cracks result from mechanical stresses due to
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chemical or physical drying and are usually confined to a single
layer and do not penetrate into the sub-layers. Physical drying is
induced by solvent removal, whereas chemical drying involves a
chemical reaction between molecules (for example polymeriza-
tion by the action of oxygen®). Concerning age cracks, they are
due to environmental changes and appear when the material
can no longer withstand the stress due to its embrittlement
from chemical or physical alterations. One of the easiest ways
to distinguish between these two types of cracks is to observe
their specific widths. In particular, the width of drying cracks
due to a drying process is in most cases greater than those
due to aging. As an example, such a typical crack pattern is
presented in Fig. 1 in the painting by Louis Crignier. The enlarge-
ment of the painting showing the shoulder of “Jeanne d’Arc”
highlights a drying crack pattern where the opening of the crack is
so significant that it reveals the sub-layer. The rate of shrinkage
and consequently the width of a crack depends on the mechanical
properties of the material.

Numerous works deal with crack patterns, for example to
study the nucleation of cracks, to distinguish between various
morphologies of the resulting cracks or to study the crack
spacing, in various systems and on different scales.® Never-
theless, only a few deal with crack widths. Lecocq et al.” studied
the dynamics of the crack opening in drying clay and they
proposed a simple model to recover the increase of the crack
opening with time. Some works focus on the crack propagation
between two materials.®® Generally, the shear stress at the
interface is expressed through a linear viscous friction law such
that the shear stress is proportional to the sliding velocity. In a

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Photograph in visible light of the painting “Jeanne d'Arc en prison”
by Louis Crignier (1824) — 1164 x 885 mm — Musée de Picardie, Amiens,
©C2RMF/A. Maigret. Inset: Detail of the shoulder showing a drying
crack pattern.

multilayered system, this is a complicated problem as it
depends mainly on the ability of the material to mechanically
resist shrinkage and on the possibility of the sliding of one
layer on the sublayer.

In the present paper, we study the width of drying cracks
observed in aqueous suspensions of silica nanoparticles and we
compare our results with measurements on a painting. We
focus on the width of the first generation of cracks as the crack
pattern results from the successive formation of cracks."® Each
individual crack modifies the mechanical stress field in its
vicinity, modifying the crack path of the successive crack. In
this way, each generation of crack spatially affects the next one.
The first generation of cracks, as formed in the less consolidated
material, displays the largest crack opening.

We measure the crack width and its dependence on the
thickness of the drying film in three different systems and on
a real painting. A scaling law is then deduced to fit the
experimental results based on a balance between the friction
with the substrate and the shrinkage due to the drying
expressed through the theory of poroelasticity." The para-
meters of this model are evaluated experimentally using inden-
tation testing measurements and a friction coefficient between
the layer and its sub-layer is deduced. Similar behaviors
are observed between model systems and paintings which
validate the use of colloidal suspensions to model crack patterns
in paintings.
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2 Experiments and models
2.1 Systems

A paint layer is a complex system made of a binding medium
and pigments and various additives to enhance the deposition
and the consistency of the paint layer. A generic formulation is
difficult to establish. Therefore our model system based on
silica nanoparticles is not meant to depict the large variety of
behaviors encountered in real paintings, but aims to reproduce
the morphologies observed in real paintings in a more con-
trollable system."

Pigments are mainly responsible for the mechanical proper-
ties of a pictorial layer. They exhibit specific mechanical proper-
ties and surface roughness that depend on the material and the
way they were ground. In particular, a realistic value for the
mean surface roughness is 10 nm according to Petit et al.'> As
the roughness defines the smallest characteristic length of the
system, it controls the transport of fluid in the consolidated
material and hence the increase of the drying stress. Therefore,
we investigate aqueous suspensions of silica nanoparticles as
model systems with a particle size of the same order of magni-
tude of the pigment roughness: Ludox SM-30, HS-40 and TM-50
purchased from Sigma-Aldrich. The main properties of these
systems are reported in Table 1. In the absence of evaporation
the stability of the dispersions is ensured by a competition
between van der Waals attraction and electrostatic repulsion
according to the DLVO theory."® Surface tensions of the disper-
sions fall in the range (57; 67) mN m~ ' and the particle size
polydispersity is ~0.18.

2.2 Methods

For each system, an initial volume of silica dispersion is deposited
on a circular glass Petri dish, and left to dry at ambient tempera-
ture and relative humidity RH ~ 50%. The drying conditions are
characterized by the evaporation rate, Vi. This evaporation rate is
measured by mass variations of a sample, and the characteristic
drying time A/Vg for a layer of thickness /4 varies from several
minutes to a week, depending on the initial volume deposited.
The Petri dishes are previously cleaned with 5% Decon in distilled
water and ethanol, and then dried at 100 °C. This specific cleaning
protocol ensures reproducible conditions of adhesion between
the colloidal layer and the substrate. Upon drying, particles

Table 1 Main characteristics of the colloidal dispersions used in the experi-
ments: a: mean particle radius; ¢o: initial volume fraction. Measurements
of the mechanical properties using indentation testing (measurements
performed 10 minutes after the formation of the crack pattern): E: elastic
modulus; oy: yield stress (elastic modulus and yield stress for model
systems are estimated through statistics on measurements performed
using indentation testing under the same conditions); t,: time to reach
the yield point

Silica 2a Solid E oy ty
dispersions (nm) ¢,  gels (x10® Pa) (x10” Pa) (x10”s)

SM-30 10 0.15 SM-30 44+08 24106 1.04
HS-40 16 0.19 HS-40 4.0+ 0.8 2.2+0.6 1.06
T™-50 26 0.30 TM-50 34+08 14+06 0.79
Pictorial — — Pictorial 3.4 1.4 + 0.8
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Fig. 2 (a) Crack profile measured through differential focusing using a 3D
digital video microscope Hirox for the painting “Jeanne d'Arc en prison”;
image 1is focused at the bottom of the crack profile; image 2 is focused at
the surface of the paint layer. (b) The crack opening extends to the
sublayer. At left the image is focused on the sublayer surface of a region
of the painting "Jeanne d'Arc en prison”: the dark jagged line corresponds
to the crack path in the sublayer. At right the same process can be
observed in a model system made of stratified layers; the sublayer exhibits
thin wires in the direction of the tensile force (image width: 500 um). Due
to solvent removal, large stresses develop resulting in the formation of a
hierarchical crack pattern. In most cases the different generations of
cracks are unambiguously identifiable.

concentrate and form a solid layer of approximately constant
thickness in the center of the dish. The thickness of the
solid layer is controlled by the volume of dispersion initially
deposited. The local thickness of the solid layer is measured
using an optical microscope (objective x10, DM2500 Leica
optical microscope) by transmitted light, focalizing on the
surface of the layer and on the surface of the glass Petri dish.
In the case of the pictorial layer, a 3D digital video microscope
(Hirox) is used to measure the surface topography. Moreover
this method allows us to measure precisely the layer thickness
using differential focusing throughout a crack (see Fig. 2a).
The crack widths, w, for the first generation (Fig. 3a) are
measured at different locations on the same sample and
repeated on different samples, to deduce an average value.
The measurements are done in the center of the Petri dish in
order to avoid evaporation inhomogeneity due to boundary
conditions. They are performed on different thicknesses using
three colloidal systems of different particle sizes.
Measurements of the mechanical properties are performed
using a MHT-CSM Instruments Micro Indentation Testing*'®
with a spherical indenter of radius R = 0.25 mm (Fig. 4).
The solid layers are about 1 mm thick deposited on a rigid glass
slide. Indentation measurements were performed on solid frag-
ments just after the formation of the first cracks during the CRP
(constant rate period"®). Each measurement starts as soon as the
final crack pattern does not evolve anymore. Starting with
the indenter in contact with the surface of the solid film, the
spherical tip is driven inside the sample with a loading speed of
100 mN min~! until a maximum load F,, = 100 mN is reached.
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Fig. 3 (a) Width, w, of a crack path corresponding to a first generation.
(b) Distribution of the pressure in the liquid pores along the porous layer
thickness; the drying stress, g, results in the opening of a crack (here a
fully penetrating crack). (c) Sketch of the side view of a single fragment
subjected to elastic and friction forces during the drying process. The
physical system is characterized by the elastic modulus, E, the yield stress,
oy, of the material, and the frictional parameter, o.
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Fig. 4 Mechanical properties of three colloidal layers and one pictorial layer.
Left: Comparison between purely elastic indentation curve and elastic—plastic
indentation curve for layers made of dried TM-50, HS-40, and SM-30 Ludox
dispersions. The derivative of the applied load, dF/dp, with respect to the
penetration depth, p, is plotted as a function of p. Squares correspond
to measurements while solid lines correspond to a purely elastic model
according to the Hertz law. The yield point is indicated by the circle
corresponding to the deviation from the Hertz law. Inset: Evolution of the
load force F as a function of depth penetration p in the material. Right: The
uniaxial tensile stress—strain curve of an elastic—plastic material; the yield point
is indicated by the circle. Data extract from Mecklenburg et al.*® for azurite
in cold pressed linseed oil, for relative humidity RH ~ 50% for 7.5 years.

Note that the choice of the value of F,, is such that the external
pressure exerted by the tip, F,,/S (S being the projected surface of
the tip on the film), is close to the capillary pressure |Peyp| ~ 10° Pa
exerted by the air/solvent meniscus at the evaporation surface of
the layer."® The applied force, F, is then measured as a function of
the penetration depth, p, in the material (see schema in Fig. 4).
Measurements are well fitted by the Hertz contact law over a
range of indentation depths limited to the purely elastic case
within the limits of small deformation.'” Thus:

4vR

F=3a=m

Ep*? €]
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where v being the Poisson ratio of the layer (we use the value
v = 0.2'%). The derivative of the applied load with respect to
the penetration depth is plotted for the three solid systems
in Fig. 4.

3 Model

The successive processes responsible for the crack pattern
formation and evolution are depicted in Fig. 3. Upon drying,
large stresses build up in the gel layer and cause layer shrink-
ing. We assume that the atmospheric pressure (~10° Pa) is
negligible compared with the capillary pressure (up to 10° Pa)
that arises during drying. Thus the stress tensor is mainly in the
plane of the layer and we will only consider the components o,
and oy, in the following. In particular, in a newly fractured
layer, the drying stresses result in the crack shape evolution.
One should note that there is a critical thickness 4. below
which layers are usually crack-free, since the elastic energy

stored in the material is insufficient to propagate cracks.”®?!
L L EG .
This critical value is given by: A, = 06—02 with Gy, the energy
676

release rate and o, the stress which is taken to be equal to
the capillary pressure. This critical thickness is then equal to
0.6 pm in our systems. Evidence for this critical thickness can
be seen in Leonardo da Vinci’s paintings where the artist
succeeded in applying very thin (of the order of a few micro-
meters) paint layers which avoid cracking (technique of
Sfumato)." In the following, the opening of cracks is investi-
gated in layers thicker than 1 um.

The shrinkage process results from the variation of liquid
pressure in the pore liquid as: oy(z,f) =0,(z,1) =
%(po —p(z,t)), where p, is the initial pressure corres-
ponding to the unstressed material, and p(z,t) is the local value
of the pressure in the liquid pore at time ¢ and height z in
the porous layer. Therefore, the quantification of drying stress
requires a theory of coupling fluid dynamics and solid
mechanics, which is the theory of poroelasticity. In the gel
phase, the pressure distribution in the liquid pores satisfies the
following differential equation:"*

ap *p
o~ Drg2 )

kE
where D, = n is the diffusivity, also called the consolidation

coefficient, E is the elastic modulus of the gel, # is the viscosity
of the fluid and k the permeability of the porous gel. An
analytical solution of eqn (2) is given in ref. 22-24. Together
with the boundary condition at the upper surface of the

.0 V) . . o
film, 6—}7 = —%, the spatial and time variations of the pore
Zlz=h
pressure p(z,t) are calculated. The distribution of pressure over
the layer thickness is illustrated in Fig. 3b. At the upper surface

of the drying gel, the highest value of the liquid pressure leads
. 1-2v hVEn VEE
to drying stress: gy (z = h, 1) = 1= po + +—1].

1 3k h
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The second term of this equation is much larger than the first
one as a result of the surface evaporation surpassing the flow
inside the porous layer. Thus it becomes:

Gz = Iy 1) ~ AT ZV(VEEt> (3)

1—v h

However the drying stress does not increase indefinitely with
time as predicted by eqn (3) since a plastic response is required
during drying.”® Basically, the yielding behaviour occurs at time
ty such that: G,,(ty) = oy, where oy is the yield stress of the
material and ¢, is the drying stress averaged over the thickness
of the layer. It turns out that the integration of the stress over
the thickness of the layer &,,(¢) gives the value of the stress at
the interface, s0: Gy (f) = oyx(z = h, 1) = —1112:EVE£ ~ EVE%.
Using eqn (3), the limit of elasticity of the material is
reached at:

oy h
E Vg

ty (4)
The strain induced by shrinkage is classically expressed as:

exx(h, 1) = [@

A simple calculation shows that the strain increases linearly

, where K = E/3(1 — 2v) is the bulk modulus.>®

1 Ve
3(1=2v) h
tion gives the time variation of the crack width in a drying

with time as &y (h, 1) ~ t. In particular, this equa-

colloidal gel. The largest value reached by the strain occurs
at ¢t = ¢ty and is expressed:

1 oy

31-20) E (5)

exx (N, ty) ~
The penetration depth of cracks in a layer can then be estimated
by balancing the elastic strain energy with the surface energy of
the cracks. Assuming that most of the stress is concentrated in a
layer of thickness [ within the film (see Fig. 3c), the elastic energy
per unit length is expressed as: %EaxeZL, where L is the mean
crack spacing in the layer (see Fig. 5b). Since the drying stress
reaches the maximum intensity at the evaporation surface, the
length [ is assumed to scale with the particle size.”” The cracks
extend throughout a penetration depth 4’ so that the surface
energy is 2I'h’, where I is the energy dissipated during fracture
per unit of a newly created fracture surface area. When the
maximum strain is reached, using eqn (5), the maximum depth
hy' becomes:

' () 0
E/ 4r

Eqn (5) and (6) show that the ratio %( is the key parameter to
determine the final crack pattern of the solid layer.

For a solid layer adhering to an infinitely stiff sublayer,
cracks penetrate fully in the layer; however the crack does not
affect mechanically the sublayer. In this case, the final crack
width is due to a balance between the shrinkage process and
the frictional process on the sublayer that limits the crack
width. Since the adhesion between the colloidal layer and the

Soft Matter, 2017, 13, 5802-5808 | 5805
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Fig. 5 (a) Successive spatiotemporal diagram corresponding to the suc-
cessive generations of cracks in image (b). The crack generations are
numbered from 1 to 4. (b) Hierarchical formation of a crack pattern in a
layer of Ludox HS-40. L is the mean crack spacing in the layer. (c) Width of
individual cracks of generation 1, 2, 3 with time; circles are measurements
deduced from the spatiotemporal diagrams in (a).

sublayer is mainly governed by capillary bridges,*® the frictional
shear force with the substrate is assumed to be a linear viscous
force such that: adx/d¢ per unit length, where o (>0, in Pa s) is
the viscous friction parameter of the gel and dx/d¢ is the sliding
velocity of the layer on the sublayer’ (Fig. 3c). Therefore,
assuming a quasi static process, a balance between the drying
force and the frictional force with the substrate, per unit length,
is expressed as:

0xx(2 = 1, t) = adx/dt (7)
By integrating eqn (7), one finds a non-linear relation
between the crack width and time in a purely elastic layer:

1-WwIVEEL,
M) = 1—v2 h &t (8)

Finally, at time ¢ the final crack width is reduced to:

1-2vi oy’ 1

1—v2EVga )

w/h=

We note that the drying stress is distributed unevenly in the
vicinity of an open crack but we assume that this does not affect
the simple model presented here.***°

4 Experimental results

Fig. 5b shows a typical pattern of drying cracks exhibiting
successive generations. As cracks are formed by successive
generations, individual cracks usually do not exhibit identical
width at the final stage of pattern formation. Indeed, a delay

5806 | Soft Matter, 2017, 13, 5802-5808
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time may exist between successive generations as shown by the
spatiotemporal diagram corresponding to successive genera-
tions in Fig. 5a. In particular, the delay time, At, between
generation 1 and 2 is only a few seconds while At reaches
several tens of seconds between generation 2 and 3. Never-
theless, the mechanical properties of the layer are assumed to
be unmodified during this period of time. This delay time can
vary with the drying rate or the density of defects in the layer.
As seen in Fig. 5b, the crack width decreases with the order of
generation. The vertical dashed line in Fig. 5c corresponds to
the time ¢y where the material gels and we assume that at that
time, the material becomes plastic. The curves represent the
time variation of the crack width according to the simple model
depicted by eqn (8). Therefore, the measured crack width is the
value corresponding to the intersection between the curve and
the dashed line. The time variation for the width is assumed to
be the same for all crack generations; they are simply shifted.
Consequently the crack generation n should be thinner than
the generation n — 1. When the layer behavior reaches the yield
point, the evolution of the entire crack pattern is stopped, fixing
the width of individual cracks. The yield point determines the
final crack width of the crack pattern as shown by the equations
obtained in Section 3. It is then essential to quantify the
mechanical properties of the material, especially the elastic
modulus and the yield stress that control the final crack width.
These measurements are achieved by indentation testing
(see Section 2.2). Under low applied force, the elastic response
of the materials allows us to estimate the elastic modulus
according to the Hertz contact law (Fig. 4). Results are reported
in Table 1 for the three silica layers. However, above a critical
applied force, the discrepancy with this Hertz law suggests
that the material becomes plastic (Fig. 4). The critical penetra-
tion depth, p., provides the value for the yield stress as:
oy = 0.434E/p./R, according to ref. 17 and 31. Note that
while p. increases with particle size, the elastic modulus shows
an opposite trend, resulting in a yield stress that is inversely
proportional to the particle size (Table 1), as predicted®* and
obtained in the experimental measurements. The resulting time-
scale at which the yield point is reached is reported in Table 1.

Model systems

To test the validity of eqn (9), the widths of first generation cracks,
w, have been measured and plotted in Fig. 6 for different silica
layers, over a wide range of layer thickness [10°; 10~*] m. In the
range of thickness considered here, the crack width increases
linearly with the layer thickness. Fig. 6 shows the normalized
crack w/h measured over a wide range of layer thickness. These
measurements are in agreement with the theoretical prediction of
eqn (9). The measurements are fitted using the experimentally
measured mechanical properties given in Table 1. The evapora-
tion rate is taken to be Vz; = 5 x 10°® m s (under drying
conditions). The lengthscale ! ~ a and the frictional parameter,
a, are the two parameters. Best fits lead to: apmso = 49.0 £ 1.9 X
10° Pa s; ttygga0 = 37.4 & 0.9 x 10° Pa s; ogpz0 = 10.0 &+ 0.2 x 10° Pass.
In the case of the silica HS-40 layer, these values well satisfy

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Dimensionless width, w/h, of cracks of 1st generation vs. layer
thickness, h, in a log—log scale. Each dot corresponds to a mean value
performed on several cracks. Measurements on model systems and on the
pictorial layer of "Jeanne d'Arc en prison” by Louis Crignier. The plain lines
correspond to a fit with egn (9) using the parameters oy and E deduced
from Fig. 4.

the time variation of the width according to eqn (8) (see the
plot in Fig. 5c and direct measurements indicated by circle
dots). We have then compared the value deduced from the
fit with values obtained in a previous work in delamination
experiments.”® In that paper, it has been shown that the
adhesion between the gel and the substrate is due to capillary
forces close to the gel/substrate interface. Indeed, there
are some air-in-liquid capillary bridges in the vicinity of the
substrate which are responsible for the strong attractive inter-
action. A consequence is that after a duration close to 24 hours,
when the solvent is completely removed from the gel, we
observe that the layer does not adhere anymore to the sub-
strate. The energy of adhesion is found to be equal to the value
of the surface tension of water with air.

Thus, an estimation of o based on the liquid meniscus
friction can be proposed as the product of the capillary pressure
(y/a) with the typical drying timescale of a meniscus a/Vg; thus
o« = yla(alVg) ~ y/Vg ~ 10° Pa s, which is of the order of the
values obtained from the fits.

Pictorial layer

Measurements of the crack width in a real painting have been
carried out for the painting “Jeanne d’Arc en prison” presented
in Fig. 1, especially in the region of the shoulder where cracks
exhibit large opening which ensures that they are drying cracks.
The results are plotted as a function of the layer thickness
in Fig. 6. We used for the mechanical properties of the paint,
data provided for the blue pigment used by the artist for the
shoulder of “Jeanne d’Arc”: azurite in cold pressed linseed
0il.** The composition of azurite can nevertheless vary with the

This journal is © The Royal Society of Chemistry 2017
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proportion of the pigment, binder, or addition of CaCO; and
consequently, the mechanical parameters can vary with the
composition of the paint. Given the complexity of the system,
we used values found in ref. 19, for azurite in cold pressed
linseed oil for a 7.5 years old material. In this way, the uniaxial
tensile stress-strain curve (Fig. 4) allows us to estimate the
elastic modulus and the yield point of the material (see
Table 1). The experimental results show crack width scaling
with the layer thickness. The mechanical properties together
with eqn (9) are in agreement with the direct measurements of
the crack width as shown in Fig. 6. The viscous friction para-
meter that fits the data is equal to « = 1.33 4 0.10 x 10> Pa s. The
viscous friction is lower than in the case of the sliding of the
silica gel induced by shrinkage. This can be due to the fact that
the evaporation rate and the surface tension are not well known
and are not well defined.

5 Conclusion

We have conducted drying experiments with colloidal silica
suspensions and presented crack opening measurements as a
function of the thickness of the drying film. The same measure-
ments have also been carried out on a drying crack pattern on a
real painting. Using indentation testing, we have measured the
elastic modulus and yield stress for the colloidal systems;
for the painting, values reported in the literature are used.
We propose a model based on a balance between the drying
stress in the layer and the shear friction force with the substrate
to deduce a linear relation between the final crack width, w,
and the thickness, &, and the mechanical properties of the
system. The experimental measurements are well fitted by our
model and the viscous friction parameter thus estimated is
found to be of the order of capillary pressure during the
skrinkage. The present model can therefore be applied to
evaluate the yield stress and the elastic modulus of paint layers
in art paintings. Inconsistency between these values and those
typical from that period could then imply the possibility of a
copied painting. This model could therefore be a potential
complementary technique for the authentication of art paintings.
The ratio of the yield stress and the elastic modulus appears to
be a key parameter that determines the properties of the final
crack pattern.
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