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Abstract
The paper presents an experimental procedure based onmicro-scratching to detect stresses in the ground layer of panel paintings.
The method relies on the fact that cracking of the material during a micro-scratching test is the outcome of a combination of local
force applied by an indenter and the stresses present in the material. The critical normal load at which damage appears during the
test has a strong correlation with the stress in the material. The method, although not providing absolute values of stress, is
sensitive to stress magnitude and direction, only micro-destructive, and attractive for monitoring stress changes caused by
relaxation processes also in multi-layer materials. The presented tests were performed on artistic materials for which information
on stress relaxation is particularly important when developing strategies for their storage and transportation.
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Introduction

The analysis of mechanical response of artefacts to climate
variations is one of the fundamental approaches to rational
guidelines for the control of climate in museums and his-
toric buildings. The formation of environmentally-induced
cracks in panel paintings, one of the categories of cultural
artefacts most susceptible to climate variations, has been
extensively analysed for more than two decades, in order to
establish the allowable ranges of climatic variations which
the painted wood can endure without damage [1].

The moisture response of a multi-layer structure consisting
of wood, animal glue, gesso (chalk bound with animal glue),

and paints to variations of relative humidity (RH) in its envi-
ronment is an outcome of complex interactions between the
individual layers. The gesso (ground) layer was historically
used to prepare a smooth, paintable surface on wood. The
mismatch between high dimensional response of the wood
substrate in the transverse direction to the tree trunk to humid-
ity variations and negligible response of the dimensionally
stable ground layer has been identified as the worst-case con-
dition leading to increased stresses in the entire pictorial layer
and ultimately its fracture [2]. Therefore, knowing stress
levels in the ground layer - which is most prone to cracking
in the system - is of crucial importance when looking for
optimal conditions for protecting paintings from damage.

Gesso is a brittle, granular material composed of chalk
grains connected by animal glue. The total stress generated
in the ground layer is the result of external loading and drying
shrinkage during material preparation as well as the history of
RH variations the material experienced, especially excursions
into very moist conditions [3]. Total stress is the main factor
defining the performance of brittle materials. There is a large
number of experimental methods that allow to measure stress-
es in solid bodies at macro and micro-level. The most com-
monly used are: mechanical, compliance, and diffraction.
Other methods are described in [4]. These experimental
methods have, however, only a limited applicability in the
case of granular materials where distribution of inhomoge-
neous microscopic contact forces between particles is highly
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complex [5, 6]. The analysis of conditions leading to yielding
and cracking of granular materials has been focus of many
experimental studies implementing different measurement
techniques to probe granular microscopic properties that pro-
vide structure and contact forces in three-dimensional packing
(see for example a recent work utilizing the refractive index
matching tomography [7]). It should be noted, however, that
the general relationship between external forces applied at the
system boundaries and the resulting microscopic force chains
in its bulk represents a fundamental and still unsolved problem
of granular mechanics.

This study describes a micro-scratching technique for evalu-
ating stress exerted on the ground layer. The method relies on
the fact that cracking of the material during a micro-scratching
test is an outcome of a combination of a local force applied by
the indenter and stress in the material which is in turn related to
the external stress exerted on thematerial boundaries. During the
test, an increasing normal load is applied to the indenter with a
rounded tip as it is drawn over the material surface. The groove
created can then be analysed microscopically to characterize the
type of micro-damage created. The diversity of scratch damage
created in most materials indicates that it occurs through multi-
ple mechanisms [8, 9]. In brittle materials, it is possible to iden-
tify curved periodic cracks concave to the indenter wake. A
systematic analysis of the influence of the surface friction coef-
ficient on size andmagnitude of stress zones can be found in [9].
The tensile stress field causing mode I of cracking is created
right behind the indenter tip. It results from the force applied
locally through the indenter as well as residual stress present in
thematerial. Therefore, the critical load applied to the indenter at
which cracking of the surface starts can be correlated with stress
in the material and used as a stress indicator.

In this study, magnitude and distribution of stress in the
ground layer created by externally applied force was evaluat-
ed. The analysis was performed despite the lack of a precise
model describing the relationship between micro- and macro-
stresses in the ground layer.

Material and Experimental Tests

Gesso analysed in this study was prepared using rabbit-skin glue
and ground chalk. The ratio of the chalk (the pigment), to the
glue is expressed as the pigment volume concentration (PVC):

PVC ¼ P
P þ B

*100%;

where, P and B are volumes of the pigment and the dry glue
binder, respectively. PVC value of 92% was selected to produce
a ground layer of very good mechanical properties and, at the
same time, accepted by a restorer asmatching gessoes commonly
used to restore panel paintings [10, 11].

The Scanning Electron Microscope (SEM) image of the
ground layer obtained using a Phenom ProX shows clearly
the granular nature of the material (Fig. 1(a)). The chalk grain
size distribution was calculated using ImageJ 1.49v software
and procedure described in [12]. The size of grains ranges
from 0.5 to 4.5 μm: an average diameter for the obtained
asymmetric distribution is 1.0 ± 0.5 μm and a median diame-
ter is 0.9 μm (Fig. 1(b)).

All micro-scratching tests were performed using a Micro-
Combi Tester B(CSM Instruments, Switzerland) following the
ISO 20502 standard [13]. In the tests, the speed of indenter
sliding over the surface and the rate at which normal load was
applied were 12 mm/min and 14 N/min, respectively. Micro-
scratch length in most tests was 10 mm. The pre-scratch scan
of the sample surface with a minimal force of 10 mN was
performed before each measurement. The recorded shape of
the surface was used to correctly evaluate the depth of the
indenter during micro-scratching with increasing normal load.
During the experiment, friction force was recorded in real time
and the scratch groove was analysed using optical microscope
at the end of each test. The geometry of scratching experi-
ments is explained in Fig. 8.

Experimental Results

Ground Layer on a Metal Substrate

The initial test was designed to observe cracking in the ground
layer caused by the scratching process, identify the cracking
mode and determine the force leading to the damage. The test
was performed on a 0.7 mm thick ground layer painted on
2.5 mm thick metal alloy support with the elastic modulus of
253 GPa. The metal support was selected for the calibration
tests due to its well-known mechanical properties and high
homogeneity (the elasticity modulus was determined experi-
mentally in a 3-point bending test). Using such material
allowed for precise control of stresses during the experimental
procedure. It was determined experimentally that the beam
can be bent elastically to the curvature radius of 0.25 m. In
the scratch test, a Rockwell diamond indenter with a rounded
tip was used. The radius of the tip was 200 μm. A typical
fracture pattern created during the test is shown in Fig. 2.

The regularly spaced micro-cracks, perpendicular to the
scratch direction (mode I cracks), were dominant features ob-
served in the scratch track. In a brittle material, mode I crack
initiates when stresses exceed tensile strength of the material.
In order to evaluate the effect of ground layer stress on the
initiation of cracking during the micro-scratching, the follow-
ing test was performed. Themetal substrate was bent to induce
additional lateral stresses in the outer ground layer (Fig 3).
Since the Poisson’s ratio of metal and gesso is similar, one
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component of stress, in the direction along which the speci-
men had been bent, was dominant.

The micro-scratching test was performed for four different
deflections, namely −5, 0, 5 and 10 mm resulting in four dif-
ferent stresses of the ground layer of 25, 0,-25 and − 50 MPa.
The results of typical micro-scratch measurements for different
deformations of the sample are presented in Fig. 4.

The Fn-Ft curves are almost identical for small values of
the normal force. On each graph, a value of the normal force at
which first cracks on the ground layer surface were observed
using an optical microscope was indicated by a vertical arrow
and description BOpt^. The obtained results indicate that the
onset of oscillations of the friction force correlates well with
the value of the position at which the first crack in the ground
layer appears. The observation indicates that both methods of
determination of the critical load, i.e. optical and instrumental
can be used for assessing stresses in a material.

Values of normal loads leading to cracking of the ground
layer as a function of stress are presented in Fig. 5 for different
deflections of the sample. The results clearly indicate that
forces in the ground layer can be evaluated by measuring the

critical load leading to cracking of the material in the micro-
scratching test. ANOVA analysis showed that data points of
Fig. 5 were statistically different with the confidence level of
99.99% in case of the optical observation and 99.92% for the
instrumental measurements. Furthermore, the analysis based
on friction force instability gave the same results as the optical
analysis of the scratch groove but the detection of the onset of
friction force instability was more easily automatized.

The influence of scratching speed, load rate, type of the tip
and its radius in respect to coating hardness, roughness, and
friction on micro-scratch test results has already been thorough-
ly investigated and discussed (see for example refs [14, 15]) for
different substrates and coatings. In the case of gesso, the opti-
mum tip radius turned out to be the most important factor to
achieve unambiguous results. The results obtained for three
different radii of Rockwell tip are presented in Fig. 6.

The most pronounced change in the friction force pattern is
observed for tip radius of 200 μm (200 times bigger than the
average size of particle grains in the analysed material). For
bigger radii, the friction force is changing very smoothly and it
is difficult to clearly recognize the normal load at which crack-
ing starts, whereas for small radii, the friction force is unstable
during the entire test. The 200 μm radius indenter has a con-
tact area big enough for the interaction with individual grains
to average out. For such indenter, the measurement is not
influenced by the interaction with individual grains but still
is able to detect microscopic cracks created during the
scratching process.

Fig. 2 Fracture pattern within the scratch groove. Regularly spaced
micro-cracks perpendicular to the scratch path are indicated by black
arrows. The width of these cracks and their spacing is increasing along
the scratch direction

Fig. 1 Ground layer (a) SEM image (b) chalk grain size distribution

Fig. 3 Geometry of a sample during the experiment. S is the distance
from the stylus to the central pressure point in the three-point bending.
The positive deflection produces compression in the ground layer
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Ground Layer on a Wooden Substrate

The tests presented above allowed us to verify a basic concept
of evaluating stress in a granular material using the micro-
scratching technique and to optimize the measurement proce-
dure. Still, it was crucial to verify the method on a sample on a
wooden substrate, which would better mimic the system in
which the measurements of stresses are of interest.
Moreover, gesso on a wooden substrate has a more compli-
cated stress state than the one on a metal support. Due to
anisotropic nature of wood, gesso is stressed not only in the
direction across the grain but also along the grain. Therefore,
measurements on wood were carried out to test if the

measurement in any given direction of the wood substrate
was affected by other components of the stress tensor.

To prepare such samples, 10 mm thick, radially-cut lime
wood panels were covered by six layers of fresh gesso mix-
ture and dried. Stresses in the gesso layer were annealed by
submitting samples to 30 o C and 90% relative humidity
(RH), which was verified using the layer removal technique
[5] - no change in wood curvature was observed after re-
moving the gesso layer. Three samples were prepared.

To perform micro-scratching tests, the samples were
cut into 160x10x10 mm3 pieces which were installed in
simple mechanical holders. Such a holder allows a sample
to be flattened in a controlled way and, in consequence, to

Fig. 4 Results of micro-
scratching tests on a sample with
different deflection values

Fig. 5 Critical normal loads leading to gesso cracking as a function of the
compressive stress. Each point corresponds to 5 independent
measurements performed on the same specimen. Error bars represent
the uncertainty of a single measurement (standard deviation)

Fig. 6 Micro-scratching tests on the ground layer performed with three
different radii of Rockwell diamond indenter tip. For the radius of
200 μm, value of normal force at which first cracks are observed
microscopically is indicated
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systematically increase compressive stress in the ground
layer (Fig. 7).

To evaluate stresses in the gesso layer on a deformed
anisotropic wooden support, computer-aided modeling
was performed. The Comsol Multiphysics software [16]
was used to do calculations using the Finite Element
Method. It was assumed that at the initial state (before
flattening), the ground layer stress in the longitudinal
and radial directions of wood was zero. Mechanical prop-
erties of ground layer and lime wood from [17, 18] were
used in the simulation. However, the simulation was sim-
plified by assuming that both the wood and the ground
layer were homogeneous and continuous media.

The simulation results presented in Fig. 9 show both
components of stress: perpendicular and parallel to the
wood grain, which appear during flattening of the sam-
ple. The source of stress parallel to the wood grain lays
in restraining any movement of the gesso in the longi-
tudinal direction of the wood. Wood has a very high
modulus of elasticity in the longitudinal direction and
unusually low transverse-longitudinal Poisson ratio. It
means that the wood compressed in the transverse di-
rection has almost no longitudinal expansion. This re-
strains the gesso layer movement, engendering the lon-
gitudinal stress.

A series of micro-scratching tests were then performed
parallel and perpendicular to the wood grain direction on
a sample with different compressive stresses in the ground
layer to analyze critical loads leading to gesso cracking.
The total stress field leading to cracking of the ground
layer was a result of the scratching process (stress exerted
by the moving indenter) as well as external force applied
to the sample. It should be noted that only the external
force changed in consecutive experiments and therefore it
was possible to simplify stress analysis by correlating on-
ly stress resulting from the external force (simulated
above) with critical load leading to cracking.

As shown in Fig. 9, flattening of the sample (by applying
an external load) increased stress in the gesso layer in the
direction perpendicular to the wood grain to a much greater
extent than in the direction parallel to the grain. This effect
is clearly visible in Fig. 10 indicating that the applied meth-
od is sensitive to the direction of stresses in the analysed
material. The linear fitting of experimental data for perpen-
dicular direction to wood grains gives R2 = 0.966. Figure 10
indicates that there may or may not be a systematic correla-
tion (R2 drops to 0.54825) between critical force and stress
along the wood grain. The plot serves to show potential
cross talk between the two directions. Figure 11 presents

Fig. 10 Critical normal load leading to cracking of gesso in the micro-
scratch tests as a function of compressive stress on the wooden support
across and along the grain

Fig. 8 Diagram indicating the directions of scratching along or across the
sample

Fig. 7 Sample inside a mechanical device designed to increase
compressive stress in the ground layer. Anatomical directions in the
wooden substrate are indicated: (L) longitudinal and (R) radial, i.e.
parallel or perpendicular to the wood grain, respectively

Fig. 9 Result of simulation of directional stress: perpendicular (left) and
parallel (right) to the wood grain for a sample flattened using the holder
shown in Fig. 7 with a deflection of 10 mm
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data obtained for three different specimens in three defor-
mation states. A strong correlation between the applied
stress and the critical load as well as good agreement be-
tween the instrumental measurement of critical load and its
optical assessment are evident.

The ratio of critical load for micro-scratch tests performed
across the wood grain to its counterpart relative to tests per-
formed along the wood grain for different deflection of the
sample (Fig. 10) is 2.5 ± 1.1. However, the finite element sim-
ulations showed that the ratio of transverse-to-longitudinal
compressive stresses was 6.6. This means that the increase
in the critical load while scratching along the wood grain
cannot be explained exclusively by the fact that the gesso is
compressed in this direction. In other words, the statistical
analysis showed that with 80% confidence level, the value
of the critical load obtained in the test was influenced by stress
perpendicular to the scratch direction. The obtained results
clearly demonstrate that critical load leading to brittle cracking
is proportional to the value of compressive stress. However,
these data also showed that the method was not accurate
enough to provide information about an absolute value of
directional stress in the analysed material. Therefore, the
method should be treated at this stage as a qualitative detection
rather than a quantitative determination of stress.

Critical load standard deviation was assumed to be the
uncertainty of the value and propagated using the exact differ-
entiation of the linear relation from Fig 10. Assuming linear
relation between critical load LC and stress σ: LC = a σ + b we
obtain linear reverse relation. σ ¼ LC

a −
LC
a . To get stress uncer-

tainty ϵσ: we use exact differentiation ϵσ ¼ ∂ σ
∂ LC

ϵLC Taking

average standard deviation of critical load ϵLC = 0.254 N and
derivative of stress as a linear function of critical load by
critical load ∂ σ

∂ LC
¼ ∂ σ

∂ LC
¼ 50 MPa=N we get the single mea-

surement error ϵσ = 13 MPa.

Measurements of Residual Stress in Gesso on Wood

The motivation for this work was to test micro-scratching as a
minimally invasive method for measuring residual stress in the
ground layer on a wooden substrate. In order to verify the
usefulness of the method, three samples (identical to those de-
scribed in the previous section) were prepared. Two of the sam-
ples were subjected to a treatment in order to induce stress in the
ground layer, whereas one was treated as a reference. The treat-
ment consisted of placing samples at high humidity (90% RH)
and subsequently transferring them to low humidity. In high
humidity environment, wood is expanding and gesso is
experiencing a dramatic loss of stiffness, due to the transition
of the rabbit-skin glue from the brittle to the ductile (gel like)
state taking place at approximately 75% RH [3]. Therefore,
expanding wood easily deforms (stretches) the gesso layer.
During drying, the ductile gesso mass is firstly hardening and
then compressed by shrinking wooden substrate. As a result,
compressive stress in gesso layer is induced. The value of this
stress depends on properties of materials and parameters of
treatment and is generally unknown before measuring.

Three samples were tested using the scratching technique
described earlier. Five scratches were performed on each spec-
imen, error bars in Fig. 10 show uncertainty of the single
measurement (standard deviation). The value of stress deter-
mined on the basis of critical load (see Fig. 11 for relation
between critical load and stress) was compared with the stress
in the gesso obtained using the layer removal technique [5].
The comparison is presented in Fig. 12. Although there is the
same tendency in results obtained using both techniques,
agreement is not perfect. It confirms that the proposed
micro-scratching technique is sensitive to stress level in the
material, and therefore capable of monitoring stress

Fig. 12 Comparison of stress in the ground layer measured with
scratching and layer removal techniques

Fig. 11 Critical load leading to cracking of gesso in the micro-scratching
tests across the wood grain for a sample with different deflection values
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alterations, but rather inaccurate when providing absolute
values for this stress.

Conclusions

This study made it possible to measure differences in stress
levels in the ground layer on two different substrates – a homo-
geneous metal plate and a wooden panel, both deformed with
external forces. The method is sensitive to stress direction and
detects predominately stress component parallel to the direction
of scratching. The method is only micro-destructive and there-
fore attractive for monitoring stress changes caused by relaxa-
tion processes inmulti-layer materials. It has to be noted that that
stress field must be uniform in the scratching area of several
mm2. Information on absolute values of forces present in the
analysed ground layer is still limited due to lack of a proper
calibration procedure based on analysing the relationship be-
tween stress field generated during micro-scratching and critical
condition of brittle cracking of the material. Such a procedure
needs to be integrated by comprehensive computer-aided
modeling of micro-indentation process in granular media.
Although in the present form the method is too invasive to be
directly applied to real artworks, it can be used for analysing
model samples to provide valuable information on stresses and
relaxation processes in artistic (and especially historic) materials.

This may help to understand how changes in environmen-
tal conditions affect heritage objects and to manage indoor
environments in museums and historic buildings in a rational
and efficient manner.
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