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 i g  h  l  i  g  h  t  s

The  rheological  properties  of  19th
century white  paint  formulations
have  been  compared.
Lead  and  zinc  white paints  both
exhibit  viscoelastic  properties,  char-
acteristic  of  paste  suspensions.
Yield  stress  and  elastic  moduli  are
strongly dependant  on  the  nature,
treatment  and  proportion  of oil.
At  all  studied  concentrations,  yield
stress and  elastic  modulus  at  1 Hz  are
higher for  zinc  white  paints.
This  zinc  white  property  can  explain
its specific  use by  V.  Van Gogh,  to  cre-
ate  impasto.
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a  b  s  t  r  a  c  t

Paints  based  on  white  pigments  are  the basic  materials  found  in  ground  layers  of ready-made  canvases
as  well  as  in  painting  layers  mixed  with  other  colours.  It is  surprising  that Vincent  Van  Gogh,  whose
unique  style  is world  famous,  resorted  to  not  one  but  two  types  of  white  paints.  Indeed,  Van  Gogh  often
used  both  lead  white  and  zinc  white  in the  very  same  painting,  contrasting  then with  the  majority  of
his  contemporaries  who  have  only  used  the traditional  lead  white.  To trace  the  evolution  of  his  painting
technique  and  to respond  to  the  issues  of  authentication,  dating  and  preservation  raised  by  his  artwork,
it  is  essential  to have  a good  knowledge  of  the  painting  materials  he  used  and  how he used  them.

This paper  describes  the  reconstructions  of 19th  century  white  paint  formulations  and  their  rheological
characterization  in  order  to  compare  their  flow  properties:  by adjusting  them,  different  paint  finishes
from  smooth  surfaces  to high  impastos  can  be  produced.  We  define  a general  procedure  for  paint  rheology
heology
il paints

characterization,  useful  for  old recipes  reconstructions  in  the  field  of  conservation  science. Both  lead  white
and  zinc  white  based  paints  exhibit  a similar  rheological  behaviour,  with  a fluid  to  solid  transition,  and
variations  of  their  properties  such  as yield  stress  and  elastic  moduli,  depending  on  their  formulation  (oil
nature,  content,  and  treatmen
allows  higher  impastos  than  a
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t).  An explanation  on  the specific  use  of zinc  white  can  be proposed  as  it

 lead  white  paint  containing  the  same  oil  content.
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. Introduction

Paint based on white pigments is one of the most commonly
sed by artists: indeed, white paints, often mixed with small
mount of coloured paints, constitute the basis of many painting
ayers. For example, if one has a look to the orders of oil paint tubes
y Vincent Van Gogh (1853–1890), precisely described in his let-
ers, it appears clearly that he used a very large amount of white oil
aint tubes to produce his artworks known for their bright colours
1]. This was also confirmed by different studies performed in the
ast: analyses have shown that coloured painting layers are com-
only made of white pigments with a small amount of coloured

igment [2]. At the end of the 19th century, two types of pigments
ere available to produce white paints: lead white (generally mix-

ure of lead carbonates, PbCO3/2PbCO3·Pb(OH)2) and zinc white
zinc oxide, ZnO). Since Antiquity, lead white has been one of the
nly white pigment used in oil painting as it possesses excellent
roperties. It was produced industrially during the 19th century by
sing the Dutch Stack process, consisting in exposing metallic lead
trips to vinegar fumes (acetic acid) and manure in a close space for
everal months. Lead white remained the only white pigment used
n oil painting until lead white toxicity became an important con-
ern [3]. This is why, from the end of the 18th century, there was  a
rucial need to develop an alternative white pigment for oil paint.
inc white appeared to be the best alternative. After improving the
anufacturing, zinc white became available on an industrial scale

round the middle of the 19th century [4].
Zinc white remained of very little use to artists from the second

alf of the 19th century, such as the Impressionists, who usually
hose to use the traditional lead white, probably because zinc white
as said to be slower to dry and had poor covering power,(i.e. the

bility of a paint to obscure the surface upon which it is applied) [5].
nlike his contemporaries, Van Gogh used both zinc white and lead
hite paints to produce artworks: indeed, orders of large amount of

il paint tubes of blanc d’argent (referring to lead white) and blanc de
inc (referring to zinc white) are regularly mentioned in his letters
1]. Additionally, Van Gogh often used both zinc white and lead
hite paints simultaneously in the very same painting according

o previous research [6–10]. Despite complaining in many letters
bout the slow drying of zinc white [11], Van Gogh indicated that it
ad other advantages [12] that he did not specify. One can wonder
hich specific advantages Van Gogh found in each type of white
aint and how he was using them in his artworks.

As can be found in ancient catalogues from paint suppliers (Le
ère Tanguy catalogue dating from ca. 1888 to 1890 or 1876 Lefranc
atalogue) [5,9], lead and zinc white oil paint tubes were the same
rice. Some major differences between lead white and zinc white
aint properties have already been described in literature. Lead
hite paint has a shorter drying time and a better covering power,
hereas zinc white give better colours in mixture with pigments

4–6,13,14]. Among appearance and drying properties, the paint

exture and consistency are also crucial, particularly in the case
f Van Gogh, well-known for his high impastos, resulting from
he application of paint in thick layers to produce a textured sur-
ace (Fig. 1). Indeed, artists by adjusting paint consistencies and

able 1
ifferent oils and pigments tested. The oils viscosity was measured and estimated at c.a. 

Nature Supplier 

Oil Linseed Laverdure 

Linseed  Laverdure 

Poppy  Kremer 

Pigment Zinc  White Kremer (No. 4
Lead white (mainly hydrocerussite) Natural Pigme
Cobalt  Blue Kremer (No. 4
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textures can produce very different effects, ranging from very
smooth surface to very high impastos.

Based on reconstructions of 19th century oil paints, we inves-
tigated the use of white paints by Vincent Van Gogh in relation to
their consistency and texture. To get a better understanding on the
different use of lead and zinc white paints in Van Gogh’s artworks,
their rheological properties have been characterized. A discussion is
then proposed on the levelling properties of paint materials applied
to Van Gogh’s paint layers.

2. Materials and methods

2.1. Paint samples reconstructions

Reconstructions of 19th century oil paint were prepared accord-
ing to previous investigations and to the specific oil absorption
value of each pigment investigated [2–4,15,16]. Three different
pigments were used to prepare the formulations: zinc white, lead
white and cobalt blue (suppliers indicated in Table 1). They were
first imaged by SEM (see Supporting Information, S1). Paint made
of 37%vol of zinc white were prepared, ground with different oils
(nature, treatment and supplier in Table 1) in order to compare
their rheological properties and choose an appropriate oil for fur-
ther measurements. We  used linseed and poppy oils similar to oils
that were commonly employed during the 19th century. The two
linseed oils from Laverdure are both cold pressed but their treat-
ments are different: oil “cat. B”, which has been chosen for further
experiments, has been refined whereas the oil “cat. A” has been
purified.

Paints with linseed oil (“cat. B”) and different proportions of one
or two white pigment(s) were prepared and tested according to
the proportions listed in Table 2. The paints based on respectively
zinc white/lead white/cobalt blue are noted ZW/LW/CB together
with numbers indicating the pigment volumic content (%vol). As
an example, the paint named ZW30-CB10 contains 30%vol of zinc
white, 10%vol of cobalt blue and thus 60%vol of oil. For the mix-
tures of two pigments, the oil content is fixed at 60%vol, which has
been estimated as the usual concentration in Van Gogh white paints
estimated by a combination of PIXE and RBS techniques [17].

10–20 g of paint was  prepared from raw pigments and oil at
the different compositions. First the appropriate amount of oil was
added to the pigment and mixed with the palette knife. The mix-
ture was then roughly divided into three parts and each third was
ground under the muller on a glass plate during 120 s (Fig. 1). The
three parts were then mixed together to homogenize the whole
and divided again by third and ground for 40 s.

Some formulations were unstable over few days and released
oil. Moreover, it was  observed that some lead white based formu-
lations, when allowed to rest, get spontaneously more fluent within
a short time. Such a behaviour was not detected for zinc white and

cobalt blue paints. This change of consistency could be explained by
the improvement of the oil-wetting of lead white pigments and/or
by the oil diffusion with time in the aggregates that remain poorly
dispersed, leading progressively to a better lubrication of pigment

5 × 10−2 Pa. s.

Density Preparation and treatment

Cat. A: cold-pressed, purified
Cat. B: cold-pressed, refined
Refined

6,300) 5.6
nts 6.5 Dutch stack process
5,710) 4.3
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ig. 1. Detail of the raking light photograph of La Chambre de Van Gogh à Arles (5
ambert) painted by Vincent Van Gogh in 1889, showing an example of very high im
nd  glass plate) used for the preparation of reconstructed oil paint samples from oi

articles. To limit these effects, the paints were prepared and their
heological properties investigated on the same day.

.2. Rheology

The rheological measurements were performed at 25 ◦C. Yield
tress and dynamical properties were measured using a strain con-
rolled rheometer TA instruments ARES (LS1) equipped with a
errated plate/plate geometry (diameter: 25 or 40 mm)  or a rough
one and plate geometry (diameter: 50 mm,  angle: 0.04 radian, gap:
.045 mm).  The stress controlled rheometer Haake RS600 equipped
ith a rough cone and plate geometry (diameter: 35 mm;  angle:

.04 radian), or a serrated plate/plate (diameter: 35 mm)  was also
sed when required. All the geometries are stainless steel except
he titanium cone of the ARES. The gap for the plate geometries
as fixed at values in between 0.5 and 2.1 mm depending on the

mount of paint added. Each measurement was repeated twice to
heck the reproducibility. Another sample with the same compo-
ition, prepared in the same conditions, was also analyzed and its
roperties compared to the first one.

For all the formulations, the following dynamical measurements
ave been performed:

- strain sweep tests in the linear regime (from 0.01% strain to
he end of the linear viscoelastic plateau), at ω = 1 Hz, in order to
etermine the extent of the linear regime,

- frequency sweep tests, from 0.1 to 100 rad s−1 at constant
train in the linear regime,

- strain sweep tests, at ω = 1 Hz, for strain further the linear
egime.

The yield stress has been evaluated using two different meth-

ds: creep test and flow measurements. As a general procedure
nly the flow measurement method has been used; the creep mea-
urements are reported in the Supporting Information. The flow
easurements (shear rate sweep test) were measured from 0.001

able 2
omposition of paints with linseed oil (in %vol), from Laverdure. The volume fraction was

Paints Reference name Zinc white 

Zinc white (ZW) ZW 19.9–48.5 

Lead  white (LW) LW 0 

Zinc  white and cobalt
blue (ZW-CB)

ZW30-CB10 30 

ZW35-CB5 35 

ZW39-CB1 39 

Lead  white and cobalt
blue (LW-CB)

LW30-CB10 

LW35-CB5 

LW39-CB1 

Zinc  white and lead
white (ZW-LW)

ZW25-LW75 8.5 

ZW50-LW50 17 

ZW75-LW25 25.5 
 73 cm,  oil on canvas, La Faille number F483, Musée d’Orsay, Paris- © C2RMF, E.
os found in Van Gogh’s artworks (left); photograph of the type of materials (muller
aw pigment powder (right).

to 200 s−1 (waiting time: 30 s, measurement time: 20 s). In some
cases, the flow measurement was  performed with both increasing
and decreasing the shear rate.

As ageing features are expected in concentrated suspensions,
we tried to estimate the paint ageing (definition in Section 3.1.2).
The sample was  submitted to a mechanical fluidification in order
to put the system in a fluid state independent from its history. The
protocol of fluidification was  empirically determined: the samples
were submitted to an oscillatory strain of amplitude 100%, at a fre-
quency of 1 Hz during 100 s in order to get reproducible mechanical
responses. After the protocol of fluidification at t = 0, the sample
evolved spontaneously during a waiting time tw. At t = tw, a small
strain of 0.2% (in the linear regime) was applied and the relaxation
of the stress was measured. This measurement was performed for
different waiting times: tw = 10, 100, 1000 and 10 000 s.

2.3. Roughness measurements

To investigate the topography and particularly the surface
roughness of a painting, we  used the Micromesure from STIL, a
non-contact extended field confocal imaging system. It consists in
motorized x, y, z stages and a CHR 150 confocal sensor. It is con-
trolled with the Surface map software. The data are processed with
the Mountains Map  Universal software. Optical pen of 3000 �m was
used to scan an area of 25 mm × 25 mm at 100 Hz with a step of
50 �m in x and y directions.

3. Results

3.1. Rheological behaviour of paint samples
3.1.1. General description
All the paints studied exhibit viscoelastic properties, character-

istic of pastes suspensions (Fig. 2).

 calculated from the weight introduced and the density of the materials.

Lead white Cobalt blue Linseed oil

0 0 52.5–80.1
35–59.1 0 40.9–65

10 60
5 60
1 60

30 10 60
35 5 60
39 1 60
25.5 60
17 60

8.5 60
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Fig. 2. Strain sweep test for a paint sample (zinc white ground in linseed oil with a
volumic pigment content of 37%vol) showing the evolution of the elastic modulus
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′ and the viscous modulus G′′ in function of the strain at constant frequency (1 Hz).
he paints exhibit a viscoelastic behaviour.

At low strains, the elastic modulus G′ is higher than the
iscous modulus G′′ and there is not much evolution of both mod-
li: the system is elastic on all this strain range that is called
he linear viscoelastic region. Beyond a critical strain �c, related
o the dynamic yield stress �c, the elastic modulus decreases
nd the system becomes viscous (G′ ′ > G′), the paint flows. This
ype of behaviour, characteristic of suspensions pastes, has been
bserved for example in silica suspensions and microgel suspen-
ions [18].

Flow measurements (Fig. 3) during the ramp-down are almost
dentical to the ones during the ramp-up until the yield stress is
eached when the shear rate sweep is slow enough to perform
easurements at the equilibrium of the sample (total time mea-

urement of about 80 min; Fig. 3a): a good reversibility is observed
or the measurements between the ramp-up and the ramp-down.
he system has restructured and exhibits again its elastic proper-
ies. It is interesting to note that stress measurements during the
amp-down are slightly lower than the ones during the ramp-up, as
t has also been observed for other systems, such as granular pastes
19]. The evolution of the stress in function of shear rate follows

he Herschel-Bulkley model [20,21]. On the other hand, when

easurements are performed with a fast shear rate sweep (total
ime measurements of about 6 min; Fig. 3b), a phenomenon of

ig. 3. (a) Slow flow measurements for a paint sample (zinc white ground in linseed o
pplication of a slow increasing shear rate sweep (ramp-up represented by black diamo
rey  triangle) (total time measurement of about 80 min). (b) Rapid flow measurements: e
ramp-up, black diamonds) followed by a slow decreasing shear rate sweep (ramp-down
sicochem. Eng. Aspects 458 (2014) 134–141 137

hysteresis is observed, showing a slight thixotropic behaviour [22]
of the paint.

As a consequence of this time-dependant behaviour, several
parameters, such as the time between sample preparation and
measurements and the waiting time between measurements were
identified as having an influence on the measured rheological
behaviour. By controlling those parameters, we observed a good
reproducibility between the measurements with a dispersion of
about 20% for all the formulations (except linseed oil A).

3.1.2. Ageing measurements
To explore the history-dependent effect in rheological paint

measurements, we performed ageing measurements based on the
experimental procedure described by Derec et al. [23] for concen-
trated colloidal suspensions (see experimental conditions above).
Indeed, in those systems rheological ageing has been observed
[23–28]: the response to a mechanical perturbation depends on
the time elapsed after preparation [25]. At short times, an elastic
response of the sample, an increase of the stress, is observed as a
consequence of the 0.2% constant step strain perturbation the sam-
ple is submitted to (Fig. 4). After 0.05 s, the stress is relaxing. The
stress relaxation profile is the same whatever the waiting time tw

is, but the relaxation is slower when the waiting time increases.
The elastic modulus, calculated from the maximum stress value
(which is much lower than the yield stress) increases together with
higher waiting time (Fig. 4). This is due to the fact that there was
longer time for the material to restructure with higher waiting
time. Higher elastic modulus values highlight a more important
reorganization of the material.

3.2. Influence of paint formulation

3.2.1. Influence of the nature of oil
We compared the rheological behaviour of paint formulations

containing 37%vol of zinc white, ground in different oils follow-
ing the same procedure. The yield stress and the elastic modulus
G′ measured at 1 Hz for the different formulations are indicated in
Table 3. Whereas the initial viscosities of the oils alone are quite
close (c.a. 5 × 10-2 Pa s) the rheological properties of the paint
obtained appeared to be quite different. During the paint prepa-
ration step, this was already visible as pigments were dispersed
very easily in some oils and with greater difficulty in others. The
two oils from Laverdure only differ from the treatment, although
homogeneous formulation are different for both. We  chose to keep
constant those parameters in this experiment but there is no doubt
a painter would slightly modify these for proper use if necessary.

il with a volumic pigment content of 32%vol): evolution of the stress during the
nds) followed by a slow decreasing shear rate sweep (ramp-down represented by
volution of the stress during the application of a rapid increasing shear rate sweep
, grey triangles) (total time measurement of about 6 min).
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Fig. 4. Ageing measurements on paint samples: (a) schematic representation of the
experimental procedure the sample was submitted to; (b) evolution of the elastic
modulus (maximum stress value divided by the strain, i.e. 0.2%), in function of the
waiting time tw .

Table 3
Elastic Modulus G′ , measured at 1 Hz and yield stress, depending on the oil in paints
containing 37%vol of zinc white.

G′ (1 Hz) in Pa Yield stress in Pa

Linseed oil, cat A, Laverdure 108,000 430
Linseed oil, cat B, Laverdure 15,300 155
Poppy oil refined, Kremer 52,000 540

Fig. 5. Evolution of yield stress in function of volume fraction of pigments for zinc white
types  of white pigments used to prepare the oil paint are also presented (right). For compa
paints  used by Van Gogh, is indicated on the figure. Additionally, numerical applications
brushmarks � = 0.6 mm)  with Eq. (2) (see 4.1) to estimate the limit stress values of paints r
(d  ≥ 85 �m) or a smooth surface (d ≤ 5 �m).  These limit yield stress values (respectively
corresponding to high impastos and smooth surfaces are indicated as grey areas.
sicochem. Eng. Aspects 458 (2014) 134–141

Not only the nature of oil but also the processing method has a
strong impact on the paint rheology. Indeed for refined linseed oil,
the measured G′ at 1 Hz is c.a. 15,000 Pa, whereas it is respectively
of 52,000 Pa for refined poppy oil, and of 108,000 Pa for purified
linseed oil (Table 3). This strong influence of the oil nature and
treatment has already been observed in the literature [15,29,30]: it
is particularly true in the case of lead white and much less important
for pigments such as vine black or umber. Depending on its nature
and processing method, the oil composition is different and thus its
reactivity and pigment affinity can be modified. Except otherwise
stated, we  used the refined linseed oil from Laverdure (“cat. B”), as
it allowed good reproducibility of our measurements.

3.2.2. Influence of pigment type and concentration
We  studied the evolution of the yield stress and the elastic mod-

ulus G′ at 1 Hz in function of the pigment concentration for lead
white and zinc white oil paints. All the possible range of pigment
concentration providing a suitable paste to paint was  explored.
Fig. 5 shows the evolution of the yield stress in function of the vol-
ume  fraction of pigment for the two  types of paints. The volume
fractions of pigments were calculated from the weight fractions of
pigments used in the formulation, the pigment densities indicated
by the suppliers (Table 1) and a density of 0.93 g/cm3 for linseed oil
as mentioned in the literature [31].

At all studied concentrations, the yield stress and the elastic
modulus at 1 Hz are much higher in the case of zinc white based
paints, compared to lead white. For each type of pigments, they
increase with the volume fraction of pigments, which is fully coher-
ent. The yield stress and the elastic modulus at 1 Hz vary in function
of the volume fraction of the pigment (�) with power laws (�c ∼ �B

and G′ ∼ �B′
with B and B′ positive constants). A good correlation

is observed between the evolution of the elastic modulus at 1 Hz
and the one of the yield stress in function of the pigment concen-
trations. For zinc white paints, the two  exponents of the power
laws representing the elastic modulus and the yield stress varia-
tion in function of the volume fraction of pigment are very similar
(respectively of 5.6 and 5.5). This is fully consistent with what has

been described by Mahaut et al. [32] for colloidal suspension sys-
tems. However, this is not what was  observed for lead white paints,
where the exponents are 4.1 and 7.3 for the elastic modulus and the
yield stress respectively. One explanation of this difference can rely

 (black diamonds) and lead white paints (grey rectangles). SEM images of the two
rison, the pigment content, of about 40%vol, estimated in lead white and zinc white

 have been calculated for Van Gogh’s paints (layer thickness h = 100 �m;  width of
equired in function of the desired levelling (=depth of brushmark d): high impastos

 120 Pa and 7 Pa) have been reported on the figure and the ranges of yield stress
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Fig. 6. Comparison of the yield stress of oil paint mixtures made from 40% vol pig-
ment and 60% vol linseed oil. Each rectangle represents a paint formulation and its
height represents the measured yield stress (in Pa) of the formulation. Formulations
made of one pigment alone or of the mixture of a white pigment (lead white or zinc
white) with cobalt blue have been studied. The following colour code has been used:
white for lead white, grey for cobalt blue and striped for zinc white paint. For paints
composed of two pigments, the proportion of grey indicates the volumic proportion
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fluids, used by Renaissance painters such as Van Eyck or Leonardo
f  cobalt blue in the total volumic content of pigment of 40% (1/4, 1/8 or 1/40 in
olume).

n the peculiar shape of the lead white grains, which make them
ore difficult to disperse in oil. Indeed the SEM observations of the

igments (see Figs. S1 and 5) show that the used lead white was
ainly constituted of hexagonal platelet shaped pigments of about

–2 �m (hydrocerussite grains), whereas the zinc white was  com-
osed of more isotropic grains of smaller size (<1 �m).  The precise

nfluence of the size and shape of the grains, as well as the chemical
nteractions between oil and pigments, should be investigated fur-
her to conclude whether it can explain the rheological differences
etween lead and zinc white.

.2.3. Influence of pigment mixtures
We  studied the influence of the addition of a third pigment in

hite paints in order to compare the two types of paints: the stud-
ed formulations are based on Vincent Van Gogh’s coloured painted
ayers, where white paints are often used in mixture with a small
mount of coloured pigment. The influence of the addition of cobalt
lue, a blue pigment often used by Van Gogh, on the rheological
roperties of white paints was investigated. For the paint mixture
f zinc white and cobalt blue (total volume fraction of pigment 40%),
he addition of a small amount of cobalt blue (1% in volume of the
otal pigment content) produces an important decrease of the yield
tress of the paint (110 Pa) compare to the zinc white paint with-
ut other pigments (210 Pa) (Fig. 6). The same evolution is observed
or the elastic modulus at 1 Hz: it is important for zinc white paint,
ut it rapidly decreases when zinc white is mixed with another
igment. Dissimilarly for the lead white based paints, the addi-
ion of cobalt blue does not modify significantly the yield stress
nd the elastic modulus, even when higher amount of cobalt blue
s added. The measured yield stress for lead white paint mixtures
emains of the same order of magnitude (around 4–7 Pa) whatever
he cobalt blue content; the small variations observed are related
o the measurement precision.

All these results point out that the phenomenon providing zinc
hite paints with an important yield stress and elastic modulus

s not preserved when zinc white is mixed with another pigment,
ven when present in minor amount. It suggests that there is a
pecific interaction between zinc white and oil that plays a main

ole on the observed rheological behaviour and provides an higher
ield stress and elastic modulus to zinc white paints compared to
ead white paints at the same volume pigment content.
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4. Application to artists’ paints properties and finish

4.1. Levelling of paints

The rheological characterization of paints can be interpreted in
relation with the «finish»  of the artwork, that is to say the final
visual surface aspect of the painting after drying, and thus can help
for reverse engineering of masters recipes. The levelling properties
are of particular interest here. Surface forces tend to produce flow
of the applied film, smoothing the surface irregularities inciden-
tal to application by brushing. Many publications [33] propose that
yield behaviour affect levelling process. First it causes levelling to
cease when the surface tension stress becomes less than the effec-
tive yield stress; and it influences the low shear viscosity, through
remnants of the structure responsible for the yield behaviour. Smith
et al. derived the equations of plane strain for an elastic solid in 1961
to describe this levelling process [34]. Orchard extended it in terms
of Fourier series, for any rough surface. The general expression of
the roughness amplitude is then [35]:

a = a0exp

[
−��

�
f
(

2�h

�

)∫
1
�

dt

]
, (1)

with � the wavelength, h the layer thickness, � and �, respectively
the film surface tension and its viscosity.

This equation can be simplified considering a viscosity and a
surface tension independent of time, and with approximations for
small or big thicknesses: one can then calculate the maximum shear
stress (leading to the yield value). Neglecting gravity compared to
the surface tension, and considering small amplitude disturbances
(d � �), and small film thickness (h � �) [33,34], the authors obtain
the following expression for the maximum shear stress f:

f = 4�3�dh

�3
(2)

with d the depth, � the brushstrokes average wavelength and h the
layer thickness, according to Fig. 7a. f indicates the paint yield value
inducing brushstrokes of such shape.

Later many theoretical or experimental further developments
attempted to take into account the stress or shear rate history,
the effects of thin film geometry, the evaporation during drying,
possible thixotropy [36], effect of elasticity, etc.. . . In 1992, Kris-
tiansen, showed from an experimental study, that the Orchard Eq.
(2) is still accurate when a/h < 0.2. Eley’s review recalls the different
publications on the estimation of levelling in paint industry [37];
however his conclusion underlines the failure in obtaining a general
predictive method useful in paint industry.

In our case, the aim is to compare different paint formulations
used for art in terms of levelling ability. We  neglect gravity, and
evaporation effect is not relevant for oil paint. Moreover we  neglect
the viscosity time dependence of our paint: it obviously exists,
but can be neglected regarding the average values and as a mat-
ter of comparison. We  can thus use the Orchard formula as an
estimation of the average brush mark height depending on the
paint yield stress. We  focus on layers and paints that respect the
limit conditions: small amplitude disturbances (d � �), and small
film thickness (d � �). As an example, for h = 5 �m,  � = 0.5 mm,
� = 25 mN m−1 (at the interface oil–air) and d = 1 �m which is the
minimum value for a visible brush mark, a value of f = 0.12 Pa is
obtained. This is even too low to be measured in standard measure-
ments (using our equipment). This condition of perfect levelling is
obtained in the case of low viscosity glazes, closed to Newtonian
da Vinci. They were used as thin layers superimposed to achieve
a perfect finish [38]. Later painters used brushstrokes to express
feelings, movement, or give a sensation of volume.
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Fig. 7. Case study on a Van Gogh’s painting to evaluate Van Gogh’s brushstrokes characteristics: (a) General representation of the paint surface, (b) photography of Le train
bleu  (46 cm × 50 cm,  oil on canvas, La Faille number F398, Musée Rodin, Paris - © C2RMF, E. Lambert) painted by Vincent Van Gogh in 1888. The white cross indicates
where  a microsample has been taken in the blue sky on the edge of the painting, while the black rectangle indicates the localization of the area investigated by roughness
measurements; (c) detail of the area of the painting (up) where a profile, indicated by a black arrow, of roughness measurement has been performed (bottom). The roughness
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easurement allows to give an estimation of the average depth of brushstrokes d an
aken  from the blue sky of Le train bleu and prepared as cross-section where the thi

.2. Van Gogh’s use of white paints

The rheological measurements have shown that if we compare
ead white and zinc white paint at 40%vol for example (Fig. 5), the
ield stress is about 30 times higher for zinc white than for lead
hite. Zinc white paint is pasty while lead white paint is fluid: zinc
hite is more suitable to leave brushmarks visible. This is true for
hite paint layers but also for pigment mixtures in zinc white and

ead white based paint.
To evaluate the obtained brushstrokes, we applied Eq. (2) to

he paintings “Le train Bleu” produced by Van Gogh in 1888 while
taying in the South of France, in Arles (Fig. 7b). Microtopogra-
hy on the blue colour of the sky (Fig. 7c) indicated an average
epth of brushstrokes of 85 �m and the distance between brush-
trokes around 0.6 mm.  The thickness layers were estimated on

 large panel of cross-sections taken from Van Gogh’s paintings
17] ranging between 20 and 600 �m with an average value at
bout 100 �m.  This thickness is very similar to the one observed
n the cross-sections taken from the sky of Le train bleu (Fig. 7d).

e  can estimate the yield stress inducing such brushmarks: about
20 Pa. However we are close to the limit conditions of the used
pproximation: small amplitude disturbances (d < �), and small
lm thickness (h < �). This exact value has to be taken cautiously:

t just gives an estimation and allows to better figure out the
ehaviour of the paint used by V. Van Gogh in this painting.

This study provides new insights on the motivation of Van Gogh
o use two different white pigments. In addition to better optical

roperties in pigment mixtures, zinc white would more easily allow
igh impastos to be achieved. This explanation would be consistent
ith the trend observed on a small corpus of 37 cross sections made

rom microsamples from 16 Van Gogh’s paintings dated between
distance between brushstrokes �; (d) optical microscope image of the microsample
s layer h can be evaluated.

1886 and 1890: on this corpus zinc white is used more often on the
surface layers than lead white [2]. Moreover, the use of lead white
rather than zinc white in the underlayers would be consistent with
lead white ability of drying faster and its high covering power.

5. Conclusion

The rheological behaviour of two  white pigments based paints
has been investigated, according to reconstructions of 19th century
artistic formulations. As particulate pastes, their macroscopic rhe-
ology is dominated by the existence of a fluid-to-solid transition. At
stresses above the so-called yield stress, the materials flow like vis-
cous liquids, whereas they behave like solids at lower stresses with
properties that evolve slowly with time. We  could underline the
effect of paint formulation (pigment content and nature but also
oil treatment) on the rheological properties of zinc and lead white.
The differences between both pigments are related to their chem-
ical composition inducing different interactions with oil, as well
as to their specific size and shape of grains. The lead white grains
are indeed particularly anisotropic (“needle”-shaped for cerussite
grains or hexagonal flat grains in the case of hydrocerussite), con-
trary to the more isotropic grains of zinc white.

The main difficulty of these experiments lay in the nature of
the samples: they exhibit a complex behaviour with possible time
dependent effects. Moreover the data interpretation is also compli-
cated. It is not possible to predict behaviour of paint formulations
after application with precision: only an estimation of their level-

ling properties can be provided. This question remains a big issue in
the paint industry as many other parameters than the yield stress
value would have to be considered especially in the case of time
dependent fluids.
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This rheological study gives us new clues to understand the
rtist’s practice. Zinc white induces higher yield stress and elas-
ic properties than lead white-based paints. This can partly explain
ts specific use by Van Gogh. Many studies in art conservation sci-
nce deal with old recipes reconstructions including a qualitative
escription of the paint texture. To improve the discussions and
xchanges between conservators, conservation scientists, rheolo-
ists and industrial paint experts, the paint flow properties have
een described more precisely.
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