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32.1 Introduction

It is well known that artists’ oil paints—effectively filled polymer systems [20]—
may differ considerably in their material properties depending on a variety of intrin-
sic factors including: binder composition; the nature of pigments/extenders; driers;
and other additives. Similarly, oil paints may be differently affected by extrinsic
factors such as ageing, changes in the environmental conditions, or exposure to
conservation treatments like cleaning. Knowledge of the mechanical properties of
paints and the way those properties change with variations in moisture content and
temperature can inform active conservation treatments and passive preventive con-
servation measures.

The mechanical properties of artists’ oil paints have been studied extensively by
Mecklenburg and his co-workers using tensile testing to generate load/extension
curves from which values for (elastic) modulus and tensile strength could be
determined (eg. [10]). It is recognised, however, that oil paints, when cured, may be
more or less viscoelastic depending on some of the intrinsic factors mentioned
above. They may behave more glassy (elastic) or more viscous (plastic) depending
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on temperature and/or the rate of loading. If an oil paint shows a distinct softening
(reduction in elastic modulus) when subjected to a temperature ramp, as it changes
from the glassy state to the leathery/rubbery state, a glass transition temperature
(T,) may be determinable. The value of the T, indicates the state in which the
material likely exists at any operating temperature.

Within art conservation, research into the viscoelastic behavior of oil paints com-
menced with the influential study by Hedley, Odlyha and co-workers that was set in
the context of cleaning. A specific point of interest was the long-term impact on
paint properties of exposure to solvents and water [8]. As the first study in this sub-
ject area to use dynamic methods of thermal mechanical analysis, Hedley’s group
demonstrated the potential for significant changes to the mechanical properties of
some oil paints caused by extraction (leaching) of plasticizing soluble components
of the binder phase. Using the method of Dynamic Load Thermal Mechanical
Analysis (DLTMA), this work documented the temperature-dependent softening
transitions of a sample of commercial oil paint'. Three transitions were observed,
the onset of the lowest-temperature one occurring at —20 °C. This transition was
identified as the major change from glassy to viscoelastic state. It was attributed to
“the glass transition temperature (T,) of linseed oil itself”.

The question of the temperature range over which artists’ oil paints underwent
the transition from glassy to leathery behaviour remained effectively unstudied
experimentally for some time after Hedley and Odlyha’s initial explorations; the
main contribution on the topic was the review by Michalski [14]. Despite the “spotty
collection of data” reported in the literature, Michalski concluded that there was
sufficient evidence “to piece together the glassy/rubbery transition of oil paint” and
that “the fundamental glass/rubber transition for oil paint starts near —30 °C
(=22 °F) and ends before 0 °C (32 °F) for linseed, walnut and poppy oil, with or
without pigments, with or without aging.” On this evidence, one would expect most
oil paints to be in the rubbery/leathery (viscoelastic), not glassy, state at room tem-
perature. The topic of the T, of artists’ oil paint was revisited by Phenix [18], using
DMA (Dynamic Mechanical Analysis) introduced by [8] two decades earlier.?
Depending primarily on their pigment content and condition, the paints tested var-
ied considerably in their thermo-mechanical properties, some showing effectively
no distinct glass transition in the near-ambient temperature range, while others

'Test paint film of Grumbacher Burnt Sienna (linseed oil binder) prepared in 1978 by
M. Mecklenburg.

2See Sect. 32.2.2 for instrumental details of DMA. Theoretical and experimental treatments of
viscoelasticity have derived vector-based descriptors of mechanical properties in terms of complex
modulus (Ex), storage or elastic modulus (E’), and viscous or loss modulus (E”), where Ex =E” +
iE”. Usually this relationship is expressed as G = G* + iG” where the G terms represent the cor-
responding shear moduli of the material. A further useful parameter, tan 9, is the ratio G”/G’ [5].
The most common DMA test is a thermal scan during which changes in the parameters of G, G”
and tan  are measured as the temperature is increased at a set rate. The temperature at which any
thermal transition occurs will depend on the frequency of the applied periodic stress. Conventionally,
the temperature at the peak in the tan § trace at 1 Hz is taken as the T, of polymers ([4, 6]: 509). A
comprehensive critical overview of the determination of T, using DMA is provided by [2].
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showed strong glass transitions with a narrow T, peak and a considerable change of
modulus that could be either above or below room temperature. However, only a
very few paints had T, values—as indicated by the temperature of the maximum
value of the 1 Hz tan d trace—that were below zero. The lowest value measured was
ca. —4 °C for alizarin crimson in cold-pressed linseed oil.

Mechanical properties of paints, determined by tensile testing, have also been
shown to vary with the degree of drying/curing and subsequent ageing, as well as
pigmentation [5, 6, 10]. These very different properties are essential to conservation
decisions such as flattening, consolidation and cleaning. Conservators know from
experience that some pigments produce soft and flexible paint films and, therefore,
are easier to deform when flattening deformations than for example paints that
contain lead or zinc pigments. Earth pigments generally have a tendency to
hydrolyse, which makes them sensitive to cleaning treatments [11]. In addition,
modern commercial paints have shown to be sometimes problematic due to the
addition of organic modifiers such as metal soaps, fatty acids, or oils that are only
semi-drying [1, 9], not to mention inorganic extenders that are prone to chemical
alteration by exposure to airborne pollutants to produce water-soluble salts [3].
Even without the presence of any hygroscopic, water-soluble salts, the mechanical
properties of oil paints are known to be influenced by moisture content, water essen-
tially having a plasticizing effect. This is known from practical experience of treat-
ing oil paintings, but it has also been demonstrated experimentally, albeit to a
limited extent [9].

All of the topics considered above—the magnitudes of elastic (storage) and vis-
cous (loss) moduli of oil paints of different formulation and condition; the tempera-
ture- and moisture content-dependency of those moduli— warrant further
investigation. New instrumentation, particularly nanoindentation conducted under
controlled environmental conditions, allows those properties to be explored at the
sub-microscopic level [19, 22].

Conducted as part of the EU Heritage Plus project Cleaning Modern Oil Paintings
(CMOP), the aim of the present study was to examine the mechanical properties of
selected commercial Winsor & Newton oil paints. Conventional tensile testing was
not a viable approach given the nature of the paint samples available to the CMOP
group which were constrained by their size, their surface conformation and their
mounting onto polyester support from which they could not be removed in many
instances. The challenge for the study, therefore, was to find alternative approaches
to probe the samples for parameters that characterized the respective physical/
mechanical properties of each paint type. It was also desired that the test methods
could provide information on changes in surface (versus bulk) properties that may
be caused by cleaning liquids, or by shifts in temperature or relative humidity (RH).
Given these constraints and aspirations, it was therefore decided to explore the use
of nanoindentation paired with dynamic vapour sorption to analyse mechanical
properties of selected paints, alongside conventional time-temperature testing by
DMA.
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32.2 Materials and Methods

32.2.1 Test Samples

The oil paint samples tested here were prepared at the Cultural Heritage Agency of
the Netherlands (RCE) in 2006, and have been described previously in Mills et al.
[16]. The pigments were ultramarine (UL), cobalt blue (CB), cadmium red (CR),
cadmium yellow (CY), raw sienna (RS) and zinc white (ZW). A number of
modifications had been made to the tube paints before they were painted out: 2% of
aluminum stearate (-AS), 2% of zinc stearate (-ZS), 2% of fatty acids (-FA), 10% of
linseed oil (-LN), 10% of alumina hydrate (-AH) were added to the different pure
paints; oil was extracted from pure paints by use of filter paper (-EX). For more on
sample preparation see Mills et al. [16]. These modifications introduced variations
in physical properties that would challenge the instrumental testing. The paint films
were applied onto, and usually inseparable from, a 100 pm polyester support
(Melinex) providing a technical constraint for the mechanical testing. They were
relatively uneven in surface. Since 2006 they had been stored in daylight and indoor
conditions climatized for human comfort until February 2012, when they were
unmounted and kept in darkness. The samples chosen for this study have not been
artificially aged.

As most of the samples are prepared as brushed paint-outs, the brush strokes
result in striations on the surface which can hinder the indentation testing. To lessen
this effect, the smooth underside of the material that had been in contact with the
plastic substrate was examined. Furthermore, yellow ochre (YO) which was
prepared using a drawdown method by Mecklenburg in 1999 was also analyzed
using indentation. The paints studied vary in their intrinsic physical properties,
ranging from soft and pliable to stiff and brittle (see Table 32.1).

32.2.2 Dynamic Mechanical Analysis (DMA)

The Dynamic Mechanical Thermal Analysis was done using a similar method as
reported by [18], which allowed determination of the glass transition temperatures
of oil paints supported on polyester film. Testing was performed using a Triton
Technology DMA 2000 instrument® in single cantilever bending mode, with sam-
ples ca. 9 mm wide and a nominal sample gauge length of 5 mm. The DMA tests
reported here are time/temperature scans in air: the sample was subjected to a sinu-
soidal oscillating stress whilst the temperature was progressively increased. Initial
cooling from ambient was effected by circulating liquid nitrogen through the DMA
measuring head. The starting temperature for each experiment were in the region of

Shttp://www.perkinelmer.com/product/dma-8000-analyzer-qtz-window-ssti-clamp-n5330101t
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Table 32.1 Details of paint samples and the tests applied.

407

Winsor and Newton Comments on
“Artists’ Oil Colour™ | DMA DVS | UNHT sample properties
Ultramarine (UL) and | Tested with three Tested | Tested at different | Semi-hard and easy
MgCO; Cast in 2006 | repetitions RH levels with to handle
seven repetitions

Cadmium yellow Pure and modified | Tested | Before and after | Semi-soft and easy
(CY). Cadmium zinc (AS, ZS, FA, EX, immersion in to handle
sulphide, PY35 and LN, AH)". Tested N-heptane,. Seven
MgCO;, Cast in 2006 | with three repetitions.

repetitions
Cobalt blue (CB). Too brittle to be Tested Very brittle and
Cobalt zinc silicate, tested difficult to cut
PY74 and MgCO;,
Cast in 2006
Cadmium red (CR). Pure and modified | Tested Semisoft and easy
BaSO, and zinc (AS, ZS, FA, EX, to handle
stearate. Cast in 2006 | LN, AH)". Tested

with three

repetitions
Raw sienna (RS). Tested Soft and tacky
aluminium stearate. surface
Cast in 2006
Zinc white (ZW). Zinc Tested Hard and brittle
oxide, PW4 (ZnO).
Cast in 2006
Yellow ochre (YO) Before and after This sample was
prepared in 1999¢ by immersion in thicker and had a
Marion Mecklenburg n-heptane. Seven | more even surface

repetitions. than the other
samples

“Details on composition derived from Mills et al. [16]

"AS aluminium stearate added to the pure paint., ZS zinc stearate added, FA fatty acids added, EX
Oil extracted, LN linseed oil was added, AH alumina hydrate added
“This paint was cast in 1999 whereas the others had been cast in 2006. All were tested in 2017

—20 °C, (well below the T, of the paints under consideration) with the endpoint of
the ramp at 50 °C. The heating rate was 2 °C per minute. The amplitude/displace-
ment of the vibration was 30 pm. The thermal scans were carried out using vibration
frequencies of 1 Hz and 10 Hz, though only the 1 Hz data are reported here.* Two
or three repeat tests were done for each sample type. The samples were conditioned
to the prevailing room environment (approximately 50% RH, 24 °C) prior to
testing.

In these time/temperature scans, three main parameters are determined in rela-
tion to temperature: storage (elastic) modulus (E’), loss (viscous) modulus (E”) and
tan O, where: tand = E"/ E'.

“In all the time-temperature DMA scans reported in this study, the 10Hz § maxima were at higher
temperatures than the corresponding 1Hz data, which confirms this is the glass transition.
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32.2.3 Dynamic Vapour Sorption (DVS)

Water sorption isotherms were acquired using an Aquadyne DVS from Quantachrome
Instruments fed with 99.999% pure nitrogen gas at a flow rate between 30 mL per
minute and 200 mL per minute. The samples tested were approximately 1 cm by
1 cm dried Winsor & Newton paints on the polyester support. The instrument was
programmed to record sample mass every 5 min at discrete RH steps; (30, 50, 70,
90, 70, 50, 30% RH) at 21 °C for the pure paint samples and the polyester support
alone. For samples which were modified, a less time consuming scan was conducted
to achieve an overview of their response. In this case, the instrument was programmed
to record the sample mass once every 5 min at the following RH-steps; 50, 75, and
90% RH at 21 °C. As this overview showed no changes compared to the pure paints,
the full RH scan was not done. Since ZW did not show significant change of mass
with changed RH, a broader scan was made and hysteresis was not tested. Thus for
ZW the programme was 10, 30, 50, 60, 70, 80, and 90% RH at 21 °C. Equilibrium
was attained in most RH-steps except at the higher values. Sorption isotherms were
calculated with the equilibrium mass at 50%RH as a reference point for the other
equilibrium masses. For most RH conditions, the criteria for moving onto the next
RH step was a mass change lower than 0.004% per minute with minimum and
maximum measuring times of 600 and 650 min, respectively; for extreme RH levels
(10, 30 and 90%), the minimum and maximum measuring times were increased to
800 and 850 min, respectively.

32.2.4 Ultra Nanoindentation Tester (UNHT)

Typical Instrumented Indentation Testing (IIT) consists of a probe, with a well-
defined geometry, pressed into the surface of a sample producing a load-penetration
curve that serves as the “mechanical fingerprint” of the material [7, 23]. Depending
on the response of material, be it viscoelastic or otherwise, various iterations of an
indentation scheme can be employed. However, there are three common stages of
the indentation process: (1) loading, (2) pause, and (3) unloading. When a material
exhibits viscoelastic behaviour, a sinusoidal load variation at a selected frequency
can be superimposed upon the quasi-static loading process [17]. By analysing the
response of a material to such load variations, its stiffness, which is represented by
the dynamic reduced storage modulus (E,'), can be defined. In the limit of linear
viscoelasticity, E," can be calculated by using Sneddon’s stiffness equation to relate
stiffness and damping of material [21].5

For these tests, three pure samples (UL, CY, and YO) were characterized using
an Ultra Nanoindentation Tester (UNHT) (Anton Paar, USA) equipped with a
Berkovich (three-sided pyramidal) diamond indenter contained within a climatic

SE.’ can be calculated by:
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chamber (Climats, France). A predetermined indentation depth of at least 6 pm was
achieved by applying a predefined load at a constant strain rate of 0.4 s7! with a
sinusoidal load (amplitude of 10% of the maximum load and a frequency of 10 Hz)
superimposed on the primary loading scheme. Upon reaching a depth of 6 pm, the
load was held constant for 120 s, followed by unloading of the sample at a constant
speed of 300 mN/min. The stiffness of the sample is directly proportional to the
maximum applied load required to establish an appropriate indentation depth. The
experimental procedure consisted of a series of indentations with a range of
maximum loads to obtain the predetermined indentation depth. At least seven
indents were carried out for each test condition.

To better understand how conservation procedures and treatments affect paint
properties, two indentation studies were carried out to examine the effects of water
sorption and immersion. Though immersion is not considered a conservation
treatment, it can assist in revealing the most extreme response of a material to a
solvent. The softening of UL by water sorption was examined by sequentially
exposing the material to a range of relative humidity levels (35, 50, 60, 70, and 83%
RH). For each level of RH, the sorption data from the DVS tests were used in order
to establish the time to equilibrium prior to testing. The effects of immersion in
n-heptane on the mechanical properties of CY and YO were also investigated. The
test samples (10 x 10 mm) were prepared by separating the paint-outs from the
polyester support and adhering the topside of each sample to a microscope slide
using cyanoacrylate adhesive, exposing the flat underside for indentation. The
reduced storage modulus was used to evaluate the effects of sorption and immersion
on the samples.

32.3 Results and Discussion

32.3.1 Dynamic Mechanical Analysis (DMA)

The DMA results are focused on CR, CY and UL (Fig. 32.1) as well as the variants
of CR and CY. The maxima of the tan & peaks, signifying the respective glass
transitions of each paint type, are listed in Table 32.2. Additionally, the effects of
adding or extracting binder in these two paints is shown in Fig. 32.2 (CR, CRLN,
CRLN) and Fig. 32.3 (CY, CYLN, CYEX).

where f is a geometric factor of the indenter tip, A, is the projected contact area, J is the phase
shift, Py is the amplitude of harmonic load, and hy is the amplitude of harmonic displacement.



410 C. K. Andersen et al.

Figure 32.1 shows that the different pure paints have quite different mechanical
responses to temperature. CR is clearly the softest, most plastic of the three, with a
T, of 2 °C and the largest tan 8 peak. The UL and CY paints transition from glassy
to rubbery/leathery at higher temperatures (9 and 14 °C, respectively), but still
below ambient temperature.

Figure 32.2 illustrates the influence of adding or extracting oil from the CR oil
paints. Adding 10% oil shifts T, to lower temperature and increases the magnitude
of the softening transition. Extracting oil shifts T, to higher temperature. T, values
listed in Table 32.2 for all the CR paints show that adding metal soaps effected
minimal change to the softening transition temperature, whereas the addition of
alumina hydrate made it slightly higher. The addition of oil and fatty acids made the
transition temperature lower, as might be expected with a decrease in the relative
pigment volume concentration (PVC).

Figure 32.3 illustrates the tan 8 traces for similar variants of the CY paints. The
positions of the tan & maximum is effectively the same (15 °C) for both the pure CY
and that paint with 10% oil added (CYLN), though the magnitude of the softening
transition is somewhat larger for the latter paint, presumably on account of the
larger binder proportion. The CYEX (oil extracted) is appreciably more glassy than
the other two paints, with a tan & maximum (T,) of 34 °C, well above ambient
temperature.

0.16
2°C
0.14 P
$ N
%o \
0.12 7 *
J N 14°C
¥ 4
0.1 g N .
Y “ o Cadmium Red (CR)
w0 ’/ kY .
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Fig. 32.1 DMA of pure Winsor & Newton paints conditioned to ambient climate: variation in
1 Hz tan & with temperature; temperature range —20-50 °C, ramp rate 2°/min. The T, is taken as
the temperature corresponding to the maximum value of tan § at 1 Hz, here: Cadmium red, CR (red
trace): 2 °C, Ultramarine, UL (blue trace): 9 °C, Cadmium yellow, CY (yellow trace): 14 °C
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Table 32.2 Average Tand peaks for cadmium red (CR) and cadmium yellow (CY) and their
modifications

Average 1 Hz Tand Peak °C (min/max
values)
Sample name Modifications Cadmium red Cadmium yellow
CR/CY Pure 2 (0/5) 15 (13/18)
-AS Aluminium stearate added —1(=2/0) 33 (32/34)
-ZS Zinc stearate added 2 (1/2) 19 (16/21)
-EX Binder extracted 6 (6/6) 33 (30/35)
-LN Cold pressed linseed oil added -4 (=5/-2) 16 (15/17)
-FA Fatty acid added —4 (—4/-4) 33 (23/33)
-AH Alumina hydrate added 7 (6/7) 36 (33/37)
0,25
-4°C
£
0.2 Y « Cadmium Red (CR]
7} v & x Binder extracted
{ 2N (CREX)
015 4 C A Linseed oil added
§ Py g Y (CRLN)
M & J N
4 I L
L 7 S \\ 5
01 ,."’ v f‘. ‘l Y & ‘!,.-
¢ & o i .\ ‘%
s .f Y X
/ % B
il Lo
0,05 X
1]
-20 -10 1] 10 20 30 40 50

Temperature °C

Fig. 32.2 DMA of medium-modified Winsor & Newton cadmium red oil paints: variation in 1 Hz
tan & with temperature; temperature range —20 °C-50 °C, ramp rate 2°/min. Cadmium red, CR,
(red trace): 2 °C; medium extracted from cadmium red, CREX (green trace): 6 °C; and linseed oil
added to cadmium red, CRLN (Yellow trace): —4 °C

Table 32.2 shows that adding metal soaps to CY increased the softening transi-
tion temperature just like the addition of alumina hydrate for both CY and CR. The
addition of oil lowered the transition temperature for CR, whereas fatty acids made
the transition temperature higher for CY and lower for CR. For both paints, the
extraction of binder made the transition temperature higher.
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Fig. 32.3 DMA of medium-modified Winsor & Newton cadmium yellow oil paints: variation in
1 Hz tan & with temperature; temperature range —20-50 °C, ramp rate 2°/min. Cadmium yellow,
CY (yellow trace): 15 °C; Binder extracted from cadmium yellow, CYEX (green trace): 34 °C; and
linseed oil added to cadmium yellow, CYLN (brown trace) 15 °C

For the various test paints studied, measured T, values lay in the significant range
of =5 and 36 °C. Dynamic mechanical analyses showed that T, is affected by both
pigments and additives. At temperatures common for art collections, the differently-
formulated paints will therefore vary in stiffness and be elastic or viscous. At room
and storage temperatures, some oil paints may experience state change between
glassy and rubbery/leathery, and each paint type within a painting can be more or
less viscous depending on its formulation. The addition or extraction of binder
means a change in PVC. This parameter has implications for properties at different
temperatures as the extraction of binder clearly shifted the transition temperature to
a higher level. The addition of oil changed the properties of the CR resulting in a
more pronounced state change at a lower temperature. The addition of metal soaps
increased the softening temperature for CY but not for CR. Exactly how the metal
soaps cause such a difference in T, for one paint and not for the other is uncertain
and warrants further study.
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32.3.2 Dynamic Vapour Sorption (DVS) and Nano-indentation
(UNHT)

Moisture sorption measurements were carried out at a range of RH values for the
pure paint samples described in the experimental section (see Table 32.1), except for
YO which was added to the study later. Furthermore, as done for DM A, modifications
of cadmium red (CR, CRAS, CRZS, CREX, CRLN, CRFA, CRAH) were tested.
The polyester support was tested alone and showed no moisture absorption.

In Fig. 32.4, it is shown that the paint samples responded very differently to
changes in RH. While ZW was unaffected by a humidity of 90% RH, UL adsorbed
as much as 12% moisture (excluding the mass of the polyester supports they were
cast on). The fact that dried oil paint can take up moisture to such a high degree is
somewhat surprising since oil, per se, is hydrophobic. However, a film of dried oil
is a product of oil autoxidation during curing and ageing [15], which can change the
properties of the material. Because of the large sorption of moisture in UL, it was
decided to also test the changes in stiffness corresponding to the uptake of water
vapour.

No hysteresis was observed in the sorption isotherms in Fig. 32.4. The paint
samples in Fig. 32.4 (as well as the samples not shown) were almost unaffected by
changes in humidity under 60% RH, indicating no significant moisture sorption.
Above 60 or 70% RH, most samples showed increased moisture sorption, with the

12
=+- Ultramarine
(ur)
10 -
== Cobalt Blue
8 (cB)
g Cadmium
€ 6 Yellow (CY)
<
[E)
o .
S 4. =@ Raw Sienna
: (RS)
2 -@- Cadmium
Red (CR)
0 - . .
== Zinc White
(zw)
-2 - - - - - - -
20 30 40 50 60 70 80 90 100

% Relative Humidity

Fig. 32.4 Sorption isotherms for UL (blue line), CB (dark blue line), CY (yellow line), RS (brown
line) CR (red line) and ZW (dark grey line) Winsor & Newton paint samples measured by DVS at
21 °C. The % mass change values are calculated with 50% RH as reference point
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exception of ZW. The modifications to CR had no effect on the sorption character-
istics of the paint.

The indentation results shown in Figs. 32.5 and 32.6 examined the effects of
water sorption and immersion in n-heptane on selected samples. Measurements
were carried out in a climatic chamber. Figures 32.5 shows the effect of water sorp-
tion on the stiffness of UL; the stiffness of the UL sample (which is conveyed by the
applied load and E,’) is indirectly proportional to the change in mass caused by the
water sorption measured with DVS. Figure 32.5a depicts the measured load and
subsequent penetration depth into the UL sample during exposure to discrete RH
conditions. To ensure that the tests reached the predetermined depth (6 pm), the
applied load was adjusted for each RH step. Indentations performed at 35% RH
required a load which was 4 times greater than the load needed at 50% RH to reach
the desired testing depth; similarly, much smaller loads were required when the
sample was exposed to high RH conditions. This necessary adjustment in the testing
parameters signals a change in the mechanical properties of UL and, more specifi-
cally, its sensitivity to water. Figure 32.5b summarized the E," of UL determined at
each RH with comparison to its corresponding percent mass change determined by
DVS. Note that nano-indentation tests were not performed above 83% RH. At this
humidity UL becomes deliquescent and difficult to characterize in a quantitative
way. Known to be water sensitive, UL becomes softer, which is indicated here by
a low value of moduli when exposed to higher humidity conditions.

Indentation tests were also performed to monitor the change in mechanical prop-
erties after immersion. CY and YO samples were chosen for this test because they
have a similar stiffness. The samples were immersed in n-heptane for 24 h and
allowed to dry for two weeks. Figure 32.6 depicts the average of 7 measurements
obtained before and after immersion of CY and YO, while also listing the maximum
indentation load (mN). As shown in Fig. 32.6, the mechanical properties of both CY

Q
o

Applied Load (mN)
Indentation Depth ( pm)
w
L
Change of mass (%)

Reduced Storage Modulus (Er', GPa)

. I sy

T T T Com
30 40 50 60 70 80 90 0 T T T T T T T -2

Relative Humidity (%) Relative Humidity (%)

Fig. 32.5 Graph of (a) applied load (left axis) and Indentation Depth (right axis) versus relative
humidity and of (b) reduced storage modulus (left axis) and change in mass (right axis) for
ultramarine. Each data point represents an average of seven measurements, with error bars
representing the standard deviation. Prior to indentation testing, samples were conditioned at each
RH, with equilibration times determined from the sorption data
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Fig. 32.6 Graph of reduced modulus measured before and after immersion in n-heptane followed
by a minimum of two weeks of drying for cadmium yellow (yellow) and yellow ochre (brown).
Each bar represents an average of seven measurements, with error bars representing the standard
deviation. Listed above each bar is the maximum applied load used during indentation

and YO display a higher stiffness (larger E,’) after immersion. This behaviour may
be attributed to extraction of plasticizing, non-polar low molecular weight compo-
nents of the paint binder as a result of the solvent immersion process. However,
additional testing is needed to clarify the physical/chemical mechanisms by which
the samples are changing.

32.4 Conclusions

This study explored different ways of monitoring the physical properties of Winsor
& Newton oil paints. The paints had dried for 11 years, except for the yellow ochre
sample which dried for 18 years. Their behaviour was studied while the samples
were on a polyester substrate. Glass transition, moisture sorption and stiffness at
different relative humidity levels and before and after immersion in n-heptane were
examined.

The assumption that oil paints generally have a T, below 0 °C (32 °F) was chal-
lenged by the present DMA results which confirmed previous findings by Phenix
[18]. The DMA results showed that addition of metal soaps and pigment volume
concentration can affect the glassy-to-viscoelastic state transition in modern oil
paints, and transitions as high as 36 °C were measured in cadmium yellow with a
high pigment volume concentration. This indicates that modern oil paints can
change properties when exposed to changes in temperature within the typical
temperature range of museums or historic houses.
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The amount and effect of moisture sorption on the stiffness of the test paints was
also examined by DVS and nano-indentation. DVS measurements showed that the
oil paints adsorbed moisture to different extents above 60% RH. Winsor & Newton
ultramarine (UL) showed the highest moisture sorption which resulted in dramatic
softening as seen by indentation. The stiffening of cadmium yellow (CY) and yellow
ochre (YO) after immersion in n-heptane was furthermore demonstrated.

Nano-indentation is a relatively new technique within the conservation field and
the presented results demonstrated that it is sufficiently sensitive to trace alterations
in the mechanical properties of oil-based paints resulting from water sorption and
immersion. Nano-indentation allows for the quantitative analysis of samples too
small for other mechanical characterization techniques. Due to its high sensitivity,
and spatial resolution, it can provide unique information useful for practitioners
managing the care of artistic materials.

The results shown here indicate that for each paint a change in temperature or
humidity can result in very different effects on mechanical properties. This complex
situation means that for each work of art different areas of the paint layer can be
either soft and viscous or stiff and brittle at a given temperature and relative
humidity. It seems that 60% RH marks a transition above which the paints can
change properties rapidly.
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24. Artists’ oil paints, Winsor & Newton Artiststs’ Oil Colour, Harrow, UK

25. Hydrated alumina, purum, Brocades-Stheeman & Pharmacia, Amsterdam, before 1993
26. Aluminium stearate; technical grade, British Drug Houses Ltd, Poole UK, ¢.1993

27. Zinc stearate; technical grade, Aldrich 30, 756-4, Steinheim Germany

28. Fatty acids; heptadecanoic acid 98"/n, Aldrich [506-12-7], Milwaukee WI, USA

29. Linseed oil; koudgeslagen, De Bonte Hen, Zaandam, Netherlands c¢. 1992
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