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Abstract
Nanoindentation and dynamic mechanical analysis were used to measure changes in the surface and bulk mechanical properties of Winsor & Newton Yellow Ochre oil paint films following exposure to deionized water, aliphatic mineral spirits (Shellsol D40™), and D5 silicone solvent (decamethylcyclopentasiloxane). Yellow ochre paint films were exposed to the selected solvents by 24-h immersion, and sponge-cleaning. 24-h immersion in deionised water and Shellsol D40 caused measurable changes to bulk and surface mechanical properties. However, there were no measurable changes to the bulk or surface mechanical properties following sponge cleaning.
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Introduction
Twentieth and twenty-first century oil paintings are associated with a range of challenging ageing and degradation phenomena [1–7]. For modern and contemporary oil paintings that are often left unvarnished and displayed unglazed, it can be challenging to remove surface-dirt that sits directly on the painted surface, whilst preserving as far as possible the appearance of the surface and physicochemical integrity of the artwork. This is particularly the case for paints with soft and/or deteriorated surfaces such as acrylic dispersion-based paints and some modern oil paints which can be vulnerable to the effects of solvents and mechanical action [8, 9].
The response of vulnerable painted artworks to surface-cleaning will naturally be influenced by paint formulation, the artists’ materials and technique, age of the artwork, environmental exposure history, and past conservation treatment. The choice of solvents, method of solvent-delivery and associated mechanical action are important parameters [10–14]. Environmental conditions experienced during cleaning such as air flow, temperature, relative humidity and pressure may also affect both the behaviour of the solvents, and the response of the paint film. In order to help inform treatment decisions, it is important to understand the relative significance and likely effects of such factors on paint properties.
The extensive body of studies into the effects of solvents on oil paint has been the subject of a recent review [15]. Solvent-induced swelling and leaching of oil paint is a well-documented phenomenon [16, 17] and associated models have been proposed to help predict solvent-paint interactions [11, 12]. Stress–strain measurements have shown that solvent-induced leaching of the mobile constituents [18] of oil paint films leads to a general increase in bulk paint stiffness, particularly following prolonged immersion [10, 19]. Similar studies have been carried out on artists’ dispersion paints [11, 12]. Studies that evaluate novel cleaning systems and methodologies designed to address specific challenges, often consider soil-removal efficacy, clearance, and surface integrity, supported by high resolution imaging of the very paint surface that is most vulnerable during treatment [6, 14, 20, 21]. However very few analytical techniques are available that have the sensitivity to study the effect of surface cleaning (involving the short exposure-times that is more typical of conservation practice), on the mechanical properties of the uppermost microns of paint surfaces. Nanoindentation paired with Dynamic Mechanical Analysis (DMA) and Dynamic Vapour Sorption (DVS) have recently proven useful when looking at the uppermost surface of a paint film and the local effect that solvent immersion and fluctuations in relative humidity have on oil paint [22].
This paper analyses changes in the mechanical properties of naturally aged yellow ochre oil paint films, following immersion and sponge-cleaning using selected solvents. Winsor & Newton (W&N) Yellow Ochre Artists’ Oil Colour was selected for consistency with other related studies into modern oil paints, that have shown it to be associated with the development of water sensitivity [7], and vulnerable medium-rich surfaces that can complicate surface-cleaning [14]. Dynamic mechanical analysis and nanoindentation were used to investigate modifications to bulk and surface mechanical properties. SEM imaging and cross-sectional analysis provided complementary information about topographic alterations, and surface properties vital for interpretation of nanoindentation measurements.
The yellow ochre films were exposed to three solvents with varying properties: deionized water, the hydrocarbon solvent Shellsol D40, and the cyclic silicone solvent known as D5 (decamethylcyclopentasiloxane). These were selected as they form the basis of many solvent-cleaning strategies used in modern and contemporary art conservation that have been trialled on both acrylic dispersion and sensitive oil paints [14], as opposed to previous studies, which focused on more aggressive solvents [13, 19]. Deionised water is widely used in conservation as one of the most inherently efficient options for soiling removal. However, when used unmodified (i.e. not pH and conductivity adjusted or buffered), is known to ehance the swelling of acrylic paints [23] with concomitant extraction/removal of surfactants [24]. Similarly, water is known to swell and extract mobile components from water sensitive modern oil paints [2] and to dissolve magnesium sulphate heptahydrate and other soluble salts where present [7]. Shellsol D40 is used as the non-polar (oil) component for the ‘Series 3b’ water-in-oil microemulsions that were developed through a Tate-Dow-Getty collaboration around the challenges associated with cleaning acrylic painted surfaces [25], which also show potential for the cleaning of water sensitive oil paints [6, 14, 20]. Silicone solvents such as D5, are also being increasingly used as cleaning systems for water-sensitive substrates both as a hydrophobic barrier [26] and/or as part of Pickering emulsifier formulations [27, 28].
In following sections, further details about selected materials (paint and solvents), applied treatments (immersions and sponge cleaning) as well as scientific methods are provided.
Experimental
Paint samples
Winsor & Newton (W&N) Yellow Ochre Artists’ Oil Colour tube paint was used to make model paint films for this study. The binding medium of the paint was safflower oil (stated on the tube), and analysis (see supplementary information for details) confirmed the presence of natural yellow ochre pigment with associated clay minerals (kaolinite and quartz), and hydromagnesite present as an extender.
A custom-built film caster and blade (Sheen instruments) was used to produce homogenous paint films with a wet-film thickness of 300 μm, and a dry-film thickness of ~ 260 μm. The paint films were casted onto Teflon-coated steel plates. The use of Teflon-coated steel as a support enabled paint films of sufficient size, to be detached in order to produce either free-paint films for mechanical testing, or differently mounted samples as required. Immediately after casting, paint films were left to dry for a period of one month while exposed to ambient light and temperature conditions (conditions were not recorded). This was followed by storage in the dark for 9 months (for cross section samples and samples evaluated using DMA and nanoindentation) and 19 months (for samples evaluated using SEM imaging) prior to solvent exposure and analysis. The paint samples were not artificially soiled prior to solvent exposure.
For the Nanoindentation and DMA measurements were carried out two weeks after solvent exposure, when the yellow ochre paint films were ~ 11 months old. Owing to instrument availability, SEM imaging was carried out one week after solvent exposure, when the yellow ochre paint films were ~ 21 months old.
It is well established that oil paints containing earth pigments have a tendency towards mechanical weakness [10]. In addition, the yellow ochre paint films used in this study were young and relatively poorly crosslinked. As such these test paint samples are likely to be more responsive to solvents than may be expected with the (predominantly) older paint films encountered in conservation practice. The use of safflower oil (a semi-drying oil) as a binding medium will also contribute toward the tendency of the paint to remain poorly crosslinked. Furthermore, yellow ochre pigments do not readily form metal soaps with oil binding media which reduces the tendency of this paint to form a stabilizing ionomeric network [29–31]. The use of a non-porous Teflon coated steel plate is also unlike typical primed canvas supports; in this case oxygen access is restricted and the non-absorbency of the steel is likely to have produced a more medium rich paint surface—potentially adding to its inherent vulnerability.
Selected solvents
Three key solvent types explored in this study. Water was chosen to represent polar aqueous systems, Shellsol D40 to represent non-polar aliphatic hydrocarbon systems and D5 to represent all silicone-solvent systems, although D2 is also in use in Conservation. As noted in the introduction, these solvents form the basis of many wet-cleaning systems, however, their effect on the physical properties of oil paints have not been explored. See supplementary information for key properties of solvents used in this study (Additional file 1: Table S2).
Solvent exposure
Yellow ochre paint films were exposed to the selected solvents either by immersion, representing an extreme duration and mode of exposure, or by sponge-cleaning designed to better represent a more typical conservation scenario. For immersion, small pieces of yellow ochre paint films were removed from their Teflon-coated steel support and immersed in the selected solvent for 24 h. The mass of solvent used for immersion was 100 × that of the paint sample.
For sponge-cleaning a Muji™ makeup sponge (styrene-butadiene rubber) was dipped into a small volume of the solvent (~ 4 mL), for ~ 1–2 s, and blotted on absorbent tissue, before being lightly passed over the upper surface of the paint sample ten times to simulate cleaning. In order to make this process as reproducible as possible across the samples, sponge-cleaning was carried out by the same conservator.
After solvent exposure via immersion or sponge cleaning, samples were left to dry face-up on a Teflon-coated steel sheet. Any further sample-preparation processes that were carried out prior to testing/analysis are described in the relevant section below. For the purpose of this paper, paint films which were not exposed to solvents (24-h immersion or sponge-cleaning) will be referred to as untreated paint films.
Cross section preparation
A cross section sample was prepared by embedding a small fragment of the untreated paint film in a polyester resin (Tiranti LTD, ‘Clear Casting AM’ resin) which was cured using a liquid hardener (Butanox M-50; methyl ethyl ketone peroxide solution in dimethyl phthalate, supplied by Tiranti LTD). So as not to expose the paint cross section to solvent, the sample was dry-ground and polished using Micromesh™ polishing cloths.
Scanning electron microscopy (SEM)
In order to identify any topographical alterations caused by solvent exposure, the surface of the yellow ochre paint films was studied using scanning electron microscopy (SEM) following either 24-h immersion or sponge-cleaning. SEM imaging was carried out on uncoated paint films using a FEI Quanta 650 FEG SEM in variable pressure mode at 75 Pa and using a secondary electron (SE) detector operated at 5 kV.
Paint samples for SEM surface-imaging were taken from areas of the paint film which were not used for mechanical test samples. They were 21 months old prior to solvent exposure. To ensure that the paint samples were sufficiently dried following solvent exposure and prior to their introduction into the scanning electron microscope, after solvent exposure, samples were mounted onto a carbon adhesive pad fixed to an aluminium stub and heated at 30 °C for 46 h. Untreated paint films, as well as those which only underwent the heating step, were imaged alongside those exposed to solvents for comparison purposes. SEM surface-imaging took place one week after solvent exposure.
Dynamic Mechanical Analysis (DMA)
Measurements of bulk mechanical properties of untreated and solvent-treated yellow ochre paints were carried out using a Tritec 2000 Dynamic Mechanical Thermal Analyser (DMA, Triton Technology). Paint samples for DMA analysis were ~ 11 months old at the point of solvent exposure, and measurements were carried out ~ two weeks after solvent exposure. Paint samples prepared for DMA had dimensions of ~ 1 cm × 3 cm × 240 μm with a mass of ~ 0.2 g. The paint films were tested in tensile mode at a frequency of 1 Hz and a strain amplitude of 0.02%. The glass transition temperature (Tg) and moduli were determined by employing a temperature sweep from − 10 to 80 °C at a rate of 2 °C per minute. At least two replicates for each sample type were examined.
Nanoindentation
Yellow ochre paint films were exposed to the selected solvents and mounted onto glass slides for the measurement of surface mechanical properties using nanoindentation. Paint samples for nanoindentation were ~ 11 months old at the point of solvent exposure, and measurements were carried out ~ 6 weeks after exposure. These samples had dimensions of ~ 1 cm × 1 cm and a mass of ~ 0.05 g.
After sponge cleaning, the intrinsic tackiness of the underside of the paint film (which had been in contact with the Teflon-coated steel substrate) remained, and a small amount of pressure was used to “self-adhere” the sample to a glass slide. However, samples that had been immersed for 24-h and then allowed to dry on the Teflon-coated steel sheets would no longer self-adhere to the glass slide. To assist with mounting of the immersed samples, a droplet of the same solvent used for the immersion was applied between the glass slide and the sample. However, this mounting process was not effective in all cases. Consequently, no valid data could be obtained for the samples immersed for 24 h in Shellsol D40 or D5 silicone solvent.
Following the method described in Freeman et al. 2019 [32], dynamic nanoindentation measurements were conducted at ambient conditions (~ 22 °C and 50% ± 5% RH) using an Ultra Nano Hardness Tester (UNHT; Anton Paar) fitted with a three-sided diamond Berkovich indenter. The sample was loaded exponentially with time at a rate of ~ 0.1 s−1 to maintain constant loading strain rate. After reaching a maximum value, the load on the sample was held constant for 90 s before being removed linearly at a rate of 1000 mN/min. A sinusoidal load variation with a frequency of 20 Hz was superimposed on the exponential load function to measure the contact stiffness continuously throughout the loading period. The depth of the pyramidal indenter in contact with the sample surface, or the contact depth (hc), was determined as a function of the penetration depth (h), applied load (P) and storage stiffness (S) using the equation proposed by Oliver and Pharr (hc = h – 0.75P/S) [33]. The contact depth was converted to an equivalent contact radius (a), using an area function obtained with a reference material of known Young’s modulus and Poisson’s ratio (fused silica). The reduced storage modulus was calculated as Er′ = S/(2βa), where β (= 1.034) is the geometric constant of the Berkovich indenter.
Results and discussion
Summary of key observations
A summary of key findings that will be discussed below are presented in Table 1. A delay in instrument availability meant that samples examined using SEM were 21 months old prior to solvent exposure, whilst samples analysed by cross section, DMA and nanoindentation were 11 months old prior to solvent exposure.Table 1Summary of key findings for paint aged 11 months (cross section, DMA and Nanoindentation) and 21 months (SEM imaging)


	Investigation technique
	Sample type
	Age of paint film (months)

	11
	21

	Cross section
	Untreated sample
	Untreated sample had a UV-fluorescent medium skin present at the paint surface; ca. 9–15 μm thick
	N/A

	SEM
	24-h immersion
	N/A
	Surface disruption caused by deinoised water and shellsol D40. No visible changes caused by D5

	Sponge cleaning
	N/A
	No visible changes to the surface for any of the selected solvents

	DMA
(bulk mechanical propertie)
	24-h immersion
	Deionised water caused a fivefold increase in storage modulus (E') or stiffness; Shellsol D40 caused a twofold increase in stiffness; there were no measurable changes to paint stiffness caused by D5
Also, differences in Tg were observed based on the tan δ measurements
	N/A

	Sponge cleaning
	No significant change of bulk mechanical properties E' or Tg was measured for any of the selected solvents
	N/A

	Nanoindentation (surface mechanical properties)
	Untreated sample
	There is considerable variation in measured reduced storage modulus (Er′) and loss tangent, (tan δ) across the surface at a given measurement depth, owing to the inherent variability of the surface
The reduced storage modulus, (Er′) and loss tangent (tan δ) increase and decrease respectively with increasing depth. This is consistent with the surface having a lower PVC, and being less stiff and more medium rich compared to bulk paint
	N/A

	24-h immersion
	Reduced storage modulus (Er′) or stiffness increased fivefold following immersion in water
	N/A

	Sponge cleaning
	No significant changes to surface mechanical properties i.e. reduced storage modulus (Er′) or loss tangent (tan δ) were detected following sponge cleaning with either of the three selected solvents
	N/A




Surface appearance of paints before and after solvent exposure
The surfaces of untreated yellow ochre paint films were medium rich with a medium-skin visible at the surface. In order to determine the thickness of this medium-rich surface skin, cross-sections were examined (Fig. 1). A UV-fluorescent medium skin of ca. 9–15 microns thickness was visible in the cross section sample taken from the untreated paint. Medium skins are frequently observed in modern oil paints, and are often, but not always, associated with water-sensitivity [34]. It is known that W&N Yellow Ochre artists’ oil paints are prone to becoming sensitive toward water, and that this is promoted under conditions of elevated lux and high relative humidity [14]. For this study, the yellow ochre paint films were classed as non-water-sensitive based on swab-rolling tests performed with ready-made swabs and deionized water, where surface disruption or pigment pickup were not observed [5]. However, there may be a tendency for the curing pathways in the the yellow ochre paint films used in this study to be dominated by peroxyl radicals, given the presence of: Fe(III) ions present in the paint; the safflower oil binding medium that contains a low proportion of linolenic acid; a lack of exposure to UV light [2]. This may have influenced the response of the paint film toward water, that is described below.[image: ../images/40494_2021_501_Fig1_HTML.jpg]
Fig. 1Images of a cross-section of untreated, 10 months old yellow ochre oil paint, under UV-light illumination


Examination of sponge-cleaned and untreated paint films, using light microscopy and SEM imaging (see Additional file 1: Fig. S5), showed that sponge-cleaning using the three selected solvents did not have any noticeable effect on the visible or surface-topographical characteristics of the paint films.
However, as to be expected, surface changes were observed following the more extreme exposures. Relative to untreated control (Fig. 2a) the images of the surface of the samples subjected to 24-h immersion in deionised water and Shellsol D40 (Figs. 2b, c respectively), revealed a rougher surface topography with some visible ‘cratering’. Since organic material appears dark in SEM, the lighter and whiter appearance of Figs. 2b and c with respect to Fig. 2a, in conjunction with the observed surface roughening, may suggest a degree of leaching and/or disruption of organic material at the paint surface. SEM imaging did not show evidence of surface changes following 24-h immersion in D5 silicone solvent relative to the control (Fig. 2d vs. a) with both samples appearing similarly dark (i.e. medium-rich), and smooth. The SEM images were consistent with visual observations of the paint surfaces, where the sample immersed for 24-h in water had developed a distinctly matt and leached appearance relative to the samples immersed in Shellsol D40 which appeared only slightly more matte in comparison to the untreated surface, and the D5 sample which appeared unchanged relative to the control.[image: ../images/40494_2021_501_Fig2_HTML.jpg]
Fig. 2Secondary electron SEM images at 150 × magnification, of 21 month old Yellow Ochre oil paint films, after heating at 30 °C for 46 h following a untreated sample, b 24-h immersion in deionised water, c 24-h immersion in Shellsol D40, d 24-h immersion in D5 silicone solvent


The trends described above also tend to align with the DMA and nanoindentation findings (discussed below), i.e. that immersion in deionized water had the most pronounced effect on the paint films, and that sponge cleaning had no discernible effect on the samples (see SEM images in Additional file 1: Fig. S5), regardless of which of the selected solvents were used.
Measurement of bulk-mechanical properties using Dynamic Mechanical Analysis
The bulk mechanical properties of untreated and treated (sponged and immersed) paint films were examined using Dynamic Mechanical Analysis. DMA tests were performed to quantify storage modulus (E′, stiffness) and loss tangent (tan δ) over a range of temperatures (− 10 to 80 °C) (Figs. 3 and 4). Figure 3 presents the storage modulus E' versus temperature for the untreated and immersed samples. At room temperature (~ 20 °C), DMA tests revealed an increase in stiffness of paint samples due to immersion in deionised water (~ fivefold) and Shellsol D40 immersion (~ twofold), and minimal change due to immersion in D5 silicone solvent. The increase in stiffness, which is signified by a higher storage modulus, is most likely the result of leaching of non-crosslinked constituents present in the binding medium of this paint film. These observations are consistent with the general trends shown in the secondary electron SEM images of the untreated and immersed samples (Fig. 2). The greatest change in E' was observed for the deionised water immersed sample which was accompanied by a substantial decrease in tan δ (or viscosity) from ~ 0.55 to ~ 0.37, at room temperature (20 °C), as shown in Fig. 4. Immersion in Shellsol D40 or D5 silicone solvent was also found to affect the tan δ of the bulk film material but to a much lesser degree. The glass transition temperatures or Tg of the yellow ochre sample before and after immersion are shown in Fig. 4. The untreated sample has the lowest Tg (10.1 °C) and the largest tan δ peak. Additional leaching of lipidic components is known to shift the Tg to higher temperatures. After immersion in D5 silicone solvent and Shellsol D40 the Tg shifted slightly to 10.8 °C and 11.7 °C, respectively. Whereas after immersion in deionized water the maxima of the tan δ peak decreased considerably, making it more difficult to determine the numerical value of Tg. However, an increase in Tg toward a higher temperature was observed.[image: ../images/40494_2021_501_Fig3_HTML.png]
Fig. 3Storage modulus for free film samples immersed in different solvents. Each curve represents average of two temperature scans

[image: ../images/40494_2021_501_Fig4_HTML.png]
Fig. 4Loss tangent for free film samples immersed in different solvents. Each curve represents average of two temperature scans


In contrast to the immersed samples, the E′ and tan δ of the sponge-cleaned samples showed no significant change compared to that of the untreated sample (Additional file 1: Figs. S6 and S7). This directly indicates that sponge-cleaning of the paint surface, with the selected solvents, had an insignificant effect on the bulk mechanical properties of the paint film. This was also consistent with visual and SEM evaluation of the paint surfaces after sponge-cleaning as described above (see Additional file 1: Fig. S5).
Mechanical properties of the subsurface using nanoindentation
Nanoindentation testing was performed for the untreated, sponge-cleaned (with all three solvents), and deionized water immersed samples. In addition, dry-sponge cleaning was also evaluated in order to investigate the effect of mechanical action on the paint surface. Nanoindentation of all tested samples, performed at either 10, 12, 13 or 16 locations across the surface of the sample, revealed a considerable scatter of reduced storage modulus (Er′) and loss tangent (tan δ) at given indentation depths. The observed scatter is attributed to the surface roughness, material heterogeneity including variations in the thickness of the medium skin, and the non-uniform distribution of small and hard pigments throughout a soft binding medium. The general inhomogeneity of the surface, which becomes all the more essential on the micro scale, is visible using SEM imaging (Fig. 5).[image: ../images/40494_2021_501_Fig5_HTML.jpg]
Fig. 5Secondary electron SEM image at 10,000 × magnification of a 21-month-old, untreated yellow ochre paint film, showing the distribution of pigment and extender particles / aggregates within the binding medium


As a result of the local roughness and inhomogeneity of the surface, some of the indentation measurements were deemed to have suffered from considerable over- or under-estimation of the effective contact point of the indenter tip with the sample surface. The storage stiffness versus depth curve of each indentation test was thus inspected, and obvious outliers as well as those exhibiting kinks were excluded from analysis (see Additional file 1: Fig. S8). This selection process reduced the number of valid tests (n) to 7 for all samples except for the dry-sponge-cleaned sample that had 4 valid tests. The indentation results of each sample were analysed at the penetration depths of 1, 2 and 3 μm. Since the nanoindentation measurement at a given penetration depth reflects the mechanical properties of the local volume several times deeper into the material, the effective sampling volume at testing depths of 3 μm also encompasses the properties of the material several times deeper into the material (e.g. 15–20 μm). At these depths, this embodies the most medium rich surface of the paint, which is typically most vulnerable during cleaning.
The Er′ and tan δ of the untreated sample (n = 7) increased and decreased, respectively, with increasing penetration depth, as shown in Fig. 6. This together with the near-surface tan δ values close to unity implies that the local PVC of the untreated material is lowest in the subsurface, being dominated by the oil–rich binding medium and increases progressively with depth as with the local material heterogeneity. This is consistent with the observation of a surface medium skin (see Fig. 1) which appears to vary in thickness of ca. 9–15 microns in depth.[image: ../images/40494_2021_501_Fig6_HTML.png]
Fig. 6Reduced storage modulus versus loss tangent of control sample at the depths of 1, 2 and 3 μm, where each marker shows the results of an individual test at either depth with correspondingly coloured error bars indicating the 95% confidence intervals at that depth (assuming a normal distribution). The dashed line is a logarithmic function fitted to the averaged results at the three depths


Figure 7 shows the Er′ versus tan δ of the sample after immersion in deionized water (n = 7), which is statistically significantly different from those of the untreated sample, at the depth of 1 and 2 μm. After immersion the sample became noticeably stiffer, and a ~ fivefold increase in modulus as a result of deionised water immersion is in agreement with the DMA (yellow curve in Fig. 3). Unlike the untreated sample, data was not obtained at the depth of 3 μm as the indenter was unable to penetrate deep enough into the deionised water-immersed sample at the maximum applied load of 5 mN.[image: ../images/40494_2021_501_Fig7_HTML.png]
Fig. 7Reduced storage modulus versus loss tangent of control and water-immersed samples at 1 and 2 μm, with each marker and associated error bars showing the mean values and 95% confidence intervals, respectively


The magnitude of the modulus of the deionized-water-immersed sample as measured by nanoindentation was approximately twice that measured by DMA. This may be attributed to 20 times greater excitation frequency used in nanoindentation testing in comparison to DMA. Also, nanoindentation testing is largely compressive in contrast to the solely tensile DMA testing. The ~ fivefold increase in modulus, shown in Fig. 7, as a result of deionised water-immersion reflects the increased stiffness of the paint, as previously discussed.
The Er′ versus tan δ of the untreated and sponge-cleaned samples at the depths of 1 and 3 μm are plotted in Fig. 8. The overlapping or nearly overlapping error bars of the untreated sample with those of the sponge-cleaned samples at either depth suggest that there is no significant change in the viscoelastic properties of the oil paint material as a result of sponge cleaning. Due to the small sample size of n = 7 (or n = 4 for the dry-sponge-cleaned sample), however, it is difficult to confirm that the effect of sponge cleaning is statistically non-significant. To better assess the effect of each type of sponge cleaning on the surface mechanical properties of the paint material, the following analysis was performed.[image: ../images/40494_2021_501_Fig8_HTML.png]
Fig. 8Reduced storage modulus versus loss tangent of control and sponge-cleaned samples at the depths of 1 μm (circles) and 3 μm (squares), with each marker and associated error bars showing the mean values and 95% confidence intervals, respectively


The Er′ and tan δ values of all valid tests at the depth of 1 μm are plotted in Fig. 9. The Er′ and tan δ results at the shallowest depth are plotted because this is where a cleaning effect should be most pronounced, and this is where subtle changes in mechanical properties are most readily detectable by nanoindentation. The dashed line in the figure is a logarithmic function fitted to all valid data of all five samples at the same depth of 1 μm (n = 32), showing an inverse relationship between the modulus and loss tangent. This function is intended to show a trend in the obtained data, and does not represent any physical model describing the tested materials. The fact that the data from the untreated and each of the sponge-cleaned samples (excluding the two outliers much further apart from the trend line) are evenly spread around the same inverse relationship across similar data ranges indicates that the mechanical effect of a sponge-cleaning procedure was smaller than the inherent variability in the mechanical properties of the original paint material itself, comprised of hard pigments distributed in a random manner in a soft binding medium.[image: ../images/40494_2021_501_Fig9_HTML.png]
Fig. 9Reduced storage modulus versus loss tangent of control and sponge-cleaned samples at 1 μm, where each marker shows the results of an individual test of a sample, and the dashed line is a logarithmic function fitted to all results of all five samples (n = 32)


Conclusions
The mechanical properties of naturally aged Winsor & Newton yellow ochre oil paint films were measured following 24-h immersion and sponge cleaning using deionized water, Shellsol D40 and silicone solvent D5. Dynamic Mechanical Analysis was used to measure bulk mechanical properties in tensile mode. Nanoindentation enabled the evaluation of the effects of solvent exposure on the surface mechanical properties of the uppermost microns of the paint surface.
Both DMA and nanoindentation indicated a ~ fivefold increase in paint stiffness following 24-h immersion in deionised water, i.e. a similar increase in paint stiffness occurred at both the bulk and the surface. This represented the largest change in mechanical properties observed in this study; and concurs with empirical observations i.e. that the paints immersed in water became noticeably more brittle with a tendency to crack upon handling. DMA analysis suggested a twofold increase in bulk paint stiffness following 24-h immersion in Shellsol D40 and negligible change in paint stiffness following 24-immersion in silicone solvent D5. Additionally, the slight shift in the height of the tan delta peak after immersion in D40 and D5 can be attributed to extraction of mobile material, however, further exploration is needed. Furthermore, DMA demonstrated a strong mechanical dependence on temperature, hence it would also be useful to carry out similar experiments with varied ambient temperature and relative humidity.
The immersion experiments indicate that the young yellow ochre paint film was most vulnerable to changes in mechanical properties caused by prolonged exposure to water. This is likely to relate to the hydrolysis of ester bonds which would influence the mechanical properties of the paint film. The vulnerability toward water may also partly relate to the hygroscopic clay mineral content of yellow ochre, which is known to promote the adsorption and transport of water into the bulk paint [35]. Although the paint films at the time of this study were not classed as water sensitive based on aqueous swab rolling, yellow ochre W&N oil paint is amongst those known to have a tendency to develop water sensitivity over time [7]. Therefore the question arises as to whether the initial curing behaviour [2] of this paint film could also contribute towards the reponse to water. In the case of oil paint, water is typically not considered a strongly swelling solvent, nor one into which water readily diffuses[15]. However future studies that investigate the diffusion, swelling and transport mechanisms of water for modern oil paints associated with the development of water sensitivity would be of merit.
The fact that Shellsol D40 had a greater effect on bulk mechanical properties than silicone solvent D5 may be attributed in part to Shellsol D40 having a higher vapour pressure as well as likely differences in relative fatty acid solubility in each solvent. Higher vapour pressure solvents are known to cause a higher degree of leaching of free fatty acids, diacids and glycerides [35]. Moreover, Shellsol D40 is more likely to extract different amounts and proportions of the mobile lipidic phase within the paint film relative to D5. Further research into the transport mechanisms and interactions of these solvents within oil paint films would be required to better understand the changes in mechanical properties identified in this study. Furthermore the potential influence of solvent-retention on measured mechanical properties requires further investigation; Ormsby et al. [14] identified the presence of D5 in a yellow ochre oil paint film two weeks after cleaning, consequently, D5 and D40 may still be present at low levels within the films examined in this study.
When the selected solvents were applied by sponge (ten strokes) or where dry sponges were used, nanoindentation and DMA measurements detected no significant changes to the bulk or surface mechanical properties. Similarly, no surface changes were detectable using secondary electron SEM imaging. The use of these three evaluation techniques has confirmed the empirical observations noted by practitioners that shorter solvent exposure durations, and the use of sponges, are less likely to result in changes to the paint bulk and surface mechanical properties despite the inherent difference in sensibility demonstrated by the immersion tests. In the previous study by Hedley et al. [13] the effect of more aggressive solvents and solvent application on 12-year-old lead white and burnt sienna linseed oil films were examined. Both 24-h immersion, in water, propanol, or acetone, and swabbing cleaning, for 1,3, or 5 min, showed differences in thermomechanical properties and leaching of polar components. Whereas Mecklenburg, Tumosa, and Erhardt [19] examined the effect of short-term exposure (60 s) in acetone of a 7.5-year-old titanium dioxide linseed oil film. They found that 60 s of immersion in acetone was long enough to leach mobile materials resulting in an increase in stiffness and strength. Within this study, the modern solvent choices, and the gentler application method of sponge cleaning, resulted in a limited mechanical effect on the surface, stressing the importance of focusing on appropriate solvents and application systems.
This pilot study demonstrates a combined analytical approach that can be utilized for developing our understanding of the effect on mechanical properties of exposure to cleaning materials on paint films. The short-term exposure to solvents mimics conservation treatment more closely than relying solely on immersion studies as per past research. This study was limited to evaluation of the effect of three key solvents, and one pigment type and brand of oil paint. In order to provide useful guidance for conservators, a wider range of cleaning materials and paint materials should be investigated in the future. Furthermore, the influence of the rate of diffusion of the selected solvents into the paint film, the inherent solubility of lipidic materials in these solvents and solvent retention should also be investigated.
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