
Introduction

The need to evaluate changes in the physical proper-

ties of ‘modern’ paints that may occur as a result of

standard conservation treatments such as surface

cleaning, has recently been identified as a priority in

cultural heritage conservation and preservation [1–4].

Modern paints, including household, industrial and

artists’ paints have all been used by 20th and 21st cen-

tury artists and to date, unlike traditional oil-based

paints, there is relatively little information available

on their physical properties, how they age under stan-

dard museum conditions and their long-term response

to conservation treatments.

Within this context, works of art created from

artists’ acrylic emulsion paints have frequently been

identified by conservators as problematic to surface

clean. One of the principal reasons for this is that

acrylic emulsion paint films have a relatively low

glass transition temperature (Tg) of around 10°C,

which – while providing excellent flexibility – makes

the paint films particularly soft at room temperature,

thus facilitating the retention of surface dirt and mak-

ing the removal of imbibed dirt difficult.

Other concerns include the effects of water –

commonly used for surface cleaning – on dried emul-

sion paint systems and the possible extraction of hy-

drophilic components from the bulk film. It is impor-

tant to know whether the loss of these components

contributes to any subsequent physical deterioration

of the paint films. Recent research has repeatedly

shown that polyethylene oxide-based surfactants are

extracted by water treatments from these paint films

[4–7]. Encouragingly, however, mechanical testing

carried out thus far has shown that water-treated

acrylic emulsion paint films do not suffer a significant

increase in stiffness when subjected to typical con-

servation treatment exposures [8].

The paint films used for this study were created

directly from tubes of professional grade artists’

acrylic emulsion paints, liquitex acrylic artists’

colours. Titanium white (PW6) was chosen as the pig-

ment because of its ubiquitous use in modern paints

and works of art. The titanium white pigment is the

rutile form, which is typically treated with a double

surface coating of silica and alumina to act as a barrier

between this potentially reactive pigment and the

acrylic medium. The binder is an acrylic emulsion co-

polymer of n-butyl acrylate/methyl methacrylate;

p(nBA/MMA), which has been the most commonly

used acrylic binder since the 1980s, and displays a Tg

of around 10°C. The polymer chains used in emulsion

formulations typically possess a broad range of mo-

lecular mass values, with the upper end often above

the 1 million amu range. In the dried acrylic film, the

degree of cross-linking is thought to be relatively low,

with dry film insolubility and physical properties pri-

marily being imparted by polymer chain entangle-
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ment. Under accelerated ageing conditions, a degree

of cross-linking has been reported to occur within

nBA/MMA copolymer films [9, 10], although the

progress of this reaction is expected to be minimal un-

der typical museum conditions.

Acrylic emulsion paints also contain a range of

other constituents, which are added by both the

emulsion and paint manufacturers; however the

identity of the majority of these materials remains

proprietary information. The authors employed sev-

eral analytical methods to provide information on

the bulk constituents of the paint, such as FTIR

(Fourier transform infrared) analysis to identify the

p(nBA/MMA) copolymer type, fillers and pigments

and FTIR-ATR (attenuated total reflectance) to char-

acterise the presence of polyethylene-based surfac-

tants on the surface of, and as – a major constituent

present in water extracts of, these paint films. The

identification of trace level additives has proven to

be more difficult, which is in part due to the poor sol-

ubility of dried acrylic emulsion films.

Waterborne paints are susceptible to water ab-

sorption, with hygroscopic components such as the

non-ionic surfactants remaining trapped within the

bulk film as agglomerates as well as exuding to the air

and substrate interfaces during the drying process.

Water also exists as an independent entity within the

polymer film, and as these water domains are con-

nected to liquid water outside the film, they act as

channels for water diffusion. The hydrophilic nature

of the surfactants suggest that the structures on the

film surface may act as potential water diffusion path-

ways, as can traces of surfactant that may be left in the

channels created by water evaporation during dry-

ing [11]. The polymer blend composition can also

have an effect on water absorption, with a decrease in

absorption occurring with an increase in the hard

phase of the copolymer, i.e., MMA.

Dynamic mechanical analysis (DMA) has been

used to assess the viscoelastic properties such as Tg,

storage modulus (E') and tan� of conservation and cul-

tural materials such as parchment, historic textiles,

leather and paper [12–16]. To date, controlled RH DMA

has not been employed as part of a cleaning study on art-

ists’ paints. For most DMA applications RH is either not

controlled, or controlled to a limited extent. Initial test-

ing for this research was carried out using uncontrolled

conditions. However, it quickly proved advantageous to

use a controlled RH DMA system as designed by Fos-

ter et al. [17–18]. This paper outlines the results ob-

tained with both uncontrolled and controlled RH DMA

and explains the modified system and methodology

used as part of wider research into the surface cleaning

of acrylic emulsion paints, the results of which are to be

outlined in forthcoming publications.

Experimental

Sample preparation

Films were cast onto Teflon coated stainless steel

plates using a Sheen instruments film caster to a dry

thickness of 110�20 �m. Films were stored in dark

ambient conditions and had between 8 and 22 months

of natural ageing prior to testing. Samples were pre-

conditioned in a temperature controlled laboratory set

at 21�1°C, with ambient RH levels varying between

30 and 75%.

Instrumentation

All analysis was carried out on a Polymer Labs MkIII

DMTA instrument in tensile mode. Sample free

length was 5 mm from samples measuring 10�0.5 mm

wide·22.5 mm total length. For standard DMA, the in-

strument was in the upright position with a closed

oven and a thermal scan from –50 to 120°C at

3°C min–1; frequency of 1 Hz; strain of 2 (32 �m

approx. peak to peak); starting load of 0.1 N in reduc-

ing force mode; clamps were hand tightened; no aver-

aging with no clamp retightening at low temperature.

For the controlled RH experiments the heating rate

was reduced to 1.5°C min–1, the thermal scan nar-

rowed to 15 to 60°C, and the RH set at 50% (it was

possible to control the RH to a specific value (�2%) in

the range between 10 and 80% RH). Frequency was

set as 1 Hz; strain of 2 (32 �m approx. peak to peak);

starting load of 0.1 N in reducing force mode; clamp

torque was 10 cNm; with no averaging and no clamp

retightening at low temperature. Data was collected

using PlusV version 5.42 and plotted using Origin

software version 7.5 (OriginLab Corporation).

Results and discussion

Standard DMA – no RH control

Problems were quickly encountered using the stan-

dard DMA system, as the ambient humidity trapped

within the oven dramatically affected the data pro-

duced. While repeatability was essentially acceptable

for several runs carried out on the same day, unac-

ceptable repeatability from one testing period to an-

other highlighted the need to control testing condi-

tions. Figures 1 and 2 include the storage modulus

and tan delta (tan�) data respectively for free films of

Liquitex titanium white paint analysed at different pe-

riods, with the ambient laboratory RH also recorded.

While some of the differences can be accounted for

by variations in drying time, the ambient RH of the

laboratory has had a marked effect; with the %RSD

(obtained by the multiplying the standard deviation
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by 100 and dividing the average) of the tan� peak

height value at 10.7% or �10.7% from the average.

The increased RH has resulted in a decrease in storage

modulus, an increase in tan� peak height and a shift of

the tan� peak to a lower temperature. These changes

reflect an increase in moisture content within the

paint films, which will be discussed in more detail in a

forthcoming publication.

Figures 3 and 4 clearly illustrate the magnitude of

the changes that can occur with variation in paint mois-

ture content as well as DMA oven RH. By drying the

films in an oven and maintaining DMA oven dryness

with a liquid nitrogen purge during analysis, the

modulus and tan delta curves altered significantly from

the ambient conditions, with a maximum difference in

tan� peak height of 0.5 between the wettest and driest

runs of the same paint. This very clearly illustrates the

susceptibility of these paints to moisture permeation

and reinforces the necessity to control RH during anal-

ysis, particularly when attempting to assess subtle

changes in physical properties.

Modifications to the DMA–humidity system and
sample preconditioning

In order to accommodate the RH/temperature control

system, modifications were made, including placing

the head of the DMA in an inverted position on a spe-

cial stand to allow the drive shaft to operate vertically

downwards. The drive shaft and supporting pillars

were extended by 150 mm and, to accommodate the

extended shafts, the furnace lid was removed and

automatic operation overridden.

The humidity controlled system illustrated in

Fig. 5 [17] essentially consists of a polycarbonate

chamber sealed with a rubber washer, with separate

dry and 100% RH supplies independently regulated

by two valves which are mixed before entering the

chamber. Due to safety constraints and limited space,
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Fig. 1 Storage modulus (E’’)–temperature curves for several

samples of Liquitex titanium white free-film, controls.

Varying drying time and ambient %RH

Fig. 2 Tan�–temperature curves for several samples of

Liquitex titanium white free-film, controls. Varying

drying time and ambient %RH

Fig. 3 Storage modulus (E’’)–temperature curves for several

samples of Liquitex titanium white free-film, controls.

Testing conditions varied from most dry – paint dried

in oven overnight and liquid N2 purge during run; to

wettest sample – ambient RH in DMA oven and ambi-

ent RH preconditioning

Fig. 4 Tan� data–temperature for several samples of Liquitex

titanium white free-film, controls. The wettest sample

has highest tan� peak height value



it was not possible to use the DMA oven. Hence, tem-

perature was maintained by surrounding the chamber

with a water jacket and by placing the pipe work and

bubbler inside a water bath, delivering reliable tem-

perature control within a 10 to 60°C range. To mea-

sure and control RH, a sensor was fitted inside the en-

vironmental cell and interfaced to a PC that logged

and controlled the valves.

In order to minimize variations induced by tem-

perature and RH effects during analysis, the RH was

controlled within a �2% margin throughout the tem-

perature ramp. The heating rate was a constant

1.5°C min–1 to 60°C. The RH sensor updated regularly

and the software compensated for changes in tempera-

ture. It is appreciated that the sample was not able to

fully equilibrate with the changing temperature and

moisture conditions during a scan; however the pur-

pose was to monitor the relative changes in material

properties. To this end as many of the potential vari-

ables (sample thickness, heating rate etc.) were fixed.

To ensure the paint films had a reproducible moisture

content the samples were preconditioned for at least 24

h in a sealed saturated salt chamber fitted with a con-

stant flow fan, set at ~50% RH using saturated magne-

sium nitrate. Dynamic vapour sorption (DVS) experi-

ments revealed that these paints required 2 h to

equilibrate at a particular RH when below 65%. There-

fore, 24 h assured equilibration to the required test RH.

To produce dry films, samples were placed into

sealed glass jars containing silica gel beads and left

for at least 48 h prior to testing to reach equilibrium at

~<10% RH. All samples were transferred as quickly

as possible from the humidity chamber to the DMA

and allowed to equilibrate within the DMA chamber

at the appropriate RH for at least 5 min prior to start-

ing the run. One limitation of this system was the re-

stricted thermal scan range, however the range possi-

ble coincided with the region of greatest interest for

these paints, i.e. room temperature and the Tg region.

After some experimentation, a single test method

involving a thermal scan from 15 to 60°C, with con-

trolled humidity at 50% and 24 h sample precondition-

ing at 50% was chosen as the experimental standard.

Figures 6 and 7 include the results of six DMA runs of

the same Liquitex Ti white film analysed under these

conditions over two testing periods. Here the average

tan� peak temperature produced a %RSD of 3.39 and

the %RSD of the average tan� peak height was 3.52.

Conclusions

Standard mode DMA was unsuccessful for the analy-

sis of artists’ acrylic emulsion paint films because RH

is a vital parameter to control when analysing such

hygroscopic paint films. Uncontrolled RH testing

conditions do not produce repeatable results and dis-

tortions arising from fluctuating ambient RH levels

can mask any subtle changes in physical behaviour

that may be significant to the long term behaviour and
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Fig. 5 Schematic representation of controlled relative humid-

ity DMA system
Fig. 6 Controlled RH storage modulus (E’’)–temperature

curves for several samples of Liquitex titanium white

free-film, controls. All samples thermally scanned

from 15–60ºC at 50% RH with overnight sample pre-

conditioning at 50% RH

Fig. 7 Controlled RH tan� curves for several samples of

Liquitex titanium white free-film, controls. All sam-

ples thermally scanned from 15–60ºC at 50% RH with

overnight sample preconditioning at 50% RH



care of these paint films. Modifications to the DMA

system to incorporate RH and temperature control, as

well as sample preconditioning to the required test

RH produced repeatable results on a consistent basis.

A standardised test regime of 50% RH sample pre-

conditioning for 24 h and a DMA run at 50%RH with

a thermal scan from 15 to 60°C was determined as an

accurate method from which to assess any changes in

physical properties resulting from conservation

treatments and ageing regimes.
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