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Abstract
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In conservation, adhesives are commonly used for the consolidation of canvases, yet their impact upon the canvas
longevity has raised some concerns amongst conservators. As such, this study presents a testing protocol devel-
oped to assess the performance of commonly-used adhesives (natural animal glue and synthetic Beva® 371) and

a newly developed nanocellulose consolidant, nanofibrillated nanocellulose (CNF). This includes their effect on the
visual appearance, consolidation, and response of the mechanical properties of the treated canvases to programmed
changes in relative humidity (RH). Scanning electron microscopy (SEM) images of animal glue- and Beva® 371-treated
canvases revealed the presence of adhesive and consolidant on and in-between cotton fibres. The consolidants form
bridges linking and connecting the cotton fibres and holding them together, whereas the CNF treatment, formed

a visible continuous and dense surface coating. None of the treatments induced any discernible colour change.
Controlled environment mechanical testing was performed in two ways: by applying a linearly increasing static force
at fixed RH (Young’'s modulus) and by applying a dynamic force together with a programmed RH cycling between

20 and 80% (RH dependent viscoelastic properties). CNF gave a higher value of Young's modulus than either of the
two commonly-used materials. Measurements at different values of RH (20 and 80%) demonstrated for all the treated
canvases that at the lower value (RH 20%) Young's modulus values were higher than at the higher value (RH 80%).
Besides, the dynamic mode showed that the rate of response in all cases was rapid and reversible and that the nanofi-
brillated cellulose treated sample showed the highest variation in storage (or elastic) modulus measured at the end of
RH plateaux (20 and 80% RH). Thus CNF appears to be a promising material given its higher mechanical performance.
The protocol developed in this study has enabled us to examine and compare candidate materials for the consolida-
tion of canvases systematically, using testing parameters that remained relevant to the field of canvas conservation.

Keywords: Canvas consolidation, Lining, Nanocellulose, Dynamic mechanical analysis (DMA), Relative humidity,

Introduction

Structural conservation of easel paintings has relied since
the 18th and 19th centuries on the lining process, which
consists of gluing a new canvas directly onto the back of
the existing and failing canvas. The binding of this new
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canvas aims to provide further structural support to the
original painting, hence increasing its lifetime. When the
risks associated with traditional glue paste and wax-resin
lining were publicized in the 1970s [1], several research-
ers such as Mehra [2], Berger [3] and Hedley [4] started
to investigate less invasive lining techniques as well as
alternative strategies to consolidate weakened canvases.
As part of their research, they established several criteria
and recommendations (physical, mechanical, and chemi-
cal) to direct their research to the most suitable adhe-
sives and consolidants for the consolidation of painting
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canvases. This work led to the development of new syn-
thetic adhesives such as Beva® by Berger [3], for example.
The original list of criteria selected for the evaluation of
treatments for canvas consolidation included: acceptabil-
ity to conservators (texture, handling, appearance); high
stiffness; negligible hygroscopicity; resistance to creep
and stress relaxation, durability; reversibility; low exten-
sibility; good elastic recovery; good adhesion to chosen
grounds; low cost; availability and ease-of-use to treat
paintings of a large format. In 2015, an online survey of
67 conservators [5] conducted as part of the Nanorestart
European project' concluded that the current expecta-
tions and requirements of conservators for the develop-
ments of new consolidants for painting canvases had not
changed since the 1970s. Those interviewed agreed that
the essential criteria in choosing a consolidation product
ought to be canvas strengthening, resilience to aging, and
reversibility.

In contemporary conservation, the materials used for
the consolidation of fragile painting canvases are either
natural (e.g., animal glue) [6] or synthetic compounds
(e.g., Beva® 371) [7-9]. The properties of these com-
pounds have been well characterized, including their
mechanical properties, which have been assessed by
tensile testing [4, 10-14] and by measuring the adhesion
between two canvases [15—17]. Further studies focussed
on the impact of the ageing on the compound’s overall
mechanical properties (McGlinchey [18] on Beva® 371;
Feller [19] and Grassie [20] on acrylics glues; Horie [21]
on poly (vinyl alcohol) polymers). However, it is still chal-
lenging to compare and benchmark the results of these
numerous studies as the analytical techniques used
vary from study to study. Interestingly, the mechanical
response to relative humidity (RH) has been tested only
for a few materials, although this property is considered
essential for canvas consolidation. Amongst all the com-
pounds used, animal glue and Beva® 371 are two com-
mon adhesives used in painting conservation as lining
adhesives. On rarer occasions, these two compounds
have also been used to consolidate canvases by impreg-
nation [6]. Yet, their mechanical assessment in paint-
ing conservation is limited to their assessment as lining
adhesives [2, 3, 13, 22, 23]. Amongst the more recent
materials suggested as consolidant or lining adhesive,
nanofibrillated cellulose (CNF) has been the focus of sev-
eral detailed studies [24, 25]. Although this new material
presents exceptional material properties, it is essential to
review these properties in the context and parameters
of canvases’ lining approach and especially assess its
response to relative humidity (RH).

! http://www.nanorestart.eu/.
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This study presents a systematic analytical approach
to assess the physical and mechanical properties of con-
solidated canvases as a function of relative humidity. This
approach was designed together with conservators to
ensure that the parameters studied remained relevant to
the task of canvas lining. This approach was successfully
applied to compare the reinforcement of canvases by
adhesives and canvas consolidants currently in use with
that of a newly developed nanocellulose-based treat-
ment. The measurement outcomes of this investigation
were selected from the list of criteria for the evaluation of
treatments for canvas consolidation, as defined by Hed-
ley [26], Mehra [27], and Berger [3].

Materials and methods

Commonly-used consolidants or lining adhesives
Following the advice and agreement with conservators
experts in the lining process, two consolidants (or adhe-
sives) were selected for this study: animal glue (natural
consolidant) and vinyl acetate Beva® 371 (synthetic con-
solidant). These materials are widely used for canvas con-
solidation and lining works [7-9, 28-30]. The animal glue
used in this study was purchased from Lienzos Levante
(Alicante, Spain) and consisted of a rabbit skin glue in
pellets with a bloom strength of 340-360. Beva® 371 was
purchased from CTS (Italy). It consists of an ethylene—
vinyl acetate copolymer, which is one of the most widely
used synthetic compounds as lining adhesives [31].

Nanocellulose

Nanofibrillated cellulose (CNF) in the form of an aque-
ous suspension was provided by Stora Enso AB (Sweden).
The CNF was produced from bleached kraft softwood
pulp (ca. 75% of pine and 25% of spruce, containing 85%
of cellulose, 15% of hemicellulose, and traces of lignin,
as determined by the supplier) by sulfuric acid hydroly-
sis. Further details about this compound were recently
published by Nechyporchuk [24]. Topographic images
(NanoWizard I Atomic Force Microscope, Bruker, Santa
Barbara—contact mode—MNSL probe) and the chemi-
cal structure of CNF are given in Fig. 1.

Sample preparation

In this study, all the consolidants were applied directly
to single-sourced modern cotton canvas samples. The
canvas used was a plain-woven fabric of 417 +3 g/m>
purchased in Barna Art (Barcelona, Spain). It consists
of 9 and 11 threads/cm in the warp and weft directions,
respectively. Series of 10 cm x 10 cm cotton canvas sam-
ples were artificially degraded for 3 days in a solution of
hydrochloric acid at 95-98% (10 mL) and hydrogen per-
oxide at 35% wwt (200 mL) at 40 °C following a protocol
given described elsewhere [33]. The degradation process
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Fig. 1 In (@), topographic images (left) and the corresponding
simplified surface chemical structure (right) of mechanically isolated
cellulose nanofibrils (CNF). In (b, €), chemical structure of amino
acids, constituent molecules of animal glues, and poly(ethylene
vinyl acetate) (EVA), the main component of Beva® 371.1In (b),“R"
represents a variety of atoms or groups that can be attached to the
core structure [32]

reduced the density of the canvas from 417 to 374 g/m>
The degraded samples were then treated (consolidated)
by a team of experienced painting conservators at the
University of Barcelona (Spain) to ensure optimal appli-
cation of the treatments. Three consolidants were used
independently for the treatment of the degraded canvas
samples: Beva® 371 (in white spirit) and aqueous prepa-
rations of animal glue, and nanofibrillated cellulose CNF
(Table 1). Before any application treatment, each canvas
sample was weighed and subsequently mounted on a
wooden frame to mimic consolidation conditions. The
consolidation treatments were then applied by brush to
reach a weight increase between 3.4 and 4.6%, as reported
in Table 1. The conservators chose the solvent and dilu-
tions used for each product based on the best-practices
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values used in conservation for each adhesive. Depend-
ing on the viscosity of the consolidant, either a single or
multiple layers of consolidant were applied onto the can-
vas to reach the targeted 4% (£ 1%) weight increase. The
adhesive was left to dry in ambient conditions between
each application. It is worth mentioning that in the case
of real paintings, it would be better to apply the consoli-
dants with several sprayed coats to minimize the adverse
effects that the solvents could have on the canvas and the
ground and paint layers. However, in this study, we opted
to use a brush to control better the amount of adhesive
added to each sample. In our approach, the application of
the treatments required solvent quantities that will need
to be revised and ought to be the subject of a separate
study on adverse effects.

Structural analysis

The structural analysis of the treated samples was carried
out using a Philips XL30 field emission scanning electron
microscope SEM (FEI, Eindhoven, Netherlands). The sys-
tem was operated at 5 kV accelerating voltage. Samples
(3 x 5 mm) were mounted on aluminium stubs (Agar Sci-
entific, Essex, UK) and sputtered with Gold/Palladium
using a Polaron E5000 sputter coater for 1min30s.

Colourimetry

The colourimetric assessment of pre-post treated sam-
ples was performed using an X-Rite 530 Colourimeter
(X-rite—Switzerland). The colour change was calculated
according to the CIEL*a*b* colour space:

AE* = VAL + Aa*? + Ab* 1)

where L is lightness, a* is the red-green component, b*
is the yellow-blue component (for the D65/10 CIE Illu-
minant/observer condition). For each sample, 10 data
points were collected over an area of 8 x 8 cm? located in
the centre of the canvas samples.

Table 1 List of the samples used in this study and treatments applied to the degraded cotton samples

Treatment and sample w/v solvent Surface deposition (g/  Number of layers Added weight
m?) applied
Untreated degraded cotton canvas
CNF 1% Water 1.7 4 34%
Animal glue 1.7% Water 15.7 2 4.6%
Beva 371 3% White spirit 13.7 4 4.0%

The concentration at which CNF, animal glue, and Beva® 371 were applied, the solvent used, and the number of applications applied to reach the desired increase in

canvas weight is given
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Mechanical analysis

Tensile measurement

The treated cotton samples and the non-treated con-
trol sample were sectioned in rectangles of the follow-
ing dimensions: 0.7 (thickness) x 7 (width) x 15 (length)
mm to ensure that precisely ten threads were present in
the warp direction. Tensile testing measurements were
performed using Dynamic Mechanical Analysis (DMA
Tritec 2000B, Lacerta Technology, UK)—operated in
static tensile mode. Before starting the measurements,
the samples were preconditioned at a fixed RH level for
the tensile test (20 or 80% RH) for a minimum of 48 h.
The samples were mounted in tension and subjected to
a static load increasing at the rate of 0.4 N/min. The free
length of the mounted canvas (5 mm) in the DMA was
exposed to two fixed relative humidity environments
(20% RH and 80% RH) at a fixed temperature (25 °C)
controlled by circulating water bath to investigate the
effect of RH on the mechanical performance of the sam-
ples before and after consolidation. The Young’s modulus
(E) values were calculated from the slopes of the stress—
strain curves.

Dynamic mechanical analysis under controlled programmed
RH (DMA-RH)

Another set of samples (as prepared for the tensile meas-
urements) was characterized using Dynamic Mechanical
Analysis (Tritec 2000B, Lacerta Technology, UK)—oper-
ated in dynamic mode and connected to a humidity gen-
erator. Before starting the measurements, the samples
were preconditioned for at least 48 h at 20% RH, before
being mounted in the DMA. The samples were subjected
to a preload of 1 N at the start of each measurement
cycle to overcome any buckling resulting from the woven
structure of the samples. The free length of the mounted
canvas (5 mm) in the DMA was subjected to sinusoidal
stress (1 Hz) while being exposed to variable relative
humidity environments at a fixed temperature (25 °C). At
the start, the RH was rapidly cycled at 4% RH/min to 60%
RH, left at 60% RH for 5 min before being reduced to 20%
RH (mechanical conditioning as shown in Fig. 2) to over-
come any issue related to the mechanosorptive creep, i.e.,
increase in creep rate under cyclic humidity conditions
already shown to occur for hydrophilic fibrous materials
such as wood pulp paper, cotton paper and nanocellu-
lose [34, 35]. This was followed by the RH cycling pro-
gram, which consisted of cycles going from 20 to 80%
RH at 4% RH/min (20 to 60% RH) and 2% RH/min (60
to 80% RH) and back to 20% RH at 4% RH/min. The RH
was maintained constant for 30 min at 20 and 80% RH
for each cycle (Fig. 2). This RH cycle (20% to 80% to 20%
RH) was repeated 3 times, as shown in Fig. 2. Values for
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Fig. 2 RH cycling program use for the DMA-RH measurement

both the elastic (E” stored energy) and viscous (E” dissi-
pated energy) components of the complex modulus were
calculated from the DMA data.

Results and discussion

Appearance

The first assessment carried on the degraded samples
involved measuring any perceptible change in the col-
our of the canvas as a result of the treatment. Although
the original canvas had a beige colour, its degradation
(mostly by H,0,) strongly whitened its surface, as seen in
Fig. 3b by the increase in L* value after aging (AL*=L*,
degradedL "degradea <0)- As presented in Fig. 3a, the colour
variation AE* measured between treated and untreated
(degraded) cotton canvas remains below 3 (highlighted in
red). Below this value, any colour change is considered as
minimal and only perceptible for expert eyes or when the
two colours compared are placed next to another [36],
which is the case for all the treated samples.

The surface of the canvas samples was also imaged by
SEM to evaluate the surface coverage and penetration
of the treatments when applied onto the woven fabric.
Figure 4 shows that the commonly used consolidants
animal glue and Beva® 371 are not easily visible on the
canvas surface when imaged at low magnification (i.e.,
between x35 and x40). At higher magnification, the
presence of consolidant on and in-between cotton fibres
can be observed for animal glue- and Beva® 371-treated
canvases. The consolidants are forming bridges link-
ing and connecting the cotton fibres and holding them
together. The CNF treatment, however, forms a continu-
ous and dense surface coating visible at both low and
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Fig. 3 On the left, using the untreated degraded cotton canvas as a reference, colour difference AF* (a) and difference in lightness AL* (b)
measured for the not degraded untreated cotton canvas ((1) on the right) and for the degraded cotton canvas (2) after the application of the
nanocellulosic treatment CNF (3) and two commonly-used adhesives/consolidants used in painting conservation, animal glue (4) and Beva® 371 (5)

high magnification, as shown in Fig. 4. The threads and  application of the treatment suggesting that the coated
fibrils of the underlying canvas are still visible after the layer is very thin. The weaving pattern of the threads and

Animal: 7). S5 Beva 371
—glue 3

Fig. 4 SEM images of the surface of the degraded cotton canvas untreated and treated with CNF, animal glue and Beva® 371 shown at 2 different
magnifications
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Fig. 5 Stress and strain curves (a) obtained at 20% RH (25 °C) for the
degraded cotton canvas (warp direction) before and after treatment
using the newly developed CNF consolidant and 2 adhesives
commonly used in conservation, animal glue and Beva® 371. The
Young's moduli calculated from the region of interest (i.e. 1-2% in
elongation) are given in the table in (b). The star marks a sudden loss
in canvas stiffness measured for the CNF-treated sample only

cotton fibres is mostly covered with the treatment: the
nanocellulose layer covers the interstices and voids seen
between the threads of the untreated sample. The coated
surface appears homogeneously flat and impermeable.
This surface behaviour specific to the CNF treatment is
favourable for canvas reinforcement as it is known that
impregnating a canvas can cause it to shrink or change its
shrinkage properties [22, p.95].

Tensile reinforcement

Following the visual assessment of the samples, the over-
all reinforcement provided by the various consolidants
was measured by tensile testing, as presented in Fig. 5.
The capacity of the products to reinforce the canvas was
evaluated by determining if the added products improved
the stiffness and resistance to elongation of the canvas.
The canvas must support the ground and paint layers and
limit the movements of these rigid layers to avoid per-
manent deformation that occurs long before the forma-
tion of cracks [37]. The tensile tests were performed at
both 20 and 80% RH since it is well-known that moisture
(RH) can greatly influence the mechanical response of
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materials encountered in paintings. This result was previ-
ously demonstrated for linen canvases [4, 13, 37] which
present an increased stiffness above 75% RH due to the
swelling of the threads or lining adhesives while animal
glue or cellulose ethers lose their strength with increasing
RH [37].

As shown in Fig. 5, the application of all the con-
solidation treatment led to a net increase in stiffness
of the treated degraded cotton canvases. This stiffen-
ing (increase in Young’s Modulus) was measured as an
increase in the slope of the stress—strain curves meas-
ured in the region of interest, i.e. between 1 and 2% in
elongation, values to which canvases are commonly
stretched [12]. Among all the treatments tested, the
largest increase in stiffness in the region of interest was
obtained for the nanocellulose-based treatment, CNF. An
increase in E from 1.84+0.2 MPa (untreated canvas) to
23.1+1.8 MPa (i.e., around 13 times higher) was meas-
ured for the CNF-treated sample (Fig. 5). Nechyporchuk
[24] has measured a similar increase between unprimed
and primed degraded cotton canvases (i.e., by 20 times
from 17.6 MPa to 356 MPa) tested in the weft direction.

In an easel painting, the paint and ground layers are
usually far stiffer than the canvas. However, these layers
can act as support layers for the painting when the can-
vas becomes too fragile and is unable to fulfill its role
of support [12]. Hence, a mechanical relationship must
exist between the canvas and the paintings for it to act
as support material. In essence, a canvas can only really
support a painting if its stiffness matches that of the
painting. Therefore, the level of reinforcement obtained
with the CNF treatment is such that it offers adequate
support to the ground and paint layers of similar stiff-
ness. The increase in stiffness measured for the com-
monly-used consolidants, Beva® 371, and animal glue
remains, in comparison, lower than that obtained for the
CNF treated sample. Overall, for the same weight added,
the nanocellulosic treatment offers a more effective con-
solidation at low RH as it provides support to the canvas.
Similar observations and results were also obtained for
the tests performed at 80% RH. The results for the 80%
RH tests can be found in Fig. 6.

Overall, the tensile consolidation provided by the
commonly-used and nanocellulose consolidants is main-
tained even at high RH. Again, it is the nanocellulose
treatment that provided the largest increase in tensile
stiffness when compared to the commonly-used consoli-
dants. This is also true when correction factors associated
with the sample thickness are introduced in the calcula-
tion of the stresses shown in Figs. 5 and 6. Indeed, the
cross-sectional area of textiles contains a large amount of
voids due to the weaving that will impact on the overall
mechanical response of the canvas. For this reason, the
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Fig. 6 Stress and strain curves obtained at 80% RH, 25 °C for the
degraded cotton canvas untreated and treated with CNF, animal
glue and Beva® 371. The two stars indicate sudden loss in sample
stiffness which are associated with localized rupture of the brittle CNF
superficial film

results of the mechanical assessment or modelling of the
canvas have often been reported in terms of load (exclud-
ing dimensions) [3] or taking into account a correction
factor for the canvas thickness [38]. In the current case,
the low penetration observed for the CNF treatment
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when compared to the animal glue and Beva® 371 treat-
ment leads to the presence of a higher number of voids
in the canvas post-treatment compared to the other two.
This would result in an increase in the effective thick-
ness and related subjected stress in the case of the CNF
treated sample when compared to the other two treated
samples (in which the treatment penetrated within the
canvas). The non-linear behaviour of the stress—strain
curves for the CNF-treated sample was observed above
2% of extension, whereas this was not observed for either
of the commonly-used consolidants (Figs. 5 and 6). The
phenomenon had already been reported by Nechypor-
chuk [24] and Bridarolli [25] for nanocellulose-treated
canvases and was attributed to localized rupture of the
coating, or nano lining, formed by the CNF on the canvas
surface (Fig. 4).

Hygroscopicity: static mechanical response to moisture

The static mechanical response of the untreated and
treated canvases as a result of RH variations was also
evaluated. An example of tensile curves measured at 20,
and 80%RH for the animal glue-treated sample is shown
in Fig. 7a. Curves of similar shapes were obtained for
all consolidants. In this approach, it is the variation of
Young’s moduli as a function of the RH that ought to be
considered. In Fig. 7b, one can observe that the increase
in RH is responsible for a loss in Young’s modulus (or

a b
’
1.0 ’ = 25 [ ]20%RH
Area of o + 80%RH
—_ 08. ) =
= interest « o 21 AE . s90:rm
o 00 / 0 -0U 70l
S 6] ‘A’)/ 2
- ’ ) 3 151
@ - o
@ 044 I - £
b i » 104
N 4 Animal glue 20% RH >
Tl —— Animal glue 80% RH S sl
i o %
0047 | > Z
— T T T T T T ) 0 .t7 - -
0 2 4 6 8 10 12 14 16 > &
. & A\
Strain (%) \«"7' ¢
&
C
AE5) g000rH % E loss
Sample (MPa) (%)
[EJO%RII' ESO"-;RII] [AEZG—SB°::RII"EJO%RII]
Untreated 0.7+0.2 38
CNF 129:138 52
Animal glue 9.9+2.1 69
Beva 371 0.6+1.5 15
Fig. 7 In (a), tensile curves (solid lines) obtained at 20 and 80% RH for the animal glue-treated degraded cotton canvas tested in the warp direction.
Linear fitting (dashed lines) of the curves was carried in the region of interest and used to calculate Young's moduli shown in (b). Young's moduli
are given for degraded cotton canvas before and after treatment with CNF, animal glue and Beva® 371 measured at 20 and 80% RH. The difference
AE5_g00 vy Calculated between Young's moduli measured at 20% RH (i.e., Eyp, py) @and 80% RH (i.e., Eggg, ry) for untreated and treated degraded
cotton canvases are tabulated in (c)
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decrease in stiffness) as measured for all the canvas sam-
ples, untreated or treated.

It has been argued that the plasticization of natural
fibres at higher RH values results from water diffusion in
the fibres [39-42]. As water molecules quickly diffuse in
the amorphous regions of the cellulose fibres, hydrogen
bonding between cellulose chains is replaced by water-
cellulose hydrogen bonding [40]. The structure formed
by the cellulose chains and their packing is disrupted and
this would cause the loss observed in mechanical prop-
erties of the untreated cotton canvas. At high RH levels,
the cotton canvas becomes, therefore, more flexible and
compliant. It is assumed that a very similar process might
occur in the adhesives. In the latter case, losses in the
stiffness of the materials might also be associated with a
reduction in the interfacial adhesion between adhesive
and cellulose fibres. This effect was observed by Bowditch
[43] in a study on the performance of epoxy-based adhe-
sive joint for wood exposed to water.

The decrease in Young’s moduli (E) at higher RH varies.
As such, losses in E range from 0.6+ 1.5 to 9.9+2.1 MPa
were measured for the Beva® 371 and animal glue-
treated canvas, respectively (Fig. 7c). As expected, the
animal glue is more sensitive to water moisture, i.e., more
hygroscopic, than Beva® 371. This is because the pro-
tein chains of animal glues contain a higher number of
hydroxyl groups on the surface of their polymeric chains
(see Fig. 1), which makes them more responsive to mois-
ture and more prone to interact with the water molecules
through hydrogen bonding [44, 45]. This leads to a sig-
nificant loss in E of 69 (Fig. 7c) measured for this sample
as opposed to Beva® 371 (cyclohexane-based) associated
with a loss in E of only 15%.

In comparison, the nanocellulose-treated canvas, which
is also the stiffest canvas sample, registers the highest
loss in E (Fig. 7b). A loss from 23.1+1.8 (E at 20% RH)
to 10.34+0.4 (E at 80% RH) was observed for the CNF-
treated cotton canvas. These losses are equivalent to a
decrease of approximately 52% in stiftness. This is likely
due to the higher hygroscopic behaviour of nanocellu-
lose than natural fibres such as cotton. It has been previ-
ously shown that depending on the preparation method,
the specific surface area of CNF nanofibrils can approach
500 m?/g [46, 47], while the specific surface area of soft
cellulose pulp typically ranges between 1 and 4 m?/g [48].
This increase in surface area is related to an increase in
the availability of the hydroxyl groups on the surface of
nanocellulose, leading to higher hygroscopicity.

Dynamic mechanical response to moisture variations

In a second step, the mechanical response of the sam-
ples to moisture was also measured dynamically using
RH variations and DMA. RH was programmed to vary
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between 20 and 80% RH, the same humidity levels
used for the tensile tests. The advantage of the DMA-
RH measurement over static tensile testing is that it
enables measuring the real-time response of the same
sample at different RH and during RH transitions in a
non-destructively manner. The sample is measured under
small deformation in its elastic region. An example of
the mechanical response of a Beva® 371-treated canvas
measured by DMA-RH upon the use of a 20-80% RH
humidity program is presented in Fig. 8. The first 20% RH
should always be discarded in the analysis of the DMA-
RH curves as the first 20-80% RH transition is associated
with the mechanosorptive creep of the canvas and can be
a source of errors.

As seen in Fig. 8, the response of the untreated and
degraded cotton canvas sample is characterised by an
increase in storage modulus E’ at low RH level (20%
RH) and decrease in E’ at high RH level (80% RH). This
suggests that the treated canvas responds readily and
reactively to RH variations by showing a lower viscoe-
lastic behaviour (hence becoming stiffer) at low RH and
a higher viscoelastic behaviour at high RH. The can-
vas samples treated with animal glue, Beva® 371 and
CNF also responded similarly. Representative DMA-RH
curves for the canvases treated with the commonly-used
treatments and the CNF treatment are given in Fig. 9.

As seen in Fig. 9, the untreated and treated degraded
cotton canvases absorb moisture at different rates
depending on whether they are in RH ramping or under
steady-state conditions (i.e. RH equilibration at 20 or
80% RH). The differences in E’ measured between RH
plateaux at 20 and 80% RH (end-plateaux values) for
the 2nd RH cycle are plotted in Fig. 10. The results pre-
sent similar trends to those obtained by tensile tests
shown in Fig. 7.
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animal glue-treated canvas, which had been meas-
ured by tensile testing was not observed when meas-
uring the sample by DMA-RH under 20-80% RH
variations. The canvas sample treated with animal glue
showed a lower mechanical response to moisture vari-
ations than the less hygroscopic consolidants, Beva®
371. A difference in E’ between 20 and 80% RH pla-
teaux of AE’,; . q.=1.67+125 MPa was obtained
for the animal glue-treated canvas compared to AE’,, ,
cyde =5.57£0.7 MPa for the Beva® 371-treated one.
Yet, tensile tests in section Fig. 7 had shown that the
mechanical response of the animal glue-treated canvas
was, with the nanocellulose-treatment CNF, larger than
the other commonly-used consolidant Beva® 371.

This difference in the results obtained under static
or dynamic exposure of the samples to moisture might
result from the higher time of response to moisture (i.e.
lower moisture diffusion) of animal glue in comparison
with CNEF.

Conclusion

This study was carried out to understand the impact of
relative humidity on the mechanical properties of two
consolidants commonly-used for painting canvas con-
solidation, animal glue, and Beva® 37. It also enabled the
comparison of these materials with a newly-developed
nanocellulose-based canvas consolidant, CNF. To date,
this is one of the few studies that systematically links
the performance of the consolidants to their mechanical
properties, with a strong focus on the evaluation of their
responses to moisture changes. This study established a
systematic approach for the assessment of materials for
canvas consolidation since we ensured that all meas-
urement parameters and preparation techniques were
relevant to canvas consolidation and conservation. Differ-
ences in the surface deposition of the consolidant, associ-
ated with treatment penetration, were observed between
the three consolidants investigated: the commonly-used
consolidants managed to cover individual cotton fibres
and threads forming interfibrillar bridges, whereas the
CNF remained as a layer on top of the canvas. The results
of this study also highlighted the higher stiffness reached
with the nanocellulose-based consolidant than with ani-
mal glue and Beva® 371. CNF considerably improved the
stiffness of the canvas, which is essential for the preser-
vation of a painting. This reinforcement was also main-
tained at 80% RH. In comparison, animal glue-treated
lost its canvas reinforcement capabilities at 80% RH and
at values under 40% RH, the glue contraction could cause
permanent deformation of the ground and paint layers
[36]. This result also indicates that among commonly-
used consolidants, the more hygroscopic treatments,
CNF and animal glue, are mechanically responsive to RH
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variations making them less suitable candidates for long-
term consolidation. Interestingly, under fast RH cycling,
the time-dependency of the mechanical response seemed
to prevail for animal glue in comparison with CNF lead-
ing to lower apparent mechanical response of the animal
glue treated canvas. The CNF treatment could also be
considered highly brittle as a result of its film-forming
behaviour on the canvas surface and lack of penetra-
tion. The contact area between CNF treatment and can-
vas fibres is low, which increases the risks that localized
rupture of the coating might cause mechanical failure of
the general reinforcement it provides. The potential risks
associated with its brittle behaviour and its tendency to
form a film when applied on a canvas could be one of
the main limitations to promote CNF as a canvas con-
solidant. Further research is needed to find a solution
to overcome this drawback. Alternatively, this super-
ficial layer could also potentially avoid canvas shrink-
age observed for impregnated canvases and offer good
reversibility, which also needs to be further investigated.

Despite the growing need for prolonging the lifetime of
easel paintings by canvas consolidation, there are no stand-
ard protocols established to evaluate the merits of new
candidate materials. As such, conservators follow a set of
guidelines. The uniqueness and relative complexity of each
canvas restoration project also complicate the creation of a
standard protocol. However, studies as the one presented
here may constitute a first potential milestone in the estab-
lishment of standardized protocols, such as ISO standard
for materials testing in conservation. This is an essential
step to ensure the systematic assessment and benchmark
the performance of various materials used in conservation
in order not to repeat and propagate the mistakes of the
past.
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