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Introduction

Successful conservation treatments are a com-
bination of a carefully planned action together
with the accurate selection of materials and
methods. Such an apparently obvious state-
ment necessarily implies:

« Identifying the nature of the damage.

+ Analysing what caused the damage.

« Understanding the failure mechanism that
has taken place. -

« Determining (and prioritising) the needs.

« Selecting the most appropriate methods
and materials.

In this sequence chemical, physical, mechani-
cal and biological processes are usually
involved. In the case of paintings, in addi-
tion to the chemical reactions responsible for
the ageing and degradation of artworks, the
mechanical and dimensional properties of the
different materials determine how paintings
behave structurally, how the different materials
of the composite structure interact with each
other and how such properties change in time,
both as the painting ages and as a function of
environmental oscillations.
Polymers are used widely in many conser-
vation' treatments to strengthen, adhere and

protect. Factors such as their composition,
molecular weight, glass transition temperature
(T ), strongly determine their viscosity, film-
forming properties and long-term chemical
stability, which clearly influences their suit-
ability for each specific treatment. This paper
focuses on some structural issues of adhesives
and consolidants in painting conservation as
well as the cohesion and adhesion forces gov-
erning their performance. Also discussed are
their mechanical properties, their interaction
with environmental conditions and how their
ability to penetrate determines their role in the
context of the painting structure.

Consolidation treatments in easel
paintings

Defining the concept

The term ‘consolidation’ may in one interpre-
tation refer to any treatment consisting of the
reinforcement and repair of a damaged sup-
port and in another to the re-adhesion of weak
and flaking paint to an underlying substrate.
Equally confusing is the fact that similar (if not
the same) adhesives and solutions have been
traditionally used, apparently indiscriminately,
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to line paintings, to consolidate powdery paint
layers, to impregnate weak canvases from the
reverse or simply to adhere locally delaminated
paint fragments. At this point, several ques-
tions arise:

o Are the strength requirements for adhe-
sives used to consolidate wood the same as
for those used to reattach flaking paint and
for those used to impregnate a canvas?

« What are the properties required of adhe-
sives in each case? More specifically, what
are the differences between adhesives and
consolidants in terms of adhesive and
cohesive forces?

« Can, therefore, any adhesive be used as a
consolidant?

Examining the behaviour of each layer of a
painting as a function of the forces acting
inside the composite structure helps to under-
stand that the requirements in each case are
not the same.

For canvas paintings, for example, lining
and consolidation adhesives have differ-
ent requirements since they address differ-
ent needs. Adhesives for lining must present
cohesive and adhesive properties whereas

consolidating adhesives require adhesion and
penetration properties. In the case of linings
it is obvious that adhesion is needed to bond
a new canvas to a painting. But also, since the
main forces acting inside the structure of a
traditional painting are usually concentrated
in the size layer which acts as the primary sup-
port, it becomes clear that cohesive properties
are equally desirable in lining adhesives in
order to confer cohesion, strength and proper
stiffness. Consolidating adhesives also require
adhesive strength since paint fragments need
to be bonded together. However, it must be
noted that the failure of some consolidation
treatments may be the result of poor adhe-
sive penetration as well as weak adhesive
properties.

Cracks, cleavage, cupping, blisters, flaking
and delamination correspond to different fail-
ure mechanisms as a consequence of multiple
factors, such as the properties of the materials,
their ageing, as well as their interaction with
environmental agents. Different failure mecha-
nisms determine the location of the damage
and how much void any adhesives have to fill
(Figure 1). Success also depends on how well
adhesives penetrate through the design layers
to reach the point where they are really needed.
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Defining the structural requirements of
consolidating adhesives

To determine the structural requirements of
adhesives, a consideration of the cohesive and
adhesive properties of materials is required to
tind answers to questions such as:

o How much strength is required to consoli-
date powdery paint?

« Should adhesives be stitfer than the paint
film?

o Do different solvents determine different

mechanical properties for adhesives?

o Why are adhesives that show lack of
strength in experimental testing consid-
ered to work well in practice?

o What is meant when describing an adhe-
sive as ‘working well'?

o Are adhesives reaching the optimum
position to be effective or are current
consolidation adhesives forming separate
layers on top of which paint fragments
remain unsecured?

Tests run during the course of this research
were devised to determine the cohesive and
adhesive behaviour of some of the adhesives
currently used as consolidants. The penetra-
tion of various adhesives was also tested.

Cohesion is a measure of the mechanical
properties of the adhesive itself and reflects the
ability of the adhesive alone to develop stiffness
and strength. The cohesive test is an excellent
way to examine the drying time and the effects
of residual solvents. It is also extremely useful
in determining the effects of difterent solvents
on the properties of the material. For this pur-
pose, the standard stress—strain test in tension
was used.

Adhesion is the material’s ability to bond
together different materials. Simple ‘peel tests
were used in this series of tests. Various materi-
als were bonded together and the resistance in
separating the bonded substrates or ‘adherents’
was used as a measure of the adhesive strength.

Penetration of adhesives is an essential pre-
requisite for bonding. Both penetration and

adhesion rely heavily on several factors that
depend on:

o The substrate
¢ The substrate’s porosity and compo-
sition
e The substrate’s surface uniformity
o The existence of previous coatings
applied to the substrate, etc.
o The adhesive
¢ ‘Type of polymer
¢ Molecular weight and size
+ Glass transition temperature
+ Solvent used for dilution

+ Concentration
¢ Adhesive and cohesive strength
¢ Dry down, or the loss of volume of

the adhesive during drying

¢ Drving time

o Adhesive wetting of the substrate
surtace

* Viscosity

¢ Thixotropy

¢ Application methodology, etc.

» Environmental conditions

This research was intended to determine the
pore size that each adhesive is able to penetrate
as a function of the solvent and the concentra-
tion used. For this purpose, various filter papers
with diftferent pore dimensions were used.
Alone the filter papers were easily peeled apart
by attaching tape to the outer surfaces. If how-
ever the papers were first dipped into selected
adhesives applied with various solvents at differ-
ent concentrations, the increased force required
to ‘split’ the paper became a measure of their
effectiveness in penetrating different pore sizes.

Some other observations could also be
made regarding:

o The effects of solvents on film forming.

o How solvents determine the mechanical
properties of a polymer.

o How solvents determine drying times.

o The consequences of residual solvents in
the polymer in terms of the strength and
stiffness of the resuiting film.
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etrate, depending on the resin, on the
solvent and the concentration used.

Porosity, absorbency and penetration

Porosity is a measure of the number and size
of pores/voids (empty spaces) in a material
and it can also refer to how quickly a tluid can
circulate through it: the lower the porosity,
the slower the migration of the fluid through
the pores. Permeability can be considered
as a state where the small pores/voids are
interconnected so that a fluid can pass from
pore (or void) to pore. Both porosity and
permeability determine the absorbency of a
material. Absorbency is the ability of a mate-
rial to retain a fluid. Generally the larger the
particle size of the material, the more porous
it is. Large particle-size substrates containing
particles with a high surface area will absorb
fairly well.

The aim of anv consolidation treatment is
to make the selected adhesive fully penetrate
the paint laver and provide the lost adhesion.
Most of the adhesives used in painting con-
servation set by evaporation of the solvent.
Ideally the adhesive in solution or dispersion
in water would penetrate the substrate only,
the solvent or water would evaporate and
the polymer (adhesive) would be left behind
as seen in Figure 2a. It has to be taken into
account, however, that canvas and the wood
of panel paintings are extremely hygroscopic,
porous and absorbent materials that tend to
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rapidly absorb solvent, thereby increasing the
concentration and viscosity of the remaining
adhesive, which then tends to block the sur-
face (Figure 2b). It is interesting to note that
even though this effect takes place quickly
and can be interpreted as a fast-drying adhe-
sive, research has shown that some solvent is
retained in the substrate materials for a con-
siderable amount of time.

Many consolidation  treatments
intended to bond paint fragments together.
The problems to consider range from powdery
substrates to big paint flakes. In all cases how-
ever, adhesive has to connect the gaps and/or
pores that exist in the material. Figure 2c shows
an adhesive solution in a concentration that is
too low. The solution penetrates the substrate
and coats the pore walls without bridging the
materials that need to be adhered. The loss of
volume of the adhesive during drying (known
as ‘dry down’) also contributes to this effect.
Several applications of the adhesive might be
necessary in order to provide an effective bond.

are

Experimental
Materials

In 2007 a survey was conducted in order to
collect information on the most common
adhesives used for consolidation purposes.
The answers received are shown in Table 1
and the substrates selected for bonding tests
are specified in Table 2.
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Methods and sampling

Tensile tests

The cohesion tests were simple tensile stress—
strain tests of samples of pure adhesive cast
in thin films on polyester sheets. The rate of
loading was 30 seconds between test points
and all the samples were equilibrated to the
test environment for at least 24 hours prior to
testing. The test environments are indicated

on the graphs. The testing equipment was a
purpose-built group of small tensile devices
for measuring thin films in controlled envi-
ronments. The relative humidity (RH) was
controlled using trays of buffered silica gel
and monitored using two-stage chilled mirror
dew-point meters.

Samples for cohesive testing were prepared
by either diluting the adhesive in the solvents
listed or using the adhesive as supplied and
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ter film. The concentration used was governed
largely by the drying thickness of the film on
the polvester. If too thin, the film was too
fragile to handle or to be accurately measured
for thickness. Increasing the adhesive con-
centration allowed an increase in the drying
thickness of the film. Once initially dried, usu-
ally after 30 days or more, the adhesive films
were removed from the polyester and-cut into
sample strips approximately 6-7 mm in width,
150 mm in length and typically 0.10-0.15 mm
in thickness.

The basic adhesion test was a simple ‘peel
test where the force to separate two adhered
sample substrates is measured as illustrated
in Figure 3a. The testing equipment was that
used for the tensile tests. Since the speed of the
peel test is one of the factors influencing adhe-
sion, the tests were conducted at a load rate of
30 second increments between loadings. The
displacement rate was 0.0043 cm/sec. All sam-
ples were air dried for a minimum of one week
prior to testing and tested after equilibrating
in the test environments for a minimum of 48
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hours. The RH was controlled using trays of
buffered silica gel and monitored using two-
stage chilled mirror dew-point meters. Unless
otherwise indicated, the test environments
were 40-45% RH and 22-23°C.

The substrate materials were typically about
12 mm wide and 125 mm long, and bonded
together by submerging them in the adhesive
for half of their length and then joining them.
Light pressure was used to join them and they
were hung and allowed to air dry. For any given
sample the length of the bonded substrates
was about half of their total length or about
60-70 mm. To start the tests, the samples were
peeled apart as far as the bonded section to
ensure that only the bonded section was actu-
ally measured. For each test a total of about
6.5 mm was peeled apart. To conduct a second
test, another section of the sample was used or
an entirely new sample was tested. Considering
that the substrate surfaces were rather uneven
the test results are fairly consistent.

Penetration tests
It was possible to determine the maximum
pore dimension that each adhesive was able
to penetrate by splitting two papers internally.
Figure 3b illustrates the use of tape in assist-
ing in the splitting of the paper samples. Once
started, the samples were installed into the
micro-tensile testing equipment and the force
applied at the same rate as described for the
test protocols in the tensile testing section. The
force required to separate the papers was meas-
ured and recorded in the same manner as that
of the adhesive bond test.

Paper splitting controls were determined
prior to the application of the adhesives. The
range of pore dimensions of this study was

b Paper
~ Sampie

> Appied
Force

Spitting of Paper

> assist in the splitting of the

0.0 mm to about 0.025 mm (0-25 um). For
this purpose, different Whatman filter papers
(almost 100% cotton and designed to trap
particles of certain dimension or larger) and
brown Kraft paper (made from pulp fibres)
were used. The paper samples were cut in the
same direction with dimensions of 6-7 mm in
width and 150 mm long,

For testing adhesives, appropriate solutions
were prepared and the papers were dipped into
the solution for about half their length. Fxcess
adhesive was wiped away and they were hung
to dry for a minimum of seven days. Once dry,
reinforced packing tape was applied to each
side of the sample and the excess tape was cut
away from the edges. It was necessary to com-
pletely remove the excess tape as any residual
tape that stuck to itself at the edges of the
sample would have adversely affected the test.

Results and discussion

For this research, natural and synthetic adhe-
sives were tested (Table 1). It should be noted
however, that whereas most of them could be
tested for adhesion, it was not possible to run
cohesive tests for some since no workable free
films could be cast. Also, given the length con-
straints on this paper, results will focus only on
some selected natural and synthetic adhesives.

Cohesive testing

This section illustrates the cohesive properties
of adhesives, how some change as a function
of RH, how solvents affect cohesive properties
and how much time they need to evaporate.
Figure 4a shows the tensile tests for a 10-year-
old hide glue at different levels of RH. In
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normal environmental conditions (+ 24°C, +
50% RH), animal glues develop the highest
cohesive strengths and stiffness of any of the
adhesives tested, far beyond all the synthetic
polymers. However, they experience signifi-
cant changes in their properties as a function
of RH. In general, low RH levels make the
adhesives become brittle, whereas higher RH
{above 80%) cause them to lose nearly all their
cohesive properties.

Regarding synthetic adhesives, some are
extremely moisture sensitive, such as polyvinyl
alcohols, whereas others are not affected by RH,
for example, Beva 371 (Figure 4b). The strengths
measured vary over two orders of magnitude:
from 0.6 MPa in the case of Beva to 68 MPa for
animal glues in the same environmental condi-
tions (~50% RH). There are also some adhesives
that developed no measurable cohesive strength
in normal environmental conditions such as
Akeogard T35 and Aquazol 500.

During this research it was also observed
that the thickness of the sample had a dramatic

14

effect on its drying time and that in most cases
samples needed long drying times before sol-
vents had completely evaporated (thus not influ-
encing testing results). This can be observed in
similar stress-strain curves for Paraloid B-72
(Figure 5a). Even after 20 months of drying,
Akeogard T35 evidences no cohesive strength
at 48% RH. However, it was observed that
Akeogard T40 can develop some strength in a
relatively short time but still needed around 29
months to allow for full strength development.
Similarly, it took 20 months for the water to
evaporate from the sample of Klucel G before
a reliable stress—strain test could be com-
pleted. Independently of the solvent, Plexisol
P550 did not develop much strength and still
needed considerable time to dry. Interestingly,
Aquazol 500 did not present cohesive strength
at 52% RH but became brittle at 11% RH. This
indicates that lowering the humidity induces a
phase change in this material.

From a methodological point of view, it is
quite usual to employ volatile solvents in order
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to speed up drying times. The experiments also
showed that different solvents can have dram-
atic effects on the mechanical properties of a
single adhesive. For example, Figure 5b shows
the tensile test results of Paraloid B-72 dis-
solved in either toluene or acetone and allowed
to dry for diftering lengths of time. While a
13-year-old sample of Paraloid B-72 originally

dissolved in toluene has a modest strength of

around 1.5 MPa, a sample of Paraloid B-72 dis-
solved in acetone will reach a strength of about
7.5 MPa after drying for only 2%2 months.
Furthermore, this material when dissolved in

acetone becomes extremely brittle.

Adhesion tests

The preceding section was intended to define
some properties of the adhesives tested in
terms of their stiffness and strength and how
these properties change as a result of the sol-
vents used or changes in ambient temperature
and RH. The questions posed at the begin-
ning of this paper also dealt with the fact that

some of those adhesives that exhibited a lack
of strength in the experimental cohesive test-
ing seem to work well in practice. As has been
seen, the levels of strength reached for natural
adhesives such as animal glue are over a hun-
dred times the strength development of Beva
371 in the same environmental conditions.
Why then are both adhesives used to adhere
flaking paint with similar apparent success?
What needs to be considered to determine
whether in both cases the cohesive and/or
adhesive requirements are satisfactory?

The literature rarely refers to the strength
required to bond fragments of paint to the
underlying support and conservators rarely
select adhesives based on their strength. Given
that cohesive strength is not always a measure
of the adhesive properties, adhesive testing is
also required. The bar charts in Tables 3 and 4
clearly show the average adhesion strength of
many of the adhesives tested (with a variety of
concentrations and in different solvents) as a
function of the substrates bonded.
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Hide glue

o Linen to linen: the average peel force per
width required to separate linen when
bonded with a 10% solution of hide glue is
4.39 N/cm. Considering that 1 newton (N)

corresponds to a weight of about 102 g, it
takes a weight of about 448 g/cm to peel
linen bonded with hide glue apart. The peel
strength developed for that same sample at
85% RH is about 1.60 N/cm when it should
have been expected to be a much lower
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bond strength given the loss of all cohe-
sive properties at levels of RH above 80%
for hide glues. Similarly, the peel force per
width for the same linen bonded with the
same hide glue but in a 5% concentration
is about 2.49 N/cm (slightly more than half
of the peel strength of the 10% solution).
This reinforces the idea that cohesive tests
of an adhesive are not indicative of its bond
strength.

Linen to polyester: the average peel strength
when using a 10% solution of hide glue to
bond linen and polyester mat is identical
to the linen even if the tests results show
that there is a little more spread in testing.
Again, this is surprising since the polyester
is non-absorbent and therefore it must be
concluded that the bonding mechanism for
the hide glue is largely mechanical in that
it is surrounding and entangling the textile
fibres.

Linen to brown Kraft paper: the force per
width needed to split the brown Kraft
paper with no adhesive application aver-
ages 0.45 N/em. The 10% hide glue
solution and the Kraft paper peel test
show average strengths of 1.60 N/cm. This
is considerably less than the bond strength
of the linen of 4.39 N/cm. A higher paper
bond strength might be expected since
the paper has a very smooth and porous
surface, however the bond strength of the
paper is in all probability as high as the
linen. In the case of the Kraft paper test
with this adhesive (and many others) there
were unforeseen results. Considering that
the Kraft paper is only 0.140 mm (140 pm)
thick, it is significant that the 10% solution
is not fully penetrating it. If the adhesive
were fully penetrating the internal fibres
of the paper, it would require consider-
ably more force to split it apart. On the
one hand, the largest pore size of the Kraft
paper is estimated to be about 5 um, which
suggests that pore size might be a limit-
ing factor for the penetration of the 10%
solution of hide glue. On the other hand,
the solvent (water) is rapidly drawn into

the paper and away from the adhesive,
increasing the adhesive concentration and
causing ‘blocking. This has interesting
implications since it allows an assessment
of the adhesive concentration, depth of
penetration of adhesives, and the effect
of different substrate pore sizes. It is also
noteworthy that the 5% hide glue solution
and Kraft paper bond strength is shown to
be extremely low. In this situation the orig-
inal bond line between the papers failed,
which was probably the result of dry down’
where the contraction of the dilute adhe-
sive fails to bridge the gaps between the
two paper strips.

 Linen to Whatman paper: the Whatman #1
paper is 0.178 mm thick and has a filtering
capacity of 11 um or greater, so this paper
is slightly thicker and has greater pore size
than the brown Kraft paper. Furthermore,
the splitting tests of the Whatman #1 paper
with no adhesive gives an average peel
strength of 0.43 N/cm, slightly less than
the Kraft paper. The peel tests with the
10% solution result in an average splitting
strength of 2.06 N/cm (higher than the
same glue with Kraft paper) even though
this paper is thicker. As with the Kraft
paper, the Whatman paper split inter-
nally along one of the two paper strips. It
is therefore safe to assume that the 10%
solution of hide glue is penetrating a little
further into the Whatman #1 paper than
the Kraft paper. At the 5% glue solution
the Whatman #1 bond line fails at a very
low level of 0.19.N/cm. Again the glue is
drying down during evaporation and not
filling the gaps between the two paper
strips.

Sturgeon glue

Bonding strips of linen together with a 10%
solution of sturgeon glue results in higher
(5.57 N/cm) bond strength than the hide glue
(4.39 N/cm). Bonding papers together with
sturgeon glue has a very similar result when
compared to the hide glue and papers. As with
the hide glue the papers split internally and
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not along the adhesive bond line. Whatman #1
paper showed a higher splitting strength
(2.68 N/cm) than the Kraft paper (1.94 N/cm).
Again, this is perhaps due to the difterent pore
sizes of the papers and the fact that the bond-
ing strength of the 10% sturgeon glue is higher
than the 10% hide glue.

JunFunori

JunFunori is a much weaker adhesive than the
hide or sturgeon glue and all tests reflect this.
The JunFunori was used in these tests as a 6%
solution. The strengths of bonding linen and
polyester together with JunFunori are con-
siderably lower than those when using hide
or sturgeon glue. Nevertheless the difference
between the linen and polyester is small. The
average peel strength is very low for both sub-
strates and the linen strength is slightly higher
than the polyester. On the other hand, the
strength of bonding Whatman #1 and brown
Kraft paper together with the 6% solution was

o0

very low and the papers split internaily; the
splitting strength was barely higher than the
same paper when no adhesive was applied.

Beva 371

In the tests conducted here, the Beva 371 was
applied undiluted and no heat was used. The
sample substrates were simply pressed together
and allowed to dry. The bond strength using
the Beva 371 with linen and polyester sub-
strates is very high, even higher than when
using hide or sturgeon glue. As with other
adhesives, Beva 371 did not fully penetrate
the papers and resulted in internal splitting
from the tests. However even though the Beva
371 was used undiluted and as a paste it did
penetrate the papers sufficiently to develop
moderately high splitting strengths.

Aquazol 200/ Aquazol 500
Aquazol 200 and 500 together with some of
other adhesives tested (Acril AC33, Plextol
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B500, Plexisol P550, etc.) showed very little
cohesive strength. The peel strength of linen
bonded with a 10% solution of Aquazol 500
is slightly more than half that of hide glue
and the peel strength of Aquazol 200 is 50%
less than the Aquazol 500. Also, and with
the exception of the Whatman #1 paper, the
bond strength in all cases is fairly good and no
internal splitting of either paper with the 10%
solution was observed. Even if it is unclear why
the Whatman #1 paper did so poorly in the
tests, it is worth commenting here that modest
adhesive properties can be developed even
though there are no cohesive properties for
that material. This again suggests that adhe-
sion is largely a mechanical process with most
of these adhesives.

Penetration test

Figure 6a shows the cro
canvas painting. A baale showmg
be seen in the micro-photograph indicating

-section of a typical
mm can

that the thickness of a section of the ground
and paint layers is only 0.125 mm (125 um).
Accordingly, any cracks, gaps and pores are
going to be somewhere in this range. The gaps
between the linen yarns of Tara linen 5576
can range between 0.028 mm and 0.212 mm,
Older linens tend to have more open weaves
with larger gap sizes (Figure 6b). The crack
opening dimensions on paint films can range
from the very small (0.015 mm) to larger sizes
of 0.2 mm and upwards (Figure 6¢). The sig-
nificance is that the gap and pore sizes can vary
from 0.001 mm to about 0.5 mm. Actual losses
in paint films can become very large.

There are two concerns regarding adhesive
penetration:

1. One major concern is whether adhe-
sives will penetrate small gaps and pores
with small dimensions in the range from
0.00f mm (! pum) to about 0.025 mm
(25 um).
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2. As the dimensions of pores and gaps get
larger there is an additional concern as to
the gap-filling capacity of the adhesive.

This section examines different adhesives,
their solution concentrations and their abil-
ity to penetrate small pore dimensions. At the
same time it will also be possible to estimate
which adhesive concentrations are block-
ing, that is. not penetrating the pores at all
or failing to fill the gaps in the pores. While
Whatman and Kraft papers are not exactly the
same thickness they are quite thin and, inci-
dentally, the ditferences do not become a factor
in this experiment. What will be assumed is
that the maximum pore size of each paper is
approximately that of the largest particle size
the papers will retain when used as a filter.

Hide glue
The application of the different solutions of
hide glue changes the splitting resistance of the
Whatman #1 paper: the stronger the solution,
the higher the splitting forces. The test results
shown in Figure 7a also exhibit some interest-
ing points. Clearly both solutions of the hide
glue are penetrating the 11 pm pores in the
paper and the force required to split the paper
is actually fairly high. Remembering that the
weight of 102 g is about equal to 1 N, the forces
shown are the actual results but for the final
analyses the paper control forces were sub-
tracted from the measured adhesive-paper
forces to give the net influence of applying
adhesive to the papers. For example, the force
needed to split the paper with the 10% solut-
ion of the hide glue is 2.07 N cm whereas the
splitting force for the paper alone is 0.43 N/
cm. The net increase in splitting force due to
the adhesive is therefore 2.07 N/cm minus
0.43 N/cm or 1.64 N/cm. From this point on
all results will be discussed in terms of the net
force increase due to the adhesive. When using
different papers and adhesives different bond-
ing patterns emerge.

For example, Figures 7b and 7c¢ show the

results of testing 5% and 10% solutions of

hide glue with papers of different pore sizes.

In Figure 7b, the net sphtting strength of the
papers is completely dependent on the solut-
ion concentration of the adhesive. For papers
of the same pore size the splitting strength is
scen to increase with the increased solution
concentration. Also shown in this figure is
that the increased pore size permits a larger
amount of adhesive to penetrate. Consequently
the splitting strength is greater for the 11 pm
paper than for the 2.5 or 5 um papers.

Figure 7c shows the splitting strength of the
paper versus the pore sizes in greater detail.
As with Figure 7b, the lower solution con-
centration vields lower splitting strengths for
each pore size. But of interest here is that as
the pore size increases, the splitting does not
increase proportionally. At these low pore sizes
the adhesive is not fully penetrating but as the
pore size increases the bond strength increases
somewhat. Keeping in mind that with a 10%
solution of hide glue it took about 4.4 N cm
to separate two pieces of linen and with a
5% solution it took 2.4 N/cm, the splitting
strengths shown for the papers are still well
below those values. If papers with greater pore
size are used, the strength becomes so high that
it cannot be determined, since it defeats the
adhesive strength of the tape causing the tape
to separate from the paper.

Sturgeon glue

Sturgeon glue has very similar penetrating
properties as the hide glue but it shows much
stronger splitting strengths. This can be a
result of either greater penetration or a simple
increase in the strength of the sturgeon glue
when compared to the hide glue. Results show
that the bond strength is almost proportional
to both the pore size and the solution concen-
tration with the highest splitting strength of
2.25 N/cm using the 10% solution and the 11
um paper. This is an extremely high value and
it was not possible to test this concentration of
sturgeon glue with papers having greater pore
sizes, since the strength of the bond was too
high and there was tape failure. Results reveal
another aspect of the sturgeon glue relating
to the pore sizes discussed with respect to
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actual artworks: when using the 5% solution
of sturgeon glue, the splitting strength levels
off rapidly after a pore size of 11 um. What
is occurring is that this concentration is not
gap filling due to the increased pore size and
the bond strength shows an upper limit of
about 1.1 N/cm. Nearly all the gap and pore
dimensions found in damaged works of art are
greater than 11 pm and gap filling with a 5%
solution of animal glues will present a problem.
It will take multiple applications of the adhe-
sive to assure full consolidation. It is also quite
possible that with the 10% solution of animal
glue, gap filling might be a problem when the
pore size is greater than 40 or 50 um. One
further comment here is that the thickness of
these papers is about the average thickness of a
ground and paint layer found in typical canvas
painting and the adhesives under discussion
are not fully penetrating the papers.

Junfunori

JunFunori when mixed at a 6% concentration
is still somewhat viscous. As a consequence
it presents problems in both penetrating and
gap filling as it dries down. Results show that
initially a small amount of adhesive seems to
penetrate using a 3% solution but the splitting
force is low. As the concentration is increased
there is very little penetration and the adhe-
sive is blocking or left behind on the surface
of the paper. On the other hand, as the pore
size increases the 6% solution begins to both
penetrate and fill the pore gaps. The 3% solu-
tion initially penetrates but as the pore size
increases, it fails to fill the gaps. The splitting
strength of this adhesive is fairly low when
compared to either the hide glue or the stur-
geon glue.

Beva 371

Beva 371 is a mixture of ethylene vinyl acetate,
paraffin wax and ketone resin. Concentrated
Beva 371 is reported to be around a 40% solut-
ion, but with evaporation it is sometimes not
easy to be exact, which is the reason why it

is very difficult to determine exact solution
concentrations, therefore the information
presented below is in dilutions. The tests were
performed using a new can of Beva 371 diluted
1:4 with toluene by volume (1 part concen-
trated adhesive with 4 parts toluene), 1:2 with
toluene by volume, and as supplied in its con-
centrated torm (indicated as 1:0). These are not
10%, 20% and 40% solutions. Results show that
when using small pore-size papers, it requires
high concentrations of Beva 371 to achieve
sufficient penetration to develop significant
splitting strength. As the pore size of the paper
increases, the splitting strength levels out and
then decreases. This means that the adhesive
is unable to fill gaps at larger pore sizes when
using I:1 and 1:2 dilutions. It is therefore best
to use concentrated Beva 371 most of the time
when trying to consolidate a painting in a
fragile condition. In a way this is somewhat
contrary to expectations and it suggests that
the Beva 371 mixture is separating and that
the lower molecular weight material, possibly
the ketone resin, is the only component of the
adhesive that is actually penetrating the papers
and providing adhesive strength.

Aquazol

At a concentration of about 5%, Aquazol 200
has the ability to penetrate 5 um pores and can
be effective, but it cannot gap fill well at 11 um
pore sizes. At a concentration of 2.5% it does
poorly in all pore sizes since it does not fill the
gaps. For pore sizes greater than 5 um it will
require higher solution concentrations. Aquazol
500 can be a very effective consolidant at 5%
solution concentrations in the pore size range
from 2.5 pym to 15 um. For pore sizes greater
than 15 um either higher solution concentra-
tions are required or more than one adhesive
application is needed. In general the strength of
Aquazol 500 is greater than Aquazol 200.

Paraloid B-72
Paraloid B-72 has been used fairly extensively
as a consolidant. For small pore sizes it is
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reasonably effective at concentrations greater
than 10%. It
very small pore sizes well. Results show that
Paraloid B-72 does not fill voids at a 10% solut-

does not appear to penetrate

ion and pore sizes greater than 11 pm.

Piexto! 8500

Plextol B300 penetrates well at the lower con-
centrations (below 20%) and smaller pore sizes
(5-11 um). At these small pore sizes, higher
concentrations tend to block significantly. As
the pore size increases the lower concentra-
tions have difficulty filling the voids and gaps.
Above pore sizes of 5 pm it will require greater
solution concentrations or multiple appli-
cations to develop strength. In general this
adhesive develops good strength.

Conclusions

The aim of this study was to gain insight into
the structural requirements of consolidation
adhesives for easel paintings. Some issues
regarding the adhesive and cohesive properties
of adhesives have been discussed and questions
such as penetration, influence of solvents and
solvent retention have also been addressed.

As this research has shown, the strengths of

the adhesives vary widely in normal environ-
mental conditions (+ 50% RH, £ 23°C). Natural
adhesives have the highest cohesive strengths
and stiffness (modulus) when compared with
the other adhesives tested. Synthetic adhesives
such as Acril AC33, Plextol B500, Akeogard
T35, Aquazol 500 and Aquazol 200 develop
no strength or stiffness regardless of how long
they are allowed to dry. Many of the adhesives
tested develop very little strength or stiffness
including Paraloid B-67 in toluene and Plexisol
P550 in any solvent tested. With the exceptions
of Beva 371 and possibly Paraloid B-72 and
Paraloid B-67, the adhesives are dramatically
influenced by RH.

For some of the adhesives tested, modest
adhesive properties can be developed even
though they have scarce or no cohesive strength.

Even modest cohesive strength in a materiat is
sufficient to enhance the adhesive properties.
This suggests that adhesion is largely a mechan-
ical process with most of these adhesives.

The concentration of the adhesives can also
have a significant effect on adhesion: lower
concentrations yield lower bond strengths.
Critical solution concentrations might exist
below which adhesives lose performance and
this might also be influenced by porosity. The
various types of polymer and their molecular
weights are significant factors that require fur-
ther systematic study. Some of the adhesives
tested however appear not to penetrate most
of the substrates studied, remaining on the sur-
face and failing to act effectively. This could
explain why most of the adhesive and paper
tests showed splitting of the paper.

Finally, tests also showed that solvents can
take a fong time to evaporate from most of the
adhesives tested and that the choice of solvent
can dramatically affect the mechanical proper-
ties of some materials.
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