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Abstract

In the field of cultural objects conservation efficient stabilisation of fragile and failing, multilayered
decorative coatings is a complex and challenging task. This paper introduces a new application of
the standardised double cantilever beam (DCB) test method to improve the understanding of the
mechanical properties of failing material and to determine the effect of polymeric agents
(consolidants) added for their stabilisation. The adapted DCB method was used to measure the
fracture energy, G, and the fracture behaviour of brittle, protein-bound (gesso-type) foundation
layers on wooden substrates that typically suffer from delamination and flaking. Wooden DCB
specimens containing a brittle layer of protein glue mixed with finely ground clay powder were
prepared, fractured, then consolidated with a range of commonly used polymer formulations, and
finally re-fractured to provide measurements for direct comparison. Consolidants tested included
gelatine-based glues (bovine hide glue, isinglass; both pre-stained with Fast Green dye), acrylics
(Lascaux Medium for Consolidation, Paraloid B-72/B-48N), poly(vinyl acetates) (Mowilith 50,
Mowilith DMC2) and poly(vinyl alcohol) (Mowiol 3-83). Before second-phase fracture cross
sections were taken from the DCB specimens for determining penetration depth and gap-filling
ability. For better visibility, the specimens containing acrylics were stained with Solvent blue G dye;
iodine potassium-iodide was used for staining the other synthetic consolidants. The resulting data
showed that the test method could determine measurable differences between initial G, (47+£22
J/m?) and post-consolidation G,. values. Also, penetration behaviour could be well characterised
and valuable, detailed information on the type and location of crack path propagation was gained.

Parts of this paper have previously been published in the conference proceedings of the ICOM-CC
Triennial Meeting, Lisbon 2011 [1], and the CCl Symposium ‘Adhesives and Consolidants for
Conservation’, Ottawa 2011 [2].

Keywords

Fracture energy, consolidation, DCB, adhesive testing, multi-layered coatings, mechanical
properties.



1. Introduction

1.1 Background

Decorative coatings on wooden substrates are found on a great variety of cultural (art) objects
throughout the world, ranging from furniture and sculptures to panel paintings and architectural
elements. Characteristically, many of these coatings are composed of multiple layers which often
consist of different materials that have greatly varying properties. Upon ageing and exposure to
unsuitable environmental conditions, these coatings can degrade and lose their physical integrity.
Over time, this can lead to increasing damage and may eventually render the objects entirely
unsuitable for their intended use. The ageing processes and subsequent failure of such structures
are typically of a complex nature, but are often manifested in the development of delamination and
lifting of coating layers.

To preserve these coatings and objects, efficient stabilisation of their fragile and failing elements is
required. This, however, is a complex and challenging task. In the conservation of cultural heritage
objects, high demands are made on the polymeric stabilising agent (the consolidant) used to
achieve effective strengthening of the decorative coatings:

In many cases where porous materials require stabilisation, the polymeric consolidant added to the
structure is required to serve two functions. Firstly, the polymer acts as an adhesive where layers
are delaminating due to adhesion failure or fracture between individual layers of the structure.
Secondly, it acts as a consolidant (i.e. strengthening agent) within one or several layers that are
disintegrating due to cohesion failure within the layer material itself. As in practice the actions of re-
adhesion and internal material strengthening can rarely be strictly separated from each other, the
same polymer may often be used for both purposes. However, to ensure good gap-filling and/or
penetration respectively, the concentrations and viscosities are often adapted.

Furthermore, a suitable stabilisation treatment should not only appropriately strengthen the object,
but also slow down significantly its further course of deterioration. This means that no additional
degradation should be induced by the material added during treatment or in the future, as specified
by the relevant professional standards and guidelines [3, 4]. Conservators are hence required to
predict the performance of a potentially suitable consolidant, which in turn necessitates a thorough
understanding not only of the properties of both the consolidant and the fragile material in isolation,
but also of the stabilised material as a composite.

Unfortunately, information on these characteristics is usually scarce or entirely unavailable, as the
component materials of art objects are rarely standardised: they are generally inhomogeneous, as
they are frequently sourced from natural sources that can be variable and typically produced and
processed by hand in little standardised or poorly documented ways. Consequently, reliable
technical data on the object’s materials are often unknown [5; chapter 4]. Furthermore, by the time
such objects require conservation, the materials are usually aged and their properties will have
changed in various ways and to varying degrees [6, 7; chapter 8].

In addition to the lack of information on the material to be consolidated, the properties of the
polymeric consolidants and adhesives available are mostly, if at all, known only for the bulk
material, but not when dispersed in a porous coating and potentially containing numerous voids [8].

This paper therefore investigates a new approach for the evaluation of the performance of the
polymer formulations employed to consolidate fragile decorative coating structures, by looking at
the fracture properties of a model coating before and after consolidation. Here the polymer is
required to act both as an adhesive and as a consolidant. For illustration purposes this research



was performed on model East Asian (urushi) lacquer coating structures containing protein-bound
foundation layers. These present a typical example of multi-layered decorative coatings that are
highly prone to delamination and flaking [9].

1.2 Conventional strength of materials testing versus the fracture mechanics approach

In the field of art and decorative objects conservation, the strength properties of materials are most
commonly characterised in bulk using quasi-static tensile, compressive or flexural tests [10-14],
whilst adhesive joints are usually analysed using peel, tensile or shear tests [15-23]. However,
whilst these tests are simple to perform, they are not necessarily ideal for evaluating polymers for
conservation purposes, as they do not characterise well the performance of these polymers as
consolidants. Firstly, the strength values gained from conventional tests are dependent on the
specimen geometry and the test conditions used, thus not allowing for universal comparison. For
example, the tensile strength of brittle materials varies depending on the depth of scratches on the
surface. Secondly, these tests often do not satisfactorily model the failure observed on real-life
objects. For example, it is easily acknowledged that an adhesive joint between two carefully-
prepared, clean, flat surfaces (as required for most conventional mechanical strength test
specimens) will perform significantly differently from that between two fractured, rough surfaces
that need consolidation and re-adhering. Furthermore, the fracture properties and the forces
leading to failure differ depending on the direction of specimen loading. It is therefore important to
consider which loading conditions in mechanical strength tests will provide stresses that most
suitably simulate those which lead to failure in an object during service.

In multilayered coatings the inter-laminar plane has the lowest resistance to fracture, so failure
generally develops parallel to the laminar structure. Consequently, the most likely failure scenario
for a coating would be delamination in mode |, which of the three loading conditions requires the
least amount of energy to induce fracture [24; p. 311]. The pervasiveness of this fracture mode on
real-life objects was observed during a survey of damaged East Asian lacquer-coated furniture in
the collection of the Victoria and Albert Museum in London, which identified severely delaminating
and flaking coating layers on a range of objects [5,9]. With regards to the re-adhesion and
consolidation of such layered structures, which are desired to fail in the future along the line of the
already consolidated fracture, if at all, and not by failure in new areas, it is thus a useful approach
to investigate the fracture resistance of a coating material under mode | conditions. Only fracture
mechanics can characterise this failure adequately, as the testing does not initiate immediate
catastrophic fracture but rather slow failure as seen in real objects.

2. Materials and Methods

2.1 Mode | testing

Although the basics of the test method outlined here is well-known in adhesives testing, e.g. [25—
31], the novelty of its use for conservation and the variations used in the present work demand that
a fuller explanation of the technique is provided.

The fracture energy in mode | (G,¢) is an independent material property. To measure G, a rather
simple specimen, the double cantilever beam (DCB) specimen, is tested in tensile loading following
a standardised method [32]. Details of the specimen containing the material or joint to be tested
between the substrates are given in Figure 1. The DCB is pre-fractured to a few millimetres beyond
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the starter foil to create a sharp crack tip. This pre-cracking is essential as G,. values measured
from the insert may be unrealistically high as even a thin insert may be insufficiently sharp for
brittle materials [33]. After full unloading the specimen is re-loaded and crack propagation is
monitored, whilst recording the applied load and displacement. These data allow the energy
required to initiate and propagate a crack to be calculated. Additionally, information is gained on
the stability of the crack growth, indicating whether a crack grows catastrophically or in a slow and
steady manner. DCB specimens with sufficiently long substrates allow the uniformity of the
material or the adhesive bond to be evaluated, as crack initiation and arrest can be observed
repeatedly over a considerable distance.

— Load line Fig. 1 DCB specimen with end-blocks
Adhesive layer Spacer according to BS7991 [32]. I: total specimen
{fotindiatioh) (steelwire) 1angth (150 mm); h: thickness of the wood

h substrate (4 mm); h,: thickness of the
adhesive (foundation) layer; H: thickness of
the end-block (13 mm); ay: starter foil length
from the load line (30 mm); a,: pre-crack
length, measured from the load line to the tip
of the pre-crack; a: crack length, measured
between the load line and the observed
crack tip (> 30 mm)

End block

h | T Y

10 11 12 . 13 &5

Starter foil
Substrates White paint
(pine wood) with 1 mm
increments
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A significant advantage of this test method is that the specimens can be repaired after initial
fracture and be re-tested. During the first experiment, information is gained on the fracture
behaviour of the coating material. If the specimens are then consolidated with polymer formulations
and fractured a second time, data on the composite's (i.e. the artist coating material/polymeric
consolidant) fracture and mechanical properties after consolidation are obtained. This allows a
direct evaluation of the changes in mechanical performance of the coating induced by the tested
consolidant.

2.2 Test specimens

The test specimens were designed and prepared in a procedure that was based on traditional
practice, but was adapted to provide more controlled uniformity and reproducibility. Two types of
test specimens were prepared: firstly, a very simplified type (Type A) containing an ‘adhesive' layer
made from a mixture of mammalian hide glue and Japanese clay powder (gesso-type foundation)
between two wood substrates. A second type of samples (Type B) incorporated an additional
lacquer layer between the foundation and one of the wooden substrates.

For the DCB specimen substrates, boards (lamina) of 5 mm thickness were cut with a circular saw
from a flat-sawn, finely grained, knot-free and well-seasoned log of Québec yellow pine (Pinus
strobus) at 3° to the wood grain. The latter ensured a consistent modulus of elasticity in each beam
and helped direct the crack away from the substrates during testing, e.g. [34]. Two boards of
consecutive lamina were paired together, orientating the grain angle in a 'V'-shape towards their
boundary (Fig. 2).

The foundation was a mixture of bovine hide glue (Kremer Pigments) and the Japanese clay
powder tonoko (Dictum). A 10 weight percent (wt%) solution of hide glue was prepared by stirring
at 60 (x1) °C water temperature for 30 minutes. The finely ground and sieved tonoko was slowly



added to the warm glue solution to a weight ratio of 1:1. The mixture was filtered through fine
gauze (15 den polyamide tights) and swiftly applied to the wood boards in an approximately
0.5 mm thick layer using a soft-haired brush.

wood grain direction
in lamina pairs

Fig. 2 (a) Cutting of laminae from pine wood
log at a 3° grain angle, (b) pairing of
consecutive laminae showing V-shaped
alignment of wood grain on the length-side
surface

For the Type A specimens, the warm foundation mixture was applied to a pair of wood boards of
dimensions 150 mm by 78 mm. A 12.5 um thick polytetrafluoroethylene (PTFE) starter foil was
immediately placed at the end of one coated board (at the open side of the 'V' shaped grain-angle)
and two 0.25 mm diameter stainless steel wires were positioned at each end as spacers (Fig. 1).
The second board was then placed on top (foundation side down) and the bonded specimen board
was moved into a steel press pre-warmed to 30 °C, where it was left under a pressure of
approximately 0.4 MPa at 21.0 (£1.5) °C for 16 hours.

Type B specimens were prepared by applying the warm foundation mixture in two consecutive
layers to only one board of each substrate pair. After drying, the foundation was ground with 150
grit emery paper until the surface was even and then coated with five layers of East Asian lacquer
(Chinese ki urushi, Watanabe-shoten/Tokyo), applied in the traditional manner in very thin layers
using a v-shaped Japanese human hair brush. In-between each application the specimen board
with the lacquer coating was placed inside a humidity chamber at 74.0 (x1.5) %RH at 21.0 (£1.5)
°C for the lacquer to polymerise. A PTFE starter foil was incorporated at one end of the specimen
board after application of the second lacquer coating layer. The second wood substrate was
subsequently adhered to the top lacquer surface using a room-temperature curing epoxy adhesive
(Araldite 2015, Huntsman) and the specimen placed in a press at a pressure of approximately 0.6
MPa at room temperature for 24 hours.

The DCB specimens were cut from these sandwiched boards using a bandsaw, and ground using
150 grit emery paper to final dimensions of 20 mm in width and 150 mm in length. All specimens
were equilibrated at 53.0 (£1.5) %RH at 21.0 (x1.5) °C for three months before testing. The
specimens were weighed at regular intervals, and full equilibration was determined after 2 months
when their mass ceased to change significantly (i.e. changes of <0.0015 % per 24 hours).

Before testing, aluminium end-blocks were attached using a cyanoacrylate adhesive (Loctite super
glue, Henkel). A thin coat of proprietary solvent-based white paint (correction fluid) was applied
across each specimen’s bond-line with a paper scale marked in 1 mm increments for easier
monitoring of crack propagation during testing (Fig. 1).



Table 1 Consolidants used for DCB specimens. The letters in the set numbers denominate the
type A or B specimens that were tested

Polymer Solvent/ Concen- | Ref. Set Stain

e diluent tration No.

e [Wt%]

Isinglass water 10 [50] Al Fast Green (0.1 wt%),
(from sturgeon-bladder) Bl added to consolidant
Fish glue water 22.5 [48,51, | A2 Fast Green (0.1 wt%),

c (proprietary, cold-liquid) 52] added to consolidant

%_" Bovine hide glue water 10 [50,53] | A3 Fast Green (0.1 wt%),

a B3 added to consolidant
Isinglass/wheat starch water 13.3 [42,43] | A4 Fast Green (0.1 wt%),
paste B4 added to consolidant /

cross-section stained with
Lugol’s solution
Paraloid B72 toluene 25 [54-56] | A7 Solvent Blue G, cross-
(EMA/MA/NBMA) section stained with
0.2 wt% in ethanol
(exposure time 10 min)
Paraloid B72 acetone 25 [57] B7 Solvent Blue G (0.1 wt%),

" added to consolidant

% Paraloid B48N toluene/ 25 A8 Solvent Blue G, cross-

G | (MMA/BMA) xylene (1:1) section stained with

< 0.2 wt% in ethanol

(exposure time 10 min)
Lascaux MfC proprietary | 25 [45] A9 Solvent Blue G, cross-
aqueous B9 section stained with
dispersion, 0.2 wt% in ethanol
undiluted (exposure time 3-5 min)

e Mowiol 3-83 water 25 [54] Al0 Lugol’s solution (exposure

E B10 | time 3 seconds)

Mowilith 50 toluene 20 [58] All Lugol’s solution (exposure
time 3 seconds)

< | Mowilith DMC2 proprietary | 10 A12 | Lugol’s solution (exposure

E (35% dibutyl maleate) aqueous time 3 seconds)

dispersion
+ water

2.3 Choice of consolidants for pre-fractured DCB specimens

After initial fracture (cf. ‘Fracture testing’ section below), the DCB specimens were re-adhered
using various polymer formulations (consolidants) to provide specimens for second-phase fracture.
The polymers were chosen based on a review of the chemical and physical factors that determine
the properties of various consolidants typically used for failing coating structures in the field of art
conservation [5; chapter 4]. The choice comprised polymers from different classes and some
mixtures (i.e. proteins, polysaccharides, acrylics, poly(vinyl acetate) (PVAc) and poly(vinyl alcohol)
(PVAI)) and included both aqueous and hydrocarbon solvent-based (polar and non-polar)
formulations. The exact choice of the polymers was based on successful experience of previous
research reported by the author in the before-mentioned review. Ten different polymer-formulations




were chosen for testing (Table 1). The individual polymer concentrations were tested and selected
in pre-tests so that the formulations had roughly comparable working properties, such as a
sufficiently low viscosity to allow even spreading and were able to bond the specimens without
their failing during simple handling.

2.4 Staining and application of consolidants

Staining was used to indicate the depth of penetration and distribution of the consolidant within the
foundation, by examination in cross-section using microscopy. Where the consolidant could be
stained prior to application, it also indicated the proportion of fracture which occurred in the treated
foundation rather than the unconsolidated coating material.

The protein-based formulations were stained with Fast Green [35, pp. 314-216] and the acetone-
dissolved acrylic with Solvent Blue G stains respectively, prior to application. Cross-section
samples were cut from the far ends of the DCB specimens before second-phase fracture testing
(Fig. 1). The cross-sections were polished and examined with incident visible light using an optical
microscope (Zeiss AxioScope Al, reflected light geometry). The remaining consolidants were
stained on the cut cross-sections, using Solvent Blue G stain in ethanol for the acrylics, and iodine-
potassium iodide (Lugol’s) solution for the starch, PVAc and PVAI consolidants [36], as shown in
Table 1.

The consolidants were applied using a flat, 20 mm wide bristle brush to both fracture surfaces of
four DCB specimens each. Application was with 3 brush strokes of a freshly-loaded brush for each
fracture surface, to give an equal and even distribution of the consolidant. The two beams were
placed together, and the DCB specimen was moved into a press at 23 kPa for 2 days at room
temperature, before being transferred into the humidity-controlled chamber for equilibration as
described earlier. Equilibration times until testing were 2.5 and 3.5 months for type A and B
specimens respectively (the varying times solely being a consequence of testing equipment
availability).

2.5 Mode | Fracture Testing

The adhesive fracture energy, G, was measured according to the British Standard [32] using an
Instron 5584 universal testing machine fitted with a 5 kN loadcell and a humidity-controlled
chamber. The tests were performed at a monotonic cross-head displacement rate of 0.3 mm/min,
and at 53.0 (x0.5) %RH and 21 (1) °C. The applied load at fracture, P, displacement, §, and crack
length, a, were recorded (Fig. 1) and G,; was calculated using the corrected beam theory method
[32]:

G -0 F )
2B(a+ |A|) N

where B is the specimen width. The correction factors A, F and N correct for the beam not being

perfectly built-in at the crack tip, for large displacements, and for the stiffening effect of the end-

blocks respectively. Their values are specific for each specimen, and are calculated as defined in

the Standard [32]. The data analysis was undertaken using a spreadsheet provided by Blackman

and Kinloch [37, 38].



3. Experimental Results

3.1 Introduction

To establish the effect of the consolidants on the fracture behaviour of the specimens, the fracture
surfaces and fracture energy values, measured after consolidation, were compared to those from
the initial testing. Complementary data on the distribution of the consolidants in the foundation
were gained from cross-section analysis:

PTFE starter foil area for testing fracture criteria

foundation precrack area cohesive failure interfacial / adhesive failure 20 mm

Fig. 3 DCB specimen fracture surfaces of the foundation material after initial testing showing typical failure

3.2 Results of initial fracture of the foundation

During initial testing of the foundation, the DCB specimens mostly exhibited stable crack
propagation. In a few instances, some unstable fracture was observed during testing where the
crack jumped, propagating fast over a short distance before arresting. These instabilities, caused
by inhomogeneities in the material, were mainly associated with variations in the fracture paths.
The latter had either propagated mostly cohesively through the foundation layer, or adhesively
(interfacially) between the foundation and the wood. Most commonly, the fracture surfaces on a
single specimen showed both cohesive and interfacial failure (Fig. 3). Where cohesive failure
occurred the fracture path was observed to often propagate on varying levels through the layer.
The fracture surfaces display a striking resemblance to those found on real-life objects involving
similar foundation layers, which often show complex failure patterns featuring both cohesive failure
on multiple levels and interfacial failure (Fig. 4).

The variable crack growth stability in the DCB specimens observed during testing clearly showed
in the analysed data. For stable crack growth, the load versus displacement graph shows a
relatively smooth decrease in load during crack propagation whilst the crack length increased
almost linearly. A typical example is shown in Fig. 5 (square data points/stable data). The graph
plotting the calculated fracture energy values versus the crack length shows uniform propagation
close to the mean value (Fig. 6). In contrast, the unstable crack growth observed in a small number
of specimens gave a less-smooth decrease and more variation in the graph of G; versus a,
together with a step-like rise of the a versus & graph. An example of very unstable crack
propagation is given by the red curves (diamond data points/unstable data) in Figures 5 and 6. As



these instabilities had little effect on the overall measured G,. values, this behaviour was deemed
acceptable for such an inhomogeneous material and the measured values were simply averaged.

Fig. 4 Detail of typical coating
loss on a 19™ century Japanese
export-type lacquer cabinet in
the V&A collection (V&A 303-
1876, courtesy of The Victoria
and Albert Museum London)
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Fig. 5 Load-displacement and crack length- Fig. 6 Fracture energy versus crack length curves for
displacement curves for two DCB specimens during the same specimens as in Figure 5 during initial frac-
initial fracture showing stable and unstable crack ture, showing near constant G,. over specimen length
growth [1] for stable fracture and variable G,. during unstable

crack propagation [1]

The average fracture energy of all tested protein-bound foundation layers was 46 (+12) J/m? for
type A and 47 (+22) J/m? for type B specimens. Apart from the higher standard deviation for type B
specimens, which is not unexpected for such inhomogeneous material [34, 39] there is no
significant difference between the measured G, values, and hence 47 (+22) J/m? will be used from
here on. This is a typical value for such a material. Numerical values for the fracture properties of
composites made from mammalian glue with mineral particle fillers are not available for
comparison; however comparative data may be drawn from other highly filled polymers. Friedrich
and Karsch [40], for instance, demonstrated that above a filler concentration of 15 vol% the



fracture energy of silicon dioxide-filled polypropylene decreased rapidly, reaching similarly low
values at high filler concentrations as the mammalian glue-bound foundation in the present study.

DCB type A (a)

(b)

cross-section sample
(removed before refracture)

DCBtypeB (0)

(d)

cross-section sample
(removed before refracture)

Fig. 7 DCB specimens after initial and second-phase fracture; (a) specimen type A after initial fracture; (b)
after second-phase fracture post consolidation with isinglass/starch stained with Fast Green; ¢) DCB type B
after initial fracture and (d) after consolidation with Lascaux Medium for Consolidation. The fracture surfaces
of (b) show some new cohesive failure (CF) mainly in unconsolidated (unstained) areas of the foundation, as
well as little new interfacial, i.e. adhesive failure (AF) between foundation and wood substrate, and some
failure between the old, re-adhered fracture surfaces. The fracture surfaces of (d) show predominantly new
cohesive failure on varying levels within the foundation layer and little new interfacial/adhesive failure
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The aim of the initial testing, to produce DCB specimens with fracture surfaces that provide
appropriate specimens for the further testing of consolidant performance, was thus achieved. After
this round of testing, all specimens were consolidated as described above and second-phase
fracture testing was undertaken.

3.3 Results of second-phase fracture after consolidation

The retesting of the consolidated specimens gave more variable data than the initial testing. This
variability resulted from more unstable crack growth due to increased specimen inhomogeneity,
which was expected from a damaged, porous material stabilised by simple brush-application of a
consolidant which may not have penetrated fully through the foundation. Nevertheless, the overall
reproducibility of the data was reasonable. Clear trends could be deduced, and direct comparison
between the calculated G values, the fracture surfaces, and the crack growth rate stability from
pre- and post-consolidation testing gave valuable results on the effects of the polymer formulations
used as consolidants. The following sections will summarise the results and present examples of
typical data for illustration purposes.

3.3.1 Fracture surfaces

Examination and evaluation of the fracture surfaces was undertaken by eye and using a jig with
gridlines to calculate area percentages of failure types. The percentage of new failure created after
second-phase fracture gave information on whether the fracture occurred within the bondline
between the old fracture surfaces or in entirely new areas of the foundation. These results
indicated whether the consolidants were efficient bonding agents for joints of the old fracture
surfaces and whether they were likely to facilitate the undesirable failure of new areas of the
material. This is important because conservation is usually aimed at creating bondlines that
effectively stabilise or strengthen the structure but that tend to be weaker than the surrounding
original material, so as to avoid or limit any new damage in original, yet unfractured parts of the
object upon further exposure to unfavourable environmental conditions and situations [3, 4, 15].

Figure 7 shows examples of typical DCB specimen types A and B after initial (Fig. 7a and c¢) and
second-phase fracture (Fig. 7b and d). The differences in the fracture paths are readily discerned:
the fracture surfaces show a high proportion of cohesive failure (CF, fracture within the layer) partly
within the consolidated (green-stained in Fig. 7b, darker areas in Fig. 7d) and unconsolidated
areas (unstained areas in Fig. 7b, lighter areas in Fig. 7d) of the foundation, as well as some new
interfacial, i.e. adhesive failure (AF) between the foundation and the wood substrate, and some
failure between the old, re-adhered fracture surfaces. A summary of the results for all specimen
sets is presented in Figure 8.
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Fig. 8 Percentage of failure in new areas of the DCB specimens recorded after second-phase fracture. The
remaining failure developed within the bondline, following the fracture path from initial testing either within
the bulk consolidant or within the joint starved of consolidant/adhesive. Error bars indicate + one standard
deviation

3.3.2 Fracture energy

The average G, values for all specimen sets before and after consolidation are summarised in
Figure 9. The very first bar in each chart represents the overall mean fracture energy of all the type
A and B DCB specimens during initial fracture (47 J/m?). The consecutive pairs of bars refer to the
initial and post-consolidation fracture of the four specimens used in each set. The right-hand bars
of each set indicate the performance of the consolidants, i.e. the averaged fracture energy for the
set, assuming that all the test specimens were more or less equal in their properties before
consolidation treatment. Comparison of the initial and post-consolidation bars enables a direct
evaluation of the overall consolidation performance for each set.

To account for the large variability in the inhomogeneous samples across each individual set and
to correct the absolute mean G, values from the systematic error contained within, the relative
changes in fracture energy (for each individual specimen before and after consolidation), AG,,
were also compared, as shown in Figure 10.

From the bar graphs in Figures 8-10 it can be seen that the cold-liquid fish glue (set A-2), the three
Paraloid solutions (sets A-7, A-8 & B-7) and the Mowilith 50 (set A-11) all failed to strengthen the
specimens. Figure 8 shows that fracture almost unanimously occurred in the bondline, due to the
consolidants' lack of adhesive and/or gap-filling abilities. In the specimens consolidated with the
fish glue (set A-2) and the Mowiol 3-83 (sets A-10 & B-10) less than 2 % of the fracture surfaces
were located in previously unfractured areas of the specimens, whilst the specimens consolidated
with the Paraloid solutions showed virtually no failure outside the bondline of the re-adhered
surfaces. No significant difference at all was observed in the performance of Paraloid B72
dissolved in acetone (set B-7) and those Paraloid formulations dissolved in the benzenes (toluene
and toluene/xylene). Even though differences in the mechanical performance of the consolidants
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Fig. 9 Mean fracture energy, G, values for each DCB specimen set of (a) type A and (b) type B, before and
after consolidation. Error bars indicate + one standard deviation (Fig. 9a, [2])

could have been expected due to the differential polarity and solubility parameters of the solvents,
e.g. [7, chapter 12], these did not show in these tests (see also Figs. 9, 10). This similar behaviour
may hence be fully attributed to the insufficient gap filling ability of the Paraloid solutions, which
had left the joints starved of adhesive despite their relatively high solution concentration of 25%
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solid content. This suggests that single applications of solvent-based consolidant-formulations may
be insufficient to re-adhere such porous fracture surfaces.

The PVAI Mowiol 3-83 displayed some degree of strengthening, despite not being able to restore
G, to the original level measured during initial fracture (Fig. 9). Results for types A and B
specimens were practically the same, both showing failure almost entirely within the bondline (Fig.
8) and at G levels of around half their original value.

The remaining protein-based consolidants (except for the cold-liquid fish glue) showed partly
similar and partly differing performance. For the type A specimens (sets A-1, A-3 & A-4), all the
consolidants showed overall fracture energy values more or less equal to those measured during
initial fracture (Fig. 9). As would be expected, only the scatter of the data tended to be larger after
consolidation. The AG,. values for type A specimens were generally small (Fig. 10), indicating no
significant changes.
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Fig. 10 Effect of consolidants expressed as mean relative changes in fracture energy, AG,,, measured
during second-phase DCB testing. Error bars indicate + one standard deviation

At first glance, the behaviour of the protein-based consolidants appears to differ between the type
A and type B specimens. The isinglass and hide glue seem to show opposite results for AG..
However when the experimental variation is considered, the results are fully within the range of the
standard deviation of the type B specimens, which is relatively large (Fig. 10). Thus the respective
positive and negative changes are not contradictory. Both consolidants also showed similar
amounts of fracture in new areas of the specimens (Fig. 8). However the isinglass/starch achieved
exceptionally high levels of new failure in the type B specimens, also reflected in the significantly
higher fracture energy values for the type B specimens compared with type A. The generally higher
mean fracture energies for type B specimens than for type A raise the question of whether the
longer equilibration times for these specimens played a significant role in achieving higher values
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during fracture testing. It is likely that the additional month of curing for the consolidants continued
to toughen the specimens.

The largest average increases in G, were measured for the polymer dispersions Lascaux Medium
for Consolidation (acrylic, set A-9 & B-9) and Mowilith DMC2 (PVAc-based, set A-12). Levels well
above 100% of their original value were reached for the type A specimens, whilst for type B the
Lascaux MfC showed mean increases up to 180% (Fig. 10). Lascaux MfC displayed an overall
greater percentage of fracture in new areas of the foundation compared with Mowilith DMC2 (Fig.
8). Together with a greatly increased fracture energy relative to that of the unconsolidated
foundation (Figs. 9-10), this implied that the Lascaux MfC had not only re-adhered the fracture
surfaces well, but had also effectively strengthened the foundation layer far beyond its original
properties.

Again, the significantly increased G, values for Lascaux MfC type B specimens were attributed to
the longer equilibration time of the samples. The mechanical properties of polymer dispersions
were shown to change significantly during the first (at least 3.5) months after application [5].

3.3.3 Penetration behaviour

A qualitative indication of each consolidant’s performance was gained by measuring the bondline
thickness and assessing the penetration ability of the consolidants by cross-section microscopy of
the DCB specimens. The penetration depth was ascertained from the micrographs by evaluating
the distribution of the individual stains used. Intense- or dark-coloured areas were interpreted as
containing a high consolidant concentration, and areas appearing lighter-coloured as containing
lower concentrations. In many cases the penetration was graduated from high at the bondline to
low further away from the bondline. Here the penetration depth was measured to the furthest point
where the stain was still discernible with the human eye using the microscope. In the specimens
containing the protein consolidants pre-stained with Fast Green it was assumed that the stain
distribution was not biased by chromatographic effects.

The average foundation layer thickness before consolidation was 0.32 mm for both type A and type
B (excluding the lacquer and epoxy polymer layers). Examples of typical cross-section
micrographs are presented in Fig. 11. A type B specimen consolidated with isinglass/starch,
stained with Fast Green is shown in Fig. 11a, and displays almost complete penetration of the
stained consolidant through the entire foundation layer down to the wood interface. Figure 11b
presents a type A specimen consolidated with Lascaux Medium for Consolidation, stained with
Solvent Blue G, that demonstrates more limited consolidant penetration (in the grey-blue zone)
marked with a double-ended white arrow. The single (white) arrows mark the bondline between the
re-adhered fracture surfaces.

Broad trends of consolidant bondline thicknesses and penetration depths were established for
each DCB specimen set, and the results are summarised in Table 2. The data give the overall
mean results for both specimen types A and B. This summary shows that the non-aqueous
consolidants mostly displayed insufficient adhesive bonding between the fracture surfaces and
thus failed at the given concentrations as effective consolidants for fractured foundation layers. As
mentioned earlier, this is explained by the fact that non-aqueous consolidants do not soften and
swell the foundation layers, preventing imperfectly fitting fracture surfaces to adjust adequately to
one another, and that single applications of solvent-based consolidants may be insufficient for
preventing starvation of joints between highly porous surfaces. These findings are supported by

Lencz’s report [41] that multi-stage applications of acrylic solutions are required to successfully
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consolidate delaminating lacquer coatings. The cross-sections confirm that penetration of the
hydrocarbon solvent-based consolidants is very high, backing the understanding that no effective
bondline can be achieved with a single application. Two examples showing these phenomena are
shown. Figure 11c presents a type A specimen consolidated with Paraloid B48N in toluene/xylene
after staining with Solvent Blue G. A non-uniform distribution of the consolidant, with tide lines,
extends through the entire foundation layer can be seen, with large voids and little consolidant
bridging in the bond-line. In contrast, Figure 11d shows the cross-section of a sample consolidated
with Paraloid B72 in acetone, where penetration into the foundation layer is more limited, but the
bondline between the fracture surfaces is still entirely starved of the polymeric consolidant.

v e Y v

LS P - &
deValions w8 e swee we

- BOH® BB 8.

epoxy resin
lacquer

foundation

Fig. 11 Cross-sections of DCB specimens; (a) type B consolidated with isinglass/starch, stained with Fast
Green; (b) type A consolidated with Lascaux MfC, stained with Solvent Blue G; (c) type A consolidated with
Paraloid B48N in toluene/xylene and (d) consolidated with Paraloid B72 in acetone (type B), both stained
with Solvent Blue G. White arrows on each side of the micrographs mark the bondline between re-adhered
fracture surfaces, the white double-ended arrow in (b) highlights the limited penetration depth.

The protein-based consolidants that were applied as warm solutions, i.e. hide glue (sets A-3 & B-3)
and isinglass (sets A-1 & B-1), demonstrated ideal properties in that they allowed the fracture
surfaces of the foundation layer to fit perfectly (due to softening of the layer). Also, they did not
develop visible bondlines consisting of bulk polymer that could adversely influence the uniform
distribution of mechanical properties in the consolidated layer. The isinglass/starch mixture showed
16



both deep penetration and a significant bondline due to its two-phase composition of dissolved
protein and dispersed agglutinated starch (Fig. 11a). These results confirm previous research by
Breidenstein [42], who suggested after X-ray analysis of iodine-marked isinglass/starch-based
consolidants applied to lacquer panels that isinglass/starch formed relatively thick adhesive layers
underneath readhered lacquer flakes. A study by Springob [43] that had shown starch to be an
effective thickening agent for isinglass was also confirmed.

Table 2 Summary of penetration and fracture behaviour of consolidants (mean values for type A
and B specimens)

Consolidant Concen-| Bondline | Penetration depth | Gap Fracture Bondline
© tration thickness into into | filling energy, G | failure
S foundation | wood | ability
- [wt%] [Hm] [Hm] [Hm] [J/m* SD | [%] SD
Isinglass 10 - 130-170 | <50 | n.a* 53 (x29)| 75 (x20)
(in water)
Fish glue starved
E (in water) 22.5 joint 100-200 <50 | poor 8 (x4) | 99 (x2
o .
& | Hide glue 10 - 100-250 | <50 | n.a* 48 (+19)| 80 (+21)
(in water)
Isinglass/ starch | ;55 | 1599 130-270 | <50 | excellent| 66 (£33)| 36 (+32)
(in water)
Paraloid B72 starved
(in toluene) 25 int 200-320 ? | poor 2 (x0) [100 (x0)
J
Paraloid B72 starved
)] -
£ | (in acetone) 25 joint 100-200 | <40 | poor 4 (£61)] 100 (+0)
G | Paraloid B48N starved
- 2
< (in tol./xyl.) 25 joint 200-320 , poor 3  (£31)| 100 (x0)
Lascaux MIC | g 20-40 100-160 | <20 | excellent| 109 (£69)| 45 (+34)
(in water)
< | Mowiol 3-83
- - ?
E (in water) 25 10-20 60-250 : good 22 (x12)| 97 (£3)
Mowilith 50 starved
¢ | (in toluene) 20 joint 200-320 <50 | poor 2 (£33)] 100 (x0)
> —
o | Mowilith DMC2 | 4, 30-180 30-50 0 |excellent| 129 (+44)| 68 (12)
(in water)

Note: Any “?’ identifies results that remained unclear due to a lack in visual discernibility between the consolidant and its
adjacent material. ** identifies those consolidants which softened the fracture surfaces as such that no gaps were left
between the bonded surfaces

A similar penetration ability of the water-based and acetone dissolved consolidants was also
observed, contrasting with the extensive penetration behaviour of the benzene-diluted (toluene and
xylene) formulations through the full thickness of the layer. This was unsurprising considering the
larger swelling capacity of polar solvents which hinders penetration in materials of the same polar
nature, compared with that of non-polar solvents applied to the a polar system, e.g. [15, 44].

The most efficient gap-fillers were the Mowilith DMC2 and the Lascaux MfC, which also achieved
the highest fracture energy values. However, despite this similarity and a much lower polymer
content of the DMC2 dispersion (10%), they showed rather opposing penetration behaviour, owing
to greatly varying particle sizes. The Lascaux MfC contains relatively large particles of ~0.03-0.3
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Mm in diameter [45], and at least some fraction of this dispersion will have difficulties in penetrating
well into the foundation layer. In comparison, the DMC2 has even larger particles of ~0.3—-2.0 ym in
diameter [46], hence will penetrate least and remain largely on the fracture surfaces, which was
clearly visible in the cross-sections.

4. Discussion

The aim of stabilising a damaged coating layer beyond its original mechanical strength properties
is generally to be approached with careful and critical consideration in the field of art conservation.
This is particularly the case given the difficulties with achieving uniform consolidant penetration,
which was shown to be the case with many of the consolidants tested. Therefore, tough adhesives
and consolidants are not necessarily desirable for many applications. When comparing the
suitability of the various consolidants, all the individual results of the reported tests need to be
taken into account simultaneously, leading to the qualitative summary of the consolidant
performance shown in Table 3.

Table 3 Summary of the consolidant performance for protein-bound foundations of East Asian
lacquer coatings [2]

Consolidant Solvent Concentration Effective Effective Toughening
adhesive penetrant effect
[wi%]

Isinglass water 10 + + 0
Fish glue water 22.5 X + -
Hide glue water 10 + + 0
I;;%'ﬁ ss/ water 13.3 ++ + +
Paraloid B72 toluene 25 X ++ --
Paraloid B72 acetone 25 X + --
Paraloid B48N | toluene/xylene 25 X ++ --
Lascaux MfC water 25 ++ + ++
Mowiol 3-83 water 25 + + -
Mowilith 50 toluene 20 X ++ --
Mowilith DMC2 | water 10 ++ X ++

Note: Fields marked with ‘+’ and ‘++’ specify whether adhesive properties and penetration ability are good or very good,
respectively. In the same columns, ‘X’ indicates the lack of effective adhesion or penetration. The toughening effect
refers to the change in fracture energy, AGc, induced by consolidation and is distinguished by ‘0’ (more or less
unchanged), ‘+’ (increased), ‘“++’ (much increased), ‘-’ (reduced), and ‘--’ (starved joints which gave low Gc values under
these conditions)

With respect to restoring the fracture properties of protein-bound foundation layers of multilayered
decorative coatings which contain protein-bound foundation layers, the most promising results
were achieved by the isinglass and hide glue solutions.

If it is required to re-establish the previous fracture behaviour of the material, a consolidant has to
be chosen that can give similar fracture energy levels after application. This criterion is fulfilled by
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the isinglass and the hide glue, which also showed an average of 25 % of new failure that occurred
in both unconsolidated and consolidated areas of the specimens. This behaviour suggested
relatively uniform fracture properties throughout the foundation layer comprising both
unconsolidated and consolidated areas. Such consolidants would thus be desirable if a fragile
material were to be stabilised and some risk of new damage in surrounding, unconsolidated areas
were acceptable. Addition of starch to isinglass increased the G. of the foundations as it provided
very effective bonding in the joints, however with the disadvantage of creating an even higher risk
for future damage in so far unconsolidated areas of the foundation.

Even though cold-liquid fish glue has often been used for consolidation purposes for its reputed
mechanical strength [47, 48], it cannot be recommended as a consolidant for porous foundation
layers when diluted to 13.3 % solid content. Not only has this study shown its inferiority in
mechanical properties in comparison with other protein glues, but these findings are also
supported by a comprehensive review of previously published data on protein-based glues [49].

All consolidants based on polymers dissolved in hydrocarbon solvents failed at very low loads
between the re-adhered old fracture surfaces due to consolidant starvation. Such consolidants,
which induce very low G values when applied in a single application at the given solution
concentration (e.g. Paraloid, Mowilith 50), may not practically be useful as fracture will reoccur
upon the addition of only a small amount of energy to the system. Such energy levels are easily
reached (and exceeded) during ordinary object handling and could also be induced by RH changes
that give rise to stresses capable of creating further problems. Despite giving relatively low G,
values, almost half those of the original fracture energy of the foundation, the Mowiol 3-83 may still
have useful properties. This formulation has the advantage of failing reliably and almost entirely
within the bondline, whilst providing some, albeit small, degree of stabilisation. Thus, if reliable
fracture within areas of previous damage is categorically desired, a consolidant like Mowiol 3-83
may be an appropriate choice.

Similar considerations apply to the consolidants that demonstrated very effective bonding between
the re-adhered fracture surfaces, inducing large increases in resistance to fracture of the stabilised
foundation, i.e. Lascaux MfC, Mowilith DMC2, and (to some degree) isinglass/starch. Such high
strength improvements may be desirable in specific cases, e.g. where layers are particularly load-
bearing. However, if these consolidants lack penetration ability entirely (like the Mowilith DMC2) or
fail to disperse uniformly within the structure, they pose the risk of creating areas with very different
mechanical properties within the specimen that might induce further damage with time. This
highlights that it is vital to choose consolidants on the most appropriate balance of properties,
rather than a single criterion.

With regards to equilibration times there are strong indications that the fracture energy for all tested
types of polymer formulations is likely to increase further over time — at least up to a certain extent.
However, the data currently available is still insufficient to draw any comprehensive conclusions of
whether curing of the consolidants continues over a long period. Hence, further research on the
long-term performance of the consolidants will be required.

5. Conclusions

The tests reported in this paper have demonstrated that a fracture mechanics approach to
characterising and analysing the mechanical performance of the consolidants used to stabilise
fragile protein-bound foundation layers offers great potential for the field of conservation. With the

adapted DCB method, the fracture energy (an independent material property) of brittle gesso-type
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foundation layers was successfully measured both before and after consolidation with different
polymer formulations. Measurable differences induced by the consolidants could be established,
despite increased inhomogeneity within the consolidated specimens revealed during second-phase
fracture. Using the same specimen for pre- and post-consolidation fracture tests was shown to be
of great advantage in the testing of inhomogeneous materials such as manually-applied decorative
coatings on wood, facilitating direct comparison between individual specimens and significantly
reducing the scatter of values measured for a complete specimen set. Comparison between failure
loci on the fracture surfaces produced during both test phases, as well as between the stability and
rate of crack growth, provided additional information on the mechanical properties of the material
and the uniformity of the consolidation treatment.

Previously, details of the mechanical behaviour of unconsolidated and consolidated coatings could
not easily and reliably be attained by conservators. This research demonstrates that the
methodology used has a wide scope for gaining a much-improved understanding of the fracture
behaviour of fragile foundation layers and the strengthening ability of different consolidants. This
new approach thus appears to be a promising step towards a better understanding of the fracture
behaviour of fragile coatings and the strengthening potential of consolidant formulations.
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