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ABSTRACT: The mass consolidation treatment of azulejos is necessary when ceramic biscuits show signs of
disaggregation. Such treatment is often used as a complementary conservation technique to the reestablishment
of weakened glaze-ceramic bonds.

In this research, two commonly used consolidants (ethyl silicate and acrylic resin) were tested on artisanal ceramic
tiles via mass consolidation and the resulting impregnation profiles were evaluated. The results indicated that after
consolidation, hard zones frequently formed due to localized consolidant concentration after the polymerization
and curing processes. These inhomogeneous hard zones subsequently influenced the results obtained through con-
ventional mechanical strength testing (i.e. flexural and compression), creating a false impression of success.

This research demonstrated that by using the Drilling Resistance Measuring System, impregnation characteristics
such as penetration depth and distribution of consolidant could be observed that otherwise could not be
discerned through the more common testing methods. As such, a more extensive evaluation of consolidation
effects was achieved.
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RESUMEN: Tratamientos de consolidacion aplicados en materiales ceramicos: ;jSon homogéneos? En la conser-
vacion de los azulejos alterados se utilizan productos con accidon consolidante a fin de recuperar la cohesion
del cuerpo ceramico disgregado. En este trabajo se investiga el efecto de la consolidacion de dos productos muy
utilizados en la practica de la conservacion de los azulejos (un silicato de etilo comercial y una resina acrilica),
aplicados en un material ceramico artesanal. Los resultados obtenidos indican que pueden producirse zonas
con resistencias mayores debido a la concentracion local del producto y, a la vez de un material consolidado
homogéneo, resulta un material heterogéneo. Por otro lado, la existencia de estas zonas puede conducir a falsos
resultados en los ensayos destructivos (resistencia mecanica a la flexion y compresion) utilizados frecuentemente
en la evaluacion de la accidon de consolidacion.

Se demuestra que mediante el uso de la resistencia a la perforacion (DRMS) es posible definir las caracteristicas,
la distribucion y el patréon de impregnacion, los cuales no pueden ser observadas por los métodos cominmente
utilizados.
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1. INTRODUCTION AND OBJECTIVES

Glazed ceramic tiles (azulejos and related deco-
rative plaques) are important cultural heritage
resources in Spain, Portugal, Netherlands, Italy and
many Islamic countries. Often, the conservation of
such ceramics requires consolidation efforts.

The consolidation techniques used on glazed tiles
are diverse and each effort must satisfy a different
objective based on the most relevant repair and/
or degradation issues. Glaze loss is typically a sub-
stantial aspect in the conservation of such ceram-
ics, although it is often also necessary to repair the
ceramic body itself through consolidation. Salt-
laden walls can contaminate glazed tiles and cause
powdering, crumbling, granular disintegration, scal-
ing or flaking of the ceramic biscuit. Such symp-
toms typically justify the need for desalination and
a consolidation action.

Mass consolidation of a ceramic body requires
the use of different solutions and products from
those used as adhesives to repair the glaze-biscuit
connection. When mass consolidation is required,
the consolidant must be able to penetrate the
ceramic voids without creating rigid interfaces. This
is a key parameter in the assessment of a success-
ful consolidation effort and as such, it is important
to evaluate the product penetration depth and dis-
tribution after polymerization and curing. The for-
mation of sharp interfaces where the consolidated
and non-consolidated substrates meet is considered
a potentially harmful result. Differential behaviour
of the two zones has the potential to produce, in the
short or medium term, layer separation and conse-
quential damage in the ceramic.

The level of cohesion is conventionally deter-
mined by measuring changes in mechanical resis-
tance, for example, increases in mechanical resistance
signify increases in cohesion. Destructive testing
methods, such as compressive or bending strength
tests, are usually used for this purpose (1, 2).

However, the consolidant often has difficulty in
fully filling the voids and surface accumulations may
occur as a result (in evaporation zones, for example).
The extent and location(s) of accumulations cannot
be detected with conventional tests, which rely on
bulk analysis and are not depth discriminant.

Differential consolidation can lead to an over-
estimation of the consolidation effect since if an
increase in the mechanical strength is measured, a
potentially harmful result may be wrongly inter-
preted as a beneficial one.

SEM observation (or other and sophisticated
techniques such as neutron tomography) can be
used to assess the penetration and/or distribution
of the product in depth (3). The development of a
technique such as the Drilling Resistance Measuring
System (DRMS), which measures hardness in
depth, is a particularly relevant tool for assessing

bulk consolidation efforts. Originally developed for
stone conservation (4), DRMS has been used to
characterize and analyse other materials (mortars
or wood) and for other purposes where hardness
in depth is relevant (such as determining salt distri-
bution in depth). However, adequate adjustments
of the drilling procedure and interpretation of the
results is necessary to garner useful conclusions.

In this particular case, the objective was to evalu-
ate the penetration characteristics of consolida-
tion products applied to ceramic bodies as a first
step in evaluating the consolidation action in these
substrates. The following methods can also be used
to characterize the resistance of the ceramic body
itself, allowing for a comparison amongst different
materials (5).

This research was conducted in order to clarify
preliminary results which indicated an inhomo-
geneous distribution of consolidation treatments
applied by capillarity (6). Micro-drilling tests were
therefore performed in order to evaluate the distri-
bution of a given consolidant in a ceramic similar to
glazed tile biscuits.

2. PRODUCTS AND METHODS

The selection of consolidation products to be
tested was based on three criteria: extensive use in
practice (7); claimed high penetration depth; and
partial compatibility with the ceramic body com-
position. Two products were ultimately chosen.
Paraloid B72", an acrylic resin, is currently the most
commonly used consolidation material (7). Ethyl
silicate-based products, including acid silicate esters
such as TEOS (tetraecthyl orthosilicate), are also
frequently applied (6, 7) and claim high penetra-
tion depths. Paraloid B72"° was tested in 1, 3 and
5% (wt) dilution condltlons using acetone as a sol-
vent. Tegovakon V* (TG), aTEOS was tested in its
ready-to-use state, already diluted in white spirit (for
composition details see (8)).

The products were applied to the ceramic speci-
mens through immersion, the method most com-
monly used in practice for mass consolidation in this
field. It is also one of the methods recommended for
laboratory testing to avoid the operator error which
can occur during brush application (6).

The ceramic bodies selected for testing were semi-
artisanal tile biscuits produced by New Terracotta
Lda. The physical characteristics of the biscuits are
presented in Table 1.

Small pieces (65x30x9 mm”®) were cut from larger
square units (130x130x9 mm). The biscuit specimens
were oven dried at 60 °C for a minimum of 78 hours.
The specimens used for TG consolidation were pre-
conditioned in a humid environment (~90% RH) for
three days in order to stabilize the mass.

The consolidation products were applied by
immersion over a four hour period. The samples
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TABLE 1. Physical properties of ceramic bodies

Mean Standard Number of
value deviation specimens

Open porosity (%0)* 37.6 0.2
Real density (kg.m)* 1676 5 10
Maximum water content (%)*  22.4 0.2
Bulk density (kg.m)* 2686 10 10
Bending strength (MPa)** 17.9 4.6 73

Tested according to: * (9); ** (10)

were laid horizontally on rods in a vessel and the
consolidants were added slowly, allowing for absorp-
tion in partial immersion conditions for the first
ten minutes before being completely immersed.
After cleaning with the proper solvent, the samples
were weighed to determine the quantity of prod-
uct absorbed. The specimens were kept in a closed
container for approximately one month in order to
provide for a controlled and slow evaporation pro-
cess. After curing was complete, the specimens were
oven dried (at 70£1 °C), before being evaluated and
tested.

Basic physical properties (Table 1) were measured
before and after consolidation in order to evaluate
material changes promoted by the consolidants.
Ultrasonic pulse velocity testing was used along
with DRMS to evaluate the mechanical properties
and complement information provided by destruc-
tive testing. A Steinkamp Ultrasonic Tester BP-7
(from Germany) was used to determine the ultra-
sonic pulse velocity. The travel time of P waves was
measured by direct mode using exponential trans-
ducers of 45 kHz without any contact material. The
ultrasonic pulse velocity was measured for all speci-
mens both before and after consolidation.

The flexural strength was quantified as the high-
est stress at breakage, which is derived from the force
applied at the time of rupture. Three-point bending
tests were performed using a Gabbrielli CRAB424
machine according to the standard EN-ISO 10545.4
(10). Three ceramic samples per consolidant formu-
lation (65x30x9 mm’ in size) were dried to a con-
stant weight in a 40 °C ventilated oven and allowed
to cool in a desiccator before testing. Drilling tests
were then performed on tile fragments (remaining
after the destructive bending tests) using a DRMS
with a Sint Technology prototype. The following
test conditions were used: Smm diameter drill bits
(Fisher”); 600rpm rotation speed; and 10mm/min
penetration rate.

3. THE USE OF DRMS ON CERAMICS

DRMS (4) is a power drill with constant feed
and a force transducer that measures thrust as a
function of drilling depth. During testing, a Smm
hole was made and the results, force and depth

——a) soft and homogeneous stone
—s—b) homogeneous ceramic

»— C) ceramic
—a—d) ceramic

Drilling force (N)

4 6
depth (mm)

FIGURE 1. Examples of drilling resistance curves obtained
on materials: a) soft and very homogeneous stone; b)
homogeneous ceramic (used in this paper); ¢) and d) very
heterogeneous old paving tiles with a superficial hard layer.

measurements, were registered by the system. The
resulting output was a graph similar to that shown
in Figure 1, which compares the homogeneous
ceramic to soft and very homogeneous stone and
heterogeneous paving tiles. In ceramics, intermedi-
ate hardness materials are often heterogeneous and
typical drilling resistance curves are similar to (b) or
(d) in Figure 1. However, the ceramic bodies used in
this research can be considered quite homogeneous,
as proven by the shape of the drilling resistance
curves presented in Figure 2. In drilling resistance
tests, the force increase in the first couple of milli-
meters depends on the type of drill bit used and the
shape of the chisel edge. Instead of cutting through
the surface immediately, the drill bit creates an
indentation in the first couple of millimeters. The
indentation promotes the rapid increase of force
values observed on the graphs, which in turn identi-
fies the hardness or resistance of the tested mate-
rial, in this case, ceramics. Hard layers or zones can
therefore be identified on drilling resistance curves,
at any location or at any depth in the ceramic.

In addition to material characterization (except the
2 mm correspondent to the indentation in this case due
to the type of drill bit), drilling resistance was used as
a parameter to quantify the consolidation effect and
identify the impregnation depth of each consolidant.
However, drill bit wear when exists makes drilling resis-
tance results more difficult to interpret. Nevertheless,
the DRMS method is still considered very useful on
ceramics or similar materials where hard grains (usu-
ally quartz) are present. The effect of drill bit wear
depends not only on the material composition, but
also on the texture and porosity of the test subject. For
these reasons, it must be assumed that effects of drill
bit wear are not universal and must be evaluated on a
case-by-case basis and corrected when significant.
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FIGURE 2. Dirilling resistance on abrasive ceramic materials.

In order to evaluate the abrasive effect during
drilling tests, successive holes were drilled in a ref-
erence material (a ceramic similar to that used for
the consolidation tests) (Figure 2). The increase in
drilling force from 20 N to 30 N in the first ~2 mm
(expressed in terms of mean values) is clearly due
to the drill bit wear effect (the range of values may
vary). In this case, a more compact material reached
in the last ~2 mm explains the increase in force. In
other cases, such increases may represent dust accu-
mulation which can be remedied by drilling over a
previous pilot hole of smaller diameter (11).

To account for the increase in drilling force due to
the abrasive effect, a calibration line was computed
and the values corrected using a simple method (12)
to eliminate the effect of drill bit wear on the results
(Figure 2(b)). In this case, drilling resistance of the
material was expressed by the mean values of drill-
ing force (and the respective standard deviation) in
the flat part of the curve (2-7 mm).

Past research showed that even in “hard conditions”
of drilling resistance testing, results can be useful and
relevant (13) in the evaluation of consolidation effects
in old tiles. Ultimately, the micro-drilling assessments
can be highly complex, mainly due to high heterogene-
ity and hard spots encountered in the first several mil-
limetres of tile profiles of unknown origin.

4. RESULTS AND DISCUSSION

The consolidation action is the result of the
quantity of consolidant retained inside the pore
network after treatment. Ceramics are very porous
with well-connected voids, and the quantity of
consolidant liquid absorbed was about 3-4 g per
ceramic spemmen (TG absorption was higher than
the Paraloid B72" formulations). As such, the com-
puted values of dry mass formed and retained after
cure and polymerization are completely different
with the two products (Table 2). However, the lower

TABLE 2. Quantity of consolidant liquid absorbed after
treatment and product retained after consolidation.

Liquid absorbed Dry mass
Products kg/m® (%) kg/m®
Tegovakon V* (TG) 252 7.8 127.2
Paraloid B72® 1% 171 0.3 4.7
3% 197 0.7 11.0
5% 186 0.8 11.5

retention values of Paraloid B72" may not be a neg-
ative result if homogeneous consolidant distribu-
tion can be achieved throughout a specimen.

The use of consolidation products also caused
changes to the physical characteristics of the sub-
jected materials, such as porosity and water absorp-
tion (Table 3). In all cases, the consolidants produced
a slight hydrophobic effect in the ceramics (which
may have been temporary) (8). The results are quite
different for the TG versus Paraloid B72" samples
and appear to be linked directly to the quantity of
consolidant formed after cure and polymerization.

Consolidants are expected to increase the
mechanical resistance of an existing material.
Therefore, in addition to determining bending strength,
the ceramic specimens were subjected to ultrasonic
velocity testing. Since ultrasonic velocity testing is
non-destructive, it is a useful method for monitoring
step-by-step changes (Table 4, Figure 3).

While there are clear differences in mechani-
cal resistance between the TG and Paraloid B72"
treated ceramics, it is partlcularly noteworthy that
within the Paraloid B72" samples, changes in dilu-
tion from 3% to 5% did not considerably affect the
ultrasonic and bending strength results (Table 4). On
the contrary, the use of the 1% dilution resulted in
lower values of both ultrasonic velocity and bend-
ing strength, although the actual results were greater
than might have been expected based on Table 3.
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TABLE 3. Open porosity and water content of ceramic bodies before and after consolidation.
Open porosity (%) Maximum water content (%)
Products Before After Before After
Tegovakon V* (TG) 32.1+0.1 (=13.1%) 18.1£0.1 (=17.7%)
id® 0 + ~0° + ~0°
Paraloid 1% 37.840.2 37.4%0.5 (=0%) 220411 22.3+0.4 (=0%)
3% 36.7£0.5 (—0.8%) 21.8+0.4 (—0.7%)
% 36.510.2 (=1.1%) 21.6%0.1 (—1.5%)
TABLE 4. Mechanical resistance characteristics of ceramic bodies before and after consolidation.
Ultrasonic velocity (m/s) Bending strength (MPa) Drilling force [2-7 mm] (N)
Products Before After Before After Before After
Tegovakon V* (TG) 2960 3630 (+17%) 21.5 (+25%) 30.5 (+45%)
Paraloid® 1% 3230 3320 (+3%) 172 18.0 (+5%) 211410 22.8 (+8%)
3% 3170 3330 (+6%) ' 19.3 (+12%) T 24.6 (+17%)
5% 3150 3340 (+6%) 19.1 (+11%) 23.4 (+9%)
(a) [Obvefore treatment after treatment (b) A
3900 - -======- e e -
2
3700 -— - @
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FIGURE 3. Ultrasonic velocity (on the left) and tensile strength (on the right) obtained on treated and non-treated ceramics

consolidated with ethyl silicate (TG) and different formulation of Paraloid”

Although the mean bending strength values
for Paraloid B72" 3% and 5% dilutions indicated
a similar consolidation effect, particularly in com-
parison to the 1% dilution, the 5% concentration
appeared to promote the most consistent tensile
strength values (Figure 3).

In contrast, the drilling resistance results showed
a complete discrimination between the four con-
solidation conditions, as can be clearly seen in the
resulting graphs (Figure 4).

The original hardness of the non-treated ceramic
body (NT) is defined by the curve of mean force
values (and one standard deviation), using the same
drilling conditions (600 rpm rotation speed, 10mm/
min penetration rate). For comparison, the non-
treated curves are shown in black in each graph.

When the Paraloid B72® 1% concentration was
used, a homogeneous profile was obtained, with mean

force values slightly higher than those of the non-
treated ceramics (Figure 4(a)). Upon close inspection,
it was possible to see a very small surface hardening
effect in the first ~Imm of the profile, hlghhghted by a
circle on the graph. In contrast, the Paraloid B72° 3%
and 5% dilution graphs clearly show a strong increase
in resistance on the surface. In other words, a 2 mm-
deep hard zone was formed after consolidation with
these concentrations (indicated with arrows). The
actual hardness increase in these surface zones clearly
depends on the consolidant concentration: for exam-
ple, about 10 N (3%) or 20 N (5%).

The graphs indicate that when Paraloid B72"
was used, the product remained concentrated in
the surface zones and it was difficult to see a clear
sign of its presence inside of the ceramic (Figure
4(a)(c)). However, another slight force increase
from 2-3.5 mm on the 5% dilution graph may be
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attributed to the presence of consolidation prod-
uct (Figure 4(b)).

The use of TG promoted a higher level of drilling
resistance over the entire sample depth, although a
harder surface zone is still evident (Figure 4(d)).

The increase in resistance on the specimen sur-
faces after consolidation is believed to be the result
of consolidant drying and polymerization in this
particular zone. In a previous study, similar patterns
were detected in samples treated with the same con-
solidant formulations, even when no direct contact
occurred between that surface and the liquid (6).

Ultimately, the use of DRMS for the characteriza-
tion of ceramics and/or the evaluation of the efficacy
of consolidants in such materials, can be not only
time consuming, but also difficult due to the hetero-
geneity of the ceramic makeup and the wear effects of
the drill bit used during testing. The ceramics tested
in this research were quite homogeneous, albeit abra-
sive, and as a result the values of the drill resistance
tests required correction to eliminate this effect.

5. CONCLUSIONS

High porosity materials are able to absorb large
quantities of consolidant, a fact that is often seen
as advantageous. In some circumstances, however,
higher absorption can also limit effectiveness, in
particular when considerable variations in the post-
treatment physical properties cause internal stresses
and possible fissures in the material.

The use of the drilling resistance measuring sys-
tem for the characterization of ceramics treated
with two types of consolidants (Tegovakon V* (TG)
and Paraloid B72” in three concentrations) pro-
duced meaningful and useful information that con-
ventional methods were not able to do. Such results
confirmed that DRMS can be successfully used to
evaluate the distribution profile of consolidation
products and is able to discriminate between differ-
ent consolidation actions within ceramics.

The resultant data showed that both consolidants
produce a hard zone close to the evaporation sur-
face. However, TG (ethyl silicate) promoted a higher
increase of the resistance throughout the depth of
the ceramic, as opposed to Paraloid B72", which
showed little increase in the ceramic core.

The hard zones observed, in particular when
Paraloid B72" was used, are quite consistent and fur-
ther investigation should proceed with the following
objectives in mind: i) evaluate the potential risk of
consolidation damage, in particular when salts remain
in a ceramic; ii) find a method (such as delaying speci-
men drying by controlling various influencing condi-
tions) to avoid an inhomogeneous consolidation, in
particular when using Paraloid B72" solutions.

In conclusion, these findings indicate the need
to corroborate information gathered by the con-
ventional tests used to evaluate consolidation effect
and success, namely mechanical resistance and
ultrasound velocity testing. The DRMS testing
proved that the presence of resultant hard zones
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at the ceramic surface contribute to an increase in
mechanical resistance after consolidation.
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