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ABSTRACT

Vickers indentation technique was used to investigate the slow crack growth (SCG) behaviour by stress-
assisted reaction in vitreous mosaic tesserae, products widely used both in wall and floor covering. SCG was
studied by exploiting the induced tensile stress field and the median-radial cracks emerging from the corners of
Vickers impressions. On the working surface of four different samples of vitreous mosaic tesserae, a single
impression was left, by adopting test parameters suitable to trigger well developed median-radial cracks.

Post-indentation slow crack growth was monitored, by measuring, after the removal of the indentation load
under a light microscope, the increase of the median-radial cracks length considered as pre-existing cracks, at
fixed intervals of time. To estimate the effects of the environmental conditions, the tests were conducted in air,
having 40% of relative humidity, water and in alkaline solution, KOH 100g/l. The same tests were performed
also on specimens of soda-lime glass (S-L G), considered as reference material. The different crack resistance
behaviour of the material, was correlated to their chemical composition.

1. INTRODUCTION

In glasses and silica-based ceramics, pre-existing cracks can grow at an applied stress, below the threshold
value. This behaviour, known as slow crack growth (SCG), is favoured by a stress-assisted reaction with
humidity, through the dissociation of SiO, and consequent forming of hydroxyl links. The class of the vitreous
mosaics can also be included as silica-based ceramics. These products, widely used both in wall and floor
covering, can be subjected to different stresses coming from the environment. The concomitant presence of
cracks and residual tensile stress fields, due to impacts, static points force and falling objects, yields to damage
of the working surface, causing a decrease of mechanical properties and, eventually, a loss of aesthetics and
brightness. This condition represents the starting point for a stress-assisted reaction. Furthermore, during service,
chemical and cleaning solutions and other different liquids and substances come into contact with the surface,
the influence of which on crack propagation is, in these products, completely unknown.

The subcritical crack growth of soda-lime glass in contact with water is a function of the applied stress
intensity factors and depends on the mobility and/or immobility of the alkali ions". The behaviour of other
glasses can be more complicated®, depending on both the composition and the pH of the environment. The
dependence of the safe-life and reliability of ceramics on the subcritical crack growth, represents a critical design
aspect and, because of its importance, this behaviour needs to be known in glasses and ceramics.

According to a general hypothesis, a crack does not grow if the applied tensile stress o, does not reach the
critical value. Nevertheless, in ceramic materials, cracks can grow at an intensity of the applied tensile stress
below the threshold value. At room temperature, silica-based ceramics, in particular soda-lime-silica glass, fail
by subcritical crack growth from pre-existing flaws, favoured by a stress-assisted reaction with water. In the case
of the interaction between water and vitreous silica, a molecular mechanism for stress corrosion was also
proposed, Figure 14,

This behaviour is present in other ceramics as alumina, silicon nitride, porcelain and zirconia™®. The interest
concerns the crack behaviour in service conditions. If the applied stress triggers the slow growth of a crack, the
applied stress intensity factor increases reaching the critical value and consequently the material fails.

Among the silica-based ceramics, a considerable part is represented by glazed ceramic tiles and vitreous
mosaic tesserae. During service, the working surface of these products is subjected to concomitant loading
conditions, thermal-mechanical and chemical, often causing complex and dangerous synergistic effects. Since,
these phenomena leave in the material, near the damage, a residual tensile stress field, treating of silica-based
ceramics, this condition may act as driving force for a stress-assisted reaction with the environment, also
different from water.



Starting from these observations, the study of the evolutive behaviour of a crack, suitably introduced on the
working surfaces of these product, the length of which can be easily measured, results to be rather interesting.
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Figure 1. Qualitative molecular model of crack propagation in soda-lime glass.

The sensitivity to SCG of the working surface of glazed ceramic tiles was already presented!”. With regard to
soda-lime glass, it has to outline as, on the basis of its intrinsic characteristics, it results particularly sensitive to
external loads. Usually, the surface of soda-lime glass products, as sheets, presents handling damages, such as
scratches, grooves and, sometime, very large areas, from which the material has been removed. If this damage is
linked to the presence of residual tensile stress field, induced by applied loads, the stress-assisted reaction with
the environment can trigger, favouring the SCG phenomenon. That is also source of strength degradation of the
material™”’,

In the present investigation, starting from soda-lime glass, vitreous mosaic tesserae, having different
chemical compositions, were considered. In a context of reliability and lifetime of these products, the advanced
knowledge of their crack resistance behaviour results to be very important.

Considering Vickers indentation method as viable technique, to investigate the crack resistance behaviour,
the SCG of four vitreous mosaic tesserac was evaluated in different environments: air having 40% of relative
humidity, water and an alkaline solution of potassium hydroxide. The increasing of the median-radial cracks
induced by Vickers indentation was evaluated by the difference among the median-radial cracks length,
measured immediately after the test and after the leaching treatment, at fixed time intervals. The results were
attributed to the different chemical composition and an attempt to correlate it with the crack resistance is
presented.

2. MATERIALS AND EXPERIMENTAL PROCEDURES

Four different samples of vitreous mosaic tesserae 50x50mm, denoted on the basis of their colour
Transparent, Yellow, Blue and Red, were selected, Figure 2.

Figure 2. Vitreous tesserae on which the tests were performed.



The tesserae were cut directly from sheets 30x30cm obtained pouring the glass into a mould and subjecting
to pressing. The sheets, successively annealed, followed a particular thermal cycle, able to remove the residual
stresses induced by the previous process.

The chemical analysis of the vitreous tesserae and the soda-lime glass, denoted S-L G, determined by using
an atomic emission spectroscopy (Perkin Elmer ICP - OES Optima 3200 XL, NL), are reported in Table 1 as
percentages of moles. In Table 1, it is also shown the role of each oxide in the glass structure, such as glass
former, F, intermediate, I, modifier, M, or a combination of roles, F/I, I/M, depending on the whole
composition!""). To rapidly decipher similarities or differences among the samples, the flux and the intermediate
oxides were grouped as M + I/M and I + F/I, respectively, and assumed to act similarly, Table 2.

Oxide Transparent |  Yellow Blue Red S-LG Role
mol % mol % mol % mol % mol %
Si0, 65.80 69.49 71.65 69.61 69.99 F
AlLOs 1.44 1.13 1.88 1.18 0.29 F/1
TiO, 0.02 0.01 0.02 0.01 --- I
Fe O, 0.02 0.04 0.04 0.05 --- ™M
CaO 5.66 4.89 8.13 0.89 12.19 M
MgO 0.11 0.11 0.08 0.27 3.60 M
K0 0.04 6.68 0.50 5.67 --- M
Na,O 20.66 11.13 16.94 13.55 13.93 M
710, 0.05 — — — F/1
Cdo 0.11 --- 0.13 --- I/'M
CuO --- 0.31 0.22 --- I'M
ZnO 2.79 432 0.02 4.94 --- I/'M
BaO 1.18 --- --- --- --- M
Sb,0s 0.17 --- --- --- F
SrO 0.02 --- --- --- --- M
SeO, 0.13 - 0.18 --- F/1
B,0; 1.90 2.10 0.43 3.31 - F

Table 1. Chemical analysis of the vitreous mosaic tesserae and soda-lime glass, S-LG. (F = glass former;
| = intermediate; M = modifier).

Role Transparent |  Yellow Blue Red S-LG
F 67.87 71.59 72.09 72.92 69.99
F/1+1 1.64 1.14 1.90 1.36 0.29
M +1/M 30.49 27.27 26.01 25.72 29.72
Table 2. Synoptic table of the chemical analyses of the tested samples. (F = glass former; | = intermediate);
M = modifier).

The fracture behaviour of the samples was investigated by Vickers indentation technique, exploiting the
induced tensile stress field and the median-radial cracks emerging from the corners of the impression, Figure 3.
In this context Vickers hardness was also evaluated adopting an indentation load P = 9.81N. The results are
reported in Table 3.

Before each test, the surface of the specimens was cleaned with acetone and carefully inspected in order to
find areas free from pre-existing cracks or other defects able to interact with the impression and the correlated
phenomena. A single impression was left at the surface of the specimens, by adopting an indentation load P =
9.81N, to induce well developed median-radial cracks and a tensile stress field able to trigger the stress-assisted



reaction with the environment. After the remove of the load, considering the median-radial cracks as pre-existing
cracks, the post-indentation SCG was evaluated, measuring by light microscopy their length, at fixed intervals of
time, every five minutes, for the first half hour, then, after half, one, two and tree hours, respectively. Each test
lasted seven hours and involved eleven measurements.

For each sample, different specimens were tested. The crack propagation was evaluated, measuring the
length of the median-radial cracks in different environments: air having 40% of relative humidity, water and
alkaline solution, KOH 100g/l, as specified in the international standard EN ISO 10545-13 regarding the
determination of the chemical resistance of ceramic tiles!'?).

e,

Figure 3. Vickers impression and median-radial cracks.

Sample HVy5; (GPa)
Transparent 5.1+0.7
Yellow 5.1+£03
Blue 4.8+0.1
Red 54+0.5
S-L G 54+0.8

Table 3. Vickers hardness of the tested samples.

The first measurement (the reference measurement at zero-time) was always performed in air, after the
remove of the load. Immediately after, for the tests conducted in water and alkaline solution, the impression and
the neighbouring surface area were covered with some drops of the specified liquids. Before each successive
measurement, to avoid optical distortions, the area containing the impression was quickly dried and immediately
covered with some drops of water and alkaline solution. To define the influence of the chemical composition of
the glasses on the stress assisted corrosion, the tests were performed also on specimens of soda-lime glass,
considered as reference material.

Referring to the symbols reported in Figure 3 and Figure 4, the crack resistance (SCG), in terms of average
difference Ac;,,, was calculated with the relation:

Ac.

im =€

im ~Com (1)

where ¢;, is the average length of the median-radial cracks measured at the i-observation and c,,, is the average
length of the median-radial cracks measured at zero-time, evaluated by the expression:
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Adopting for the calculations the relation (2), the resulting crack length represents the average value of four
median-radial cracks, taking thus into account a possible non homogeneous behaviour of the material. For each
sample, the data calculated using the expression (1) were plotted together with the same of the soda-lime glass,

Figure 4. SCG in terms of Ac; = (c;-Co), referred to a single median-radial crack.

as a function of time. The curves Ac,, = f(t) represent the average velocity of the propagation of the median-
radial cracks and allowed to compare the fracture behaviour and sensitivity to SCG of the different materials
both towards the specified environments and in the light of their chemical composition.

3. RESULTS AND DISCUSSION

The Vickers hardness results, Table 3, do not present significant differences, if compared with the data
concerning the soda-lime glass, S-L G. The hardness behaviour does not seem to be influenced by the
differences found in the chemical analysis, Tables 1 and 2.

The cracks path was observed by the optical microscope, the amorphous nature of the glasses favours a good
development of the median-radial cracks and its transparency allowed both the direct observation and analysis
and the classification of the indentation cracking present also in ceramic materials®'®, Figures 5. The fracture
resistance of the selected products in terms of differences Ac, as a function of time, was analysed comparing the
effects due to the specified environmental conditions. The results are reported in three different diagrams
respectively referred to air, having 40% of relative humidity, water and an alkaline solution, KOH 100g/1, Figure
6 a), b) and ¢). In the plots the results obtained of soda-lime glass are also reported. Since the behaviour of S-L G
sample is in agreement with the results reported in literature! ™' it can be considered a valid and reliable
reference material.

Starting from the effects due to the air with 40% of relative humidity, Figure 6 a), it is interesting to note as,
in the first half hour, the velocity of crack propagation is rather high for all the materials and decreases after 1h.
The crack propagation stops, for the Yellow, Red and Blue samples, after 2h, while, for the S-L G and
Transparent samples, after 4h. The similarities in the shape of the curves, corresponding to the S-L G and
Transparent samples and, and the delay with which the cracks are stopped, compared to the behaviours of the
other samples, can be correlated with their higher presence of M and I/M oxides, Table 2. It is well known that
modifier oxides strongly destabilise the network structure of a glass, by making it more inclined to stress
corrosion and, as a consequence, to lower their durability!' """,

The differences in the SCG become more appreciable, when the tests are conducted in presence of water,
Figure 6 b). The S-L G, Transparent and Yellow samples present values of Ac,, higher in comparison with the
same results, obtained in air environment. On the contrary, the Blue and Red samples show similar curves and
not significantly different from those presented in air. All that can be justified again considering the relevant



amounts of M and I/M oxides in the S-L G, Transparent and Yellow samples, higher than those present in the
Blue and Red samples.

b)

Figure 5. Light micrographs of Vickers indentations and the corresponding crack path of a) S-L G and, b) Red
samples in air environment. The bar is 50 zm.

Due to its intermediate amount of M and I/M oxides, the Yellow sample shows a behaviour similar to the
more stable glasses, the Blue and Red ones, in air environment, Figure 6 a), while, in the more aggressive water
environment, Figure 6 b), it results similar to the S-L G and Transparent samples, for which the higher amount of
M and I/M oxides cause a longer crack propagation''"'”).

The alkaline solution, Figure 6 c), affects the S-L G and Yellow samples in a rather similar way to the water
environment. In the Blue and Red samples, the effect of the basic solution results to be stronger than the in
water, Figure 6 b), by increasing the crack propagation; the dissociation of SiO, and the formation of hydroxyl
links is supported by the water present in the solution and KOH increases the effect of the stress-assisted
reaction. The different behaviour of the Transparent sample, in which the effect of the KOH solution is less
efficacious, compared to the other samples, may be due to the presence of zirconia and antimony oxide, Table 1.
It is known that, in alkaline environment, zirconia, even if in low amount, plays a key role in the stabilizing of
the glasses, by increasing their durability'”'*). A not negligible effect may be due to the antimony oxide that,
acting as strong former'®”), is able to stabilize the network structure of the glass and thus to increase its chemical

durability™"!.
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4. CONCLUSIONS

Four different samples of vitreous mosaic tesserac were selected to assess their crack resistance in terms of
slow crack growth, SCG, from pre-existing flaws, by stress-assisted reaction in presence of different
environments. For the investigation, Vickers indentation technique was considered, exploiting the induced
tensile stress field and the median-radial cracks emerging from the corners of the impression.

On the basis of the results the following conclusions can be drawn:

o these products, rather widespread, are sensitive to the stresses coming from the environment;

e residual tensile stress fields and damage induced by impacts and points force favour the stress-assisted

reaction, giving rise to a cracking evolution;

e air (humidity), water and alkaline solution, differently support as a function of time and glass composition,

the stress assisted reaction and consequently the degradation of the material.
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