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Abstract

Thermal diffusivity, thermal conductivity and specific heat of several materials used as floor tiles have been measured using the laser flash
method. Natural stones, particularly granite, porcelain stoneware and red stoneware materials of low water absorption, are more effective thermal
conductors than white stoneware and vinyl, which have thermal conductivities below 1 W m~' K™'. Therefore, last two should not be
recommended for radiant floor heating applications. Enhancement of thermal conductivity of red and porcelain stoneware has been achieved
by adding Al,O; of certain characteristics to the ceramic paste. In this way, thermal diffusivity increases of up to 50% have been obtained by adding

20 wt.% of Al,Oj3 particles.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays there is a growing trend in using the radiant floor
heating system for domestic applications, being one of the more
widely used heating systems in northern Europe countries [1].
These systems directly supply heat to the floor and largely
depend on the effective heat transfer from the hot surface to the
people and objects in the room. Despite the name, radiant floor
heating systems also depend heavily on convection, i.e. the
natural circulation of heat within a room, caused by heat rising
from the floor. Either electric wiring [2] or a tubing system,
placed directly under a tiled floor or embedded in concrete
below the tiled floor, transporting hot water [3,4] (hydronic
radiant floors) or air [5] heated up to 70 °C, are used to warm
rooms up to 28 °C [6]. The radiant floor heating system is an
efficient way to obtain thermal comfort in buildings as it warms
objects, furniture and people, instead of heating air and
circulating it throughout the house. Although it depends on the
application, it is usually admitted that radiant heating systems
are 20-40% more energy efficient than other conventional
heating systems.
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E-mail address: pmiranzo@icv.csic.es (P. Miranzo).

Computer simulations [7-9] about the effect of several
designing parameters on the floor heating system performance
have concluded that the most important factors are the floor
material type and thickness. The floor tile is critical as it
determines the energy transfer capability; anything that can
insulate the floor also limits heat entering the space from the
floor heating system, increasing fuel consumption. Ceramic
tiles may be effective floor coverings for radiant floor heating
because they are good thermal conductors compared to other
floor coverings like carpets or vinyl, also adding the benefit of
their thermal storage capability owing to their high heat
capacity [10]. Among the ceramic covering floors, stoneware
materials are universally considered as the best candidates
because they do not deform under temperature changes and
offer an advantageous benefits/cost ratio. A lot of works can be
found in the literature about the processing of ceramic tile
materials [11-14], the viability of different raw materials [15—
20] and new trends [21,22]. However, their technical properties
have been scarcely studied, being mainly focused on the
mechanical properties [23-25]. To the extent of our knowledge,
there are limited studies on the thermal properties of clay based
materials [26,27], and even less, of ceramic tiles [28].

In the present work, the thermal properties of different floor
covering materials suitable for radiant floor heating systems are
analysed in terms of their thermal diffusivity, specific heat and
thermal conductivity. In this way, a data base of materials
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measured under similar conditions that can be useful for
scientists and professionals of the floor tile market is provided.
Furthermore, with the aim of enhancing the thermal efficiency
of stoneware ceramic tiles, compositions of two selected tiles
were modified by adding a second phase of higher thermal
conductivity like alumina. Results of these modifications are
comparatively addressed focussing on the thermal conductivity
enhancement.

2. Experimental

The different commercial tiles considered for this study are
shown in Table 1, grouped as natural stone (NT) tiles (marble,
granite and terrazzo), plastic tiles as vinyl, and ceramic tiles,
which may be further divided into red and white stoneware (S)
and porcelain stoneware (PS). Differences between the last two
are mainly due to the higher firing temperatures used for PS
tiles that lead to higher densities, compared to the S tiles.
Commercial PS and S with different degree of densification
have been considered for the study.

Thermal diffusivity and specific heat were measured as a
function of temperature up to 250 °C by the laser-flash method
(Thermaflash 2000, Netzsch-Holometrix, USA, standard E
1461-1992), using disc specimens of 12.7 mm in diameter and
1 mm in thickness machined from the different tiles. The
surfaces of the specimens were gold and graphite coated to
prevent the laser transmission and to ensure a good absorption
of the IR energy. A Pyrex standard of same dimensions was
used as reference for the specific heat measurements, as it has
thermal diffusivity and specific heat similar to the floor tile
ceramic materials. The software of the equipment allows
analyzing the signal using different approximations that take
into account the heat losses. The Taylor approach [29] was used
in this work to consider radial heat losses that usually take place
when testing low thermal diffusivity materials. Data at each
temperature is averaged over three measurements. The thermal
diffusivity (o) of the materials is given with an accuracy of 5%,
whereas the accuracy of the equipment for specific heat
calculation is around ~7%. From thermal diffusivity and
specific heat values, the thermal conductivity was calculated
through the expression:

K =aCyp (1

using the density of the samples measured by water immersion
methods.

For the modified compositions of the S and PS tiles, two
types of a-Al,O5; powders with mean particle size (dsgp) of 4 pm
and 0.5 pm, respectively, and y-Al,O5; powders of dsg = 96 um
were chosen as additions (Table 2). Those alumina powders

Table 2

Table 1
Commercial tile materials studied in the present work.

Group Material Density (g cm )
Natural stone (NT) Pink marble 2.70
Terrazzo 2.58
Granite 2.87
Plastic Vinyl 1.20
Stoneware tiles
Porcelain (PS) Polished black 2.38
Polished white 2.41
Red (red-S) Porous 1.98
High water abs. 2.23
Low water abs. 2.31
White (white-S) Porous 1.67
High water abs. 2.10
Low water abs. 2.31

were added in a percentage of 20 wt.% to corresponding
batches of red-S and PS slurries (63 wt.% of solid contents) and
slurries were ball milled for 1 h to get good homogeneity.
Subsequently, slurries were spray-dried. Granules were
humidified by adding 5 wt.% of water and uniaxially pressed
at 25 MPa using a 60 mm x 60 mm square die. After de-
moulding, green specimens of 60 mm x 60 mm x 10 mm
were obtained. The modified compositions were sintered at
temperatures between 1120 and 1160 °C for red-S based
ceramics and between 1160 and 1200 °C for the PS based
materials. Crystalline phases in the original and modified tiles
were analysed by X-ray diffraction (XRD) methods in
powdered samples. The microstructure was viewed by reflected
light optical microscopy on specimens after polishing and acid
etching by immersion in a HF acid solution (10 vol.%). For
higher magnification observation and phase adscription,
scanning electron microscopy (SEM) together with energy
dispersive X-ray spectroscopy (EDS) analysis were used.

3. Results and discussion
3.1. Commercial tile materials

Density values obtained by the water immersion method are
shown in Table 1. Among the natural materials, granite showed
the highest density, the values were consistently higher for PS
materials than for S (red or white) tiles, and vinyl tile had the
lowest density of all. Representative optical images of the
microstructure of natural stone and stoneware tiles are shown in
Fig. 1. As shown in Table 3, the granite tile contains quartz,
feldspars and muscovite mica (HKAl3Si30;,) and exhibited
very low porosity (Fig. 1a). The ceramic tiles (Fig. 1b and c)
showed more porosity and quartz as the major phase, as it is

Characteristics of the alumina powders employed as additives for the stoneware materials.

Label Company Product Phase Purity (%) Agglomerate mean size (pm)
0.5A ALCOA Ind. Chemical (USA) CT 3000 SG a 99.85 0.5
4A Aluminio Espafiol S.A. (Spain) SC B/01-D o 99.6 4.0
v-ALO3 SC-0 Y >98 96.0
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Fig. 1. MORL micrographs of various tile materials: (a) granite, (b) PS and
(c) red-S.

usual in porcelain and stoneware materials. Besides, PS
material had traces of mullite (3A1,03-2Si0,) and albite
(NaAlSizOg); whereas for red-S and white-S materials,
hematite (Fe,O3) and albite (NaAlSi;Og), respectively, were
identified.

The thermal diffusivity data for commercial materials are
plotted as a function of temperature in Fig. 2, indicating that
vinyl material had the lowest thermal diffusivity, as low as

Table 3
Summary of the XRD results for granite and stoneware ceramic tiles.
Components
Granite Feldespars: Microcline (KAISi;Og)
Anorthite (C3A12(5104)2/(C30A120328102)
Albite (NaAlSizOg)
Mica: Moscovite (H,KAl13Si30,,)
Quartz (Si0,)
Stoneware
PS Quartz (SiO,)
Mullite (3A1,05-2Si0,)
Feldespars: Albite (NaAlSiz;Og)
White-S Quartz (SiO,)
Feldespars: Albite (NaAlSi3;Og)
Red-S Quartz (SiO,)
Hematite (Fe,03)
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Fig. 2. Thermal diffusivity (o) as a function of temperature of the floor tile

materials given in Table 1. The label numbers indicate the densities in g cm ™.

0.0025 cm? s, and granite tile, the highest, more than twice
higher than the rest. The thermal diffusivities of the S and PS
tiles were in the range 0.005-0.010 cm? s~ ' and they seem to
correlate with the density values, which are included in the label
of each material in Fig. 2. The slightly higher values obtained
for the red-S tiles compared to the white-S materials of same
density can be related to the higher amount of hematite in the
first.

As seen in Fig. 3, room temperature specific heat values
were in the range 0.65-0.95J ¢ ' K~'. Room temperature
estimations of Cp by the laser flash method had low precision
because the high noise/signal ratio, although less dispersion
was observed at temperatures above 50 °C. In the case of the
natural stone tiles, the room temperature Cp data was
extrapolated from the value at 50 °C. Besides, Cp deviations
of 10% and 4% were seen after 10 different tests on ceramic
tiles done at room temperature and 100 °C, respectively.

Introducing data from Figs. 2 and 3, and the density of each
material in Eq. (1), thermal conductivity values plotted in Fig.
4a were calculated. Floor tile materials studied in this work
presented a wide range of thermal conductivities, framed by the
low thermal conductivity of vinyl (below 0.20 W m~' K~ ') and
the upper limit of granite (4 Wm 'K '). The thermal
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Fig. 3. Specific heat (Cy,) as a function of temperature for the floor tile materials
given in Table 1.

conductivity of the ceramic tile materials at room temperature,
which varied from 0.6 to 1.7 Wm~ ' K™!, correlates to their
density as shown in Fig. 4b. The higher Fe,O; content [30] of
the red-S ceramics may explain its higher thermal conductivity
compared to the white-S tiles of similar densities. The presence
of crystalline phases such as mullite, with typical thermal
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Fig. 4. (a) Thermal conductivity (K) as a function of temperature for the floor
tile materials given in Table 1. The label numbers indicate the densities in
g cm™>. Values at room temperature as a function of density are plotted in (b).

Table 4

Firing temperatures and water absorption data for alumina modified stoneware
tiles. Figures for blank materials are given for comparison. The thermal
conductivity was measured for the highlighted specimens.

Firing temperature (°C) Water absorption (wt.%)

Red-S

Blank 1120 57

0.5A 1120 7.8
1140 4.9
1160 37

4A 1120 10.3
1140 6.4
1160 58

v-AlLO3 1120 16.4
1140 15.2
1160 13.8

PS

Blank 1160 53

4A 1160 10.4
1180 73
1200 55

v-AlLO3 1160 16.3
1180 13.0
1200 11.0

conductivity of 5 W m 'K ! at room temperature [31], could
also contribute to the higher value of thermal conductivity
exhibited by PS tile materials.

3.2. Modified stoneware materials: effect of a high
conducting Al,O3 phase

The addition of Al,O5 had a strong influence on densifica-
tion of the stoneware materials, PS and red-S (Table 4). The
blank red-S was fired at 1120 °C, had ~5% of water absorption
and did not show massive vitrification. On the other hand, for a
blank PS material of similar water absorption a firing
temperature of 1160 °C was used. When adding Al,O;
particles, densification was retarded and a rise in the sintering
temperature was required to get comparable porosities, this
effect being more pronounced as the Al,O; particle size
increased. In particular, at least 20 °C higher firing tempera-
tures (1140 and 1160 °C) were needed for red-S materials to get
similar water absorption as the blank when adding a-Al,O3
particles of 0.5 and 4 pm, respectively. Furthermore, water
absorptions lower than 14% could not be reached when -
Al,O3 powders of 96 wm were used, at any firing temperature.
Similar results were obtained for the PS material; firing
temperatures around 1200 °C were required to get 5% of water
absorption for 4A a-Al,O3 addition, whereas open porosity
values higher than 11% were obtained at any firing temperature
for the v-Al,O;.

Fig. 5 shows the XRD patterns of all the stoneware materials
before and after the Al,O5 additions. In the case of the red-S
material (Fig. 5a) just extra a-Al,O; peaks were detected.
However, in the PS material (Fig. 5b), the albite existing in the
blank specimen nearly disappeared while o-Al,O5 peaks
emerged. The SEM comparison of these four materials is shown
in Fig. 6 with identification of the main phases in the
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Fig. 5. XRD patterns of (a) red-S and (b) PS materials: data for blank and the corresponding materials modified with 20 wt.% of Al,O3 are presented.
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micrographs, considering information from EDS and XRD
analyses. Significant microstructural differences were not
observed in the red-S materials (Fig. 6a and c); whereas
extended glassy formation was observed in the PS materials
when Al,O3 was added (Fig. 6b and d). In line with the albite
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s Mullite
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vanishing detected by XRD, there was a glassy phase boost
linked to albite grains dissolving in the matrix (Fig. 6d) due to
the higher firing temperature, >1180 °C (Table 4).

The effect of a-Al,O5 addition on the thermal diffusivity/
conductivity was analysed by comparing data at 25 and 100 °C

Fig. 6. SEM micrographs of (a) red-S, (b) PS, (c) red-S-4A and (d) PS-4A materials, where Q, quartz; A, albite and Fe, Fe,Os.
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Fig. 7. Thermal conductivity at 25 and 100 °C for red-S and PS materials: blank
and modified with 20 wt.% of 4A and 0.5A «-Al,O3 powders.

of selected PS and red-S specimens all having a similar open
porosity of ~5% (Fig. 7) in order to avoid the effect of this
parameter on the thermal behaviour. The specimens studied are
grey highlighted in Table 4. Al,O; addition increased the
thermal diffusivity and conductivity of both tile materials,
being the specific heat values in the range 0.7-0.9 J g ' K™ ' in
all cases. As seen in Fig. 7, the thermal conductivity of the PS-
4A was 35% higher than that of the blank PS material and the
increment was even more dramatic (50%) for the red-S-4A and
red-S-0.5A modified materials. Results were practically
indifferent of the type of «-Al,O; used as additive, when
considering materials of similar density. This thermal
conductivity enhancement is mainly due to the high thermal
conductivity of the Al,O5 phase, 28.2 and 21.9 Wm ' K ! at
room temperature and 100 °C, respectively, for a dense alumina
[32]. The different increase found for the both types of
stoneware materials, higher in the case of S than in PS, can be
caused by the larger amount of glassy phase that formed in PS
material with the alumina addition (Fig. 6d).

An estimation of the thermal conductivity can be done using
the well known Eucken’s equation [33] considering that modified
materials are composites formed by a matrix, whose thermal
conductivity is that of the corresponding blank stoneware, and a
dispersed Al,O; phase with thermal conductivity of
282 Wm ' K '. The volume fraction of Al,O; was 0.13,
calculated from the weight percentage of Al,Oz added (20 wt.%),
the density of the blank material and the theoretical density of
AlLO; (397 ¢ cm ). In this way, a value of 2.1 W m 'K 'is
predicted for the modified materials. As the measured values for
modified red-S materials are higher (2.4 W m~ ' K™') than the
predicted, we can infer that Al,O5 was percolated for both 4A and
0.5A powders, which explains that thermal conductivity did not
depend on the Al,O; particle size.

4. Summary
Granite is the most effective thermal conductor among the

floor tiles analysed. Terrazzo, marble, porcelain stoneware and
red stoneware of low water absorption have thermal

conductivities above 1 W m~' K~'. White stoneware materials
and vinyl have values below 1 W m~! Kﬁl, therefore should
not be recommended for radiant floor heating applications.
By an adequate selection of the firing temperature, the
addition of Al,O3 (20 wt.%) allows increasing the thermal
conductivity of red (up to 50%) and porcelain stoneware (35%)
materials, avoiding significant alterations of the porosity and
microstructure and approching the value of K to that of marble.
The porcelain stoneware materials present a smaller increment
because the higher firing temperature required for achieving
same porosity produces significant amount of glassy phase.
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