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Abstract
Xonotlite-type calcium silicate hydrate slabs were examined under the thermal shock conditions
in a solar furnace at the Plataforma Solar de Almeria which can reach a peak of 300 W/cm2. We
have studied the original slabs as well as those modified with a mixture of liquid sodium silicate
including montmorillonite as thermal insulation materials for fire doors applications. The slabs were
kept at 950�C for 1 h. We performed X-ray diffraction, thermogravimetry and differential scanning
calorimetry analysis, scanning electron microscopy, Fourier transform infrared spectroscopy, and
thermal conductivity measurements and determined N2 adsorption/desorption isotherms. X-ray dif-
fraction shows that during the thermal shock at 950�C xonotlite is converted to wollastonite.
Specific surface areas of xonotlite slabs decrease due to release of crystalline water molecules. It is
possible to maintain temperatures of the back door not exceeding 70�C while the front door is sub-
jected to 950�C for 1-h time periods. The standard requires no more than 140�C at the back door.
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Introduction

Fighting fires is necessarily as old as humanity. As discussed by Eric Guillaume et al.,1 under-
standing a fire involves ‘‘... the complex interactions between combustion chemistry, fluid
dynamics and heat transfer.’’ When, in 1824, Sadi Carnot2 published his ‘‘Réflexions sur la
puissance motrice du feu,’’ his publication is believed to be the beginning of the science of
thermodynamics.1,3 Fire sciences consist of several areas, such as, for instance, estimation of
species concentration during a fire studied by Julie Lassus et al.4 In this work, we study the
thermal insulation materials for fire doors under the conditions of a thermal shock. The ther-
mal shock is provided by a solar furnace.

Calcium silicate hydrate phases such as tobermorite and xonotlite are important binding
agents in building materials including concrete and lime-sand stone.5,6 One can obtain cal-
cium silicate hydrate at room temperature with the relative humidity of 60% in a reaction
between the silicate phases of Portland cement and water, or else during the replacement of
cement with a pozzolan, such as a fly ash from coal power plants and/or different types of
aggregates.5,7,8 Synthesis of pure tobermorite and xonotlite is possible in hyper-alkaline and
hydrothermal conditions only.9,10 Especially, xonotlite-based materials are suitable for many
high-temperature applications due to their high thermal shock resistance and also chemical
durability. Thus, examination of the light-weight xonotlite–tobermorite-based shells impreg-
nated by epoxies composition has demonstrated good resistance to high-temperature gas
flow initiated by a plasma jet.11 We note that such new light and high-temperature resistant
materials can be used in the aerospace industry as well as for construction purposes.3,12,13

Calcium sulfate dihydrate (gypsum) or calcium silicates are usually used in fire-protection
constructions.14 During exposure to high temperature, gypsum undergoes transformation
into hemihydrate and anhydrite, a process accompanied by thermal shrinkage. Silica was
used as a filler for the improvement of the thermal, physical, and mechanical properties of
gypsum and also for reduction of the cracks formation.15 The fire resistance of fire doors
formed with gypsum plates and a stone wool layer was investigated.16 It turns out that the
long-term resistance of the doors is determined by the thickness of the rock wool, mass of
gypsum, and the numbers of gypsum plates.16

Silica aerogel is a highly nano-porous material with low thermal conductivity; it has been
widely used in heat storage and transport systems as well as for heat protection of space vehi-
cles.17,18 Heat protection can be also provided by porous polymers from high internal phase
emulsions developed by Silverstein et al.19

Cement-based materials are widely used to protect concrete structures against fire.
Portland cement–based mortars with 45% or 10% clinoptilolite substitution have compres-
sive strength exceeding 42.5 MPa after being subjected to 400�C and 500�C.20 One of the
eco-friendly compositions prepared from a mixture of polypropylene fibers, porcelain, and
blast furnace slag as a cement replacement displays excellent fire resistance.21

Passive fire-protection compositions have been developed to insulate the load-bearing
substrates from fire. Such materials have low thermal conductivity related to nano-scale por-
osity; they generate their thermal resistance by immobilizing the gas molecules within their
structures.22

The most widely used insulating material for fire-stop systems contains inorganic fibers
such as stone wool. Fibrous materials have high fire resistance and can be used up to 1000�C
in applications ranging from building constructions to ship building.23 However, stone wool
is not considered environmentally friendly. Xonotlite has a low thermal conductivity and

84 Journal of Fire Sciences 36(2)



high strength in a wide temperature range.24–26 Thus, xonotlite and related calcium silicate
minerals added to plaster boards improve the fire resistance and raise the temperature at
which the plaster boards ignite.27

The aim of this work was investigation of behavior and properties of modified calcium
silicate hydrate (xonotlite) compositions at 950�C as thermal insulation materials suitable
for the fire doors application. The pertinent European Standard is EN 13501.28 As stated in
the first section of the document,

The harmonized European Fire Standards are a set of test standards that have been accepted by all

countries within the European Economic Community. This allows manufacturers to produce or
import products that have been tested to a common standard without the need to test in each mem-
ber state. Testing to these standards is now accepted in all ECC countries. Compliance with the
European standards and regulations is mandatory.

ECC is the European Economic Community, with 28 countries as members. The key cri-
teria defined by the EN 13501 Standard are the following ones:

� The structural element should not collapse or deflect beyond the permitted levels when
subjected to the applied load.

� The integrity of the room must be maintained. No breakthrough of flames is
permitted.

� The temperature on the non-exposed side of the structural element must not rise more
than 140�C above ambient as an average measurement and no more than 180�C at
any one location.

We have used concentrated solar energy to achieve and maintain the high temperatures
needed.

Experiment

As a mineral, xonotlite is monoclinic, with the chemical formula Ca6Si6O17(OH)2. It was
commercially available as xonotlite slabs with low density (250–300 kg/m3) and high strength
(1.4 MPa) for construction of insulation layers for wood fires. Samples of xonotlite-type cal-
cium silicate hydrate (50 mm 3 50 mm 3 50 mm) were modified with a mixture of sodium
metasilicate, 5 wt% of montmorillonite (composition called XSM5M) or 5 wt% of organi-
cally modified montmorillonite (composition called XSM5MM).

We use montmorillonite (Na, Ca)0.33(Al, Mg)2(Si4O10)(OH)2�nH2O) with the following
properties: specific surface area (see below) SBET = 89 m2/g, specific weight of 2.2 g/cm3,
and bulk density of 0.65 g/cm3. Montmorillonite modified with a quaternary ammonium
salt is characterized by SBET of 5 m2/g, specific weight of 1.7 g/cm3, and bulk density of
0.45 g/cm3. Homogeneous dispersions for surface modification of samples were prepared by
CAT X520 stirrer at 1.1 3 104 r/min velocity during 120 s blending of montmorillonite or
organically modified montmorillonite with sodium silicate solution (50%). Samples have
been immersed into prepared dispersed material for 60 s to form a modified layer ’2.5-mm
thick. Previously, we have tried the immersion times of 30, 60, 90, and 120 s. After
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desiccation, the samples immersed for 90 or 120 s had a negligible weight increase compared
with the 60-s experiment, hence the decision of immersion time of 60 s.

Subsequently, the samples were dried at 30�C for 48 h so as to improve mechanical cohe-
sion between slab particles on the sample surface. Lucas et al. 29 reported formation of adhe-
sive bonds between silica and sodium silicate. We also recall that Roggendorf et al.30

investigated pure liquid sodium silicate dried slowly and obtained amorphous materials with
different contents of water. In our case, the liquid sodium silicate impregnated a ’5-mm
deep layer of calcium silicate hydrate—filling pores between xonotlite crystals.

The samples cut away from xonotlite slab with the dimensions indicated and specially
made fire-proof door elements (100 mm 3 100 mm 3 50 mm) were subjected to thermal
shock in the SF60 Solar Furnace of the Plataforma Solar de Almeria (PSA) in Tabernas,
province of Almeria, on the Mediterranean Sea in southern Spain. PSA is the largest research,
development, and testing center in Europe dedicated to the concentration the solar energy.
The SF60 solar furnace consists essentially of a flat 120-m2 heliostat, a 100-m2 parabolic con-
centrator, an attenuator (shutter), and a test table. The platform is able to intensify the natu-
ral solar beam of 25-cm diameter with the energy density over 300 W/cm2 which can heat up
the specimens above 2000�C.31,32 This is due to geometrical properties of the parabola when
the heliostat tracks the sun continuously and reflects its rays horizontally and parallel (with-
out concentration) to the optical axis of the parabolic concentrator; the latter, in turn, con-
centrates the incoming rays onto the focus of the parabola. The amount of sunlight reflected
toward the concentrator is regulated by the attenuator (shutter), located between the concen-
trator and the heliostat.33 A functional sketch of the installation is shown in Figure 1.

The samples were placed on a metallic holder which was fixed to the test table. In this
way, the samples were positioned at the focus by a three-axis displacement of the test table.
Each sample was provided with two type K thermocouples, one in the front side (the exposed
surface) and the other in the rear side. In order to expose just the front side of the specimen,

Figure 1. Functional sketch of the SF60 solar furnace at PSA.
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an alumina plaque with a square hole of the required size of the sample was placed in its
front side. At least three tests were performed for each set of conditions.

X-ray diffraction (XRD) analysis of the samples was performed using a diffractometer
equipped with a pyrolitic graphite monochromator for separation of CuKa radiation. A
goniometer was calibrated by corundum a-Al2O3 (99.9%) standard obtained from Alfa
Aesar. Diffraction patterns were recorded using a Bragg-Brentano diffractometer at the vol-
tage of 35 kV and emission current of 20 mA. X-ray scanning was carried out at a step size
of 0.01� (2u).

Simultaneous thermal analysis (thermogravimetry analysis and differential scanning
calorimetry (TGA/DSC)) was performed on a Linseis STA PT1600 instrument. Finely
ground samples of 15–17 mg were heated in a Pt-Rh crucible from 25�C to 1000�C at a heat-
ing rate of 10�C/min under air atmosphere. The differential thermogravimetric (DTG)
curves were derived from thermogravimetric (TG) curves. Thermogravimetric analysis is
explained for instance in Chapter 15 of Brostow and Hagg Lobland.3

Samples of xonotlite slabs were characterized by Fourier transform infrared spectroscopy
(FTIR). FTIR spectra in the 4000–550 cm–1 range were recorded by a Bruker Tensor 27
spectrophotometer with ATR-A537 (ZnSe) and TE-DLaTGS detector with a resolution of
4 cm–1.

The porosity characteristics and specific surface areas SBET of our samples were measured
by N2 adsorption/desorption using a Autosorb iQ Quantachrome volumetric sorption ana-
lyzer. All the samples were outgassed at 95�C for 12 h prior to measurements. SBET was cal-
culated by multi-point method using automatically selected points within the linear range of
BET (Brunauer, Emmett, and Teller) equation. The total pore volume was determined at a
relative pressure P/P0 = 0.99, and pore size distribution was estimated by the density func-
tional theory (DFT) method.

Microstructure analysis was carried out on a Zeiss EVO MA10 scanning electron micro-
scope on the samples coated with gold in secondary electron mode and operated at 25 kV.

The thermal conductivities of xonotlite at different temperatures were measured by the
hot wire method34 that is especially appropriate for testing thermal insulation materials.
Thermocouples are made from a chromel–alumel wire with 0.3-mm diameter. The hot wire
and taps for voltage measurements are made of nichrome.

Results and discussion

One option is the usage of stone wool as an insulation material for fire-proof doors with an
optimal quantity of organic glue, usually a phenolic resin. Thus, experiments on elements of
fire-stop systems created by the Idomus Company performed at the PSA demonstrate that
the pyrolysis process does not pass through the entire thickness of samples during 1 h test at
950�C—as demonstrated in the following three figures.

We then moved on to xonotlite-containing slabs. An example of a sample kept at 950�C
for 1 h is displayed in Figure 3.

We now compare results of using stone wool (Figure 2) and xonotlite-containing slabs
(Figure 3). Looking along the middle axis of the specimen perpendicular to the length in
Figure 2, we see that some 60% of material along that axis has suffered severe thermal
degradation (gray color) what can be assigned to the phenolic resin pyrolysis. Some further
(20%) suffered milder degradation (brownish color), apparently the organic resin not fully
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degraded. Similar processes are noticed in thermal protection systems35,36 such as those
based on phenolic resin reinforced by graphite felt.35 In other words, approximately 20% of

Figure 2. (a) A sample imitating a fire door element made of stone wool after solar irradiation and (b) a
cross section of the tested sample (thickness of 100 mm) showing the depth influenced by the pyrolysis
process in the sample at 950�C during 1 h.

Figure 3. A 50-mm-thick sample imitating a fire door element after solar irradiation maintaining 950�C
for 1 h; a cross section (a side view similar to that in Figure 2).
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the material along that axis appears unaffected. This is in sharp contrast to the xonotlite-
containing slab in Figure 3; here, we see some 85% along that length axis unaffected by pyr-
olysis. Problems with thermal stability of stone wool fibers have been discussed by Yue
et al.35 along with some ways of stabilizing those fibers. The stone wool fibers do not neces-
sarily retain their original geometric shapes at elevated temperatures. This while xonotlite
represents a three-dimensional structure.

Results of three high-temperature treatment tests are shown in Figure 4. Figure 4(a) cor-
responds to a reference xonotlite slab without a modifying layer. The front walls of the sam-
ples were impregnated by liquid sodium silicate: Figure 4(b) shows sodium silicate contained
5 wt% of montmorillonite (XSM5M), and Figure 4(c) shows sodium silicate contained
5 wt% of organically modified montmorillonite (XSM5MM).

The results in Figure 4 in a way speak for themselves. The target of temperatures lower
than 140�C at the back face has been exceeded. We are seeing temperatures not higher than
68�C in (a), not higher than 65�C in (b), and 55�C in (c). Incidentally, the use of the liquid
sodium silicate mitigates dust formation in processing.

Since the success achieved is largely related to low thermal conductivity of xonotlite, in
Table 1, we list the values of thermal conductivity l at selected temperatures. These values
were also obtained by averaging a minimum of three tests at each temperature.

We see in Table 1 an increase in thermal conductivity from the room temperature to
900�C by some 140%. This is a consequence of high-temperature dehydration of xonotlite
resulting in formation of a denser phase of wollastonite.

As noted in the Experiment section, we have also determined XRD patterns of our materi-
als; see Figure 5.

Figure 4. Temperature in �C of samples: front side (red line) and back side (orange line); and solar
radiation in W/m2 (blue line) as functions of shutter opening in % (brown line) at real time of tests in min.
Samples subjected to high-temperature treatments: 950�C applied as minimum for 1 h each time;
(a) reference xonotlite slab without a modifying layer, (b) sodium silicate containing 5 wt% of
montmorillonite (XSM5M), and (c) sodium silicate containing 5 wt% of organically modified
montmorillonite (XSM5MM). Note the two vertical scales on the left.
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In Figure 5 we see four species. In the reference (curve 1) of course, xonotlite dominates,
but there are some traces of quartz. However, for modified compositions after thermal
shock (curves 2 and 3), we see wollastonite created by conversion from xonotlite. We also
see sodium calcium silicate as a product of a reaction between sodium silicate, wollastonite,
and quartz. Namely

Na2SiO3 +CaSiO3 + 4Si02aNa2SiO3
�CaSiO3

�4SiO2

We now consider cumulative surface areas of pores of xonotlite and xonotlite after the
thermal shock; see Figure 6.

We see in Figure 6 that the surface area of xonotlite = 20.6 m2/g, decreased to 5.3 m2/g
as a consequence of the thermal shock and the resulting release of water molecules. Decrease
in the number and cumulative surface area of the pores is also a consequence of that shock.

TGA (red) and DSC (black) results are jointly presented in Figure 7.
We see in Figure 7 that the relative mass change of xonotlite in the temperature range

30�C–930�C amounts to 16.5% (curve 1). This is another manifestation of the conversion of
xonotlite to wollastonite. The endothermic effect at 30�C–330�C is related to adsorbed water

Figure 5. XRD patterns: 1 for the reference material and after thermal shock, 2 for modified composition
XSM5MM, and 3 for modified composition XSM5M.

Table 1. Thermal conductivity of modified xonotlite (XSM5MM) at selected temperatures.

T (�C) 18 35 400 600 900

l (W/mK) 0.0791 0.0804 0.1079 0.1226 0.1910
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removal, while at 420�C–445�C we see the effect of endothermic initial water removal from
large xonotlite crystals. We see the water removal effect with the highest speed of disintegra-
tion of xonotlite at 745�C–760�C. These effects and exothermal effect of crystallization of
wollastonite at 810�C were reported by Spudulis et al.37. Šiauči�unas et al.38 reported

Figure 6. Cumulative surface area of pores (red) and surface area of prevalent pores with width of
1.4 nm (black) as a function of pore width. Curves 1 and 1# are for reference xonotlite; 2 and 2# for
xonotlite after the thermal shock.

Figure 7. TGA and DSC results. Curves: 1 is TGA and 1# is DSC of the reference material, 2 is TGA and
2# is DSC after thermal shock; the latter sample was taken at the depth of 5–8 mm.
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formation of wollastonite starting around 775�C during the burning of a mixture of bedrock
and marlstone.

Exothermal effects around 357�C and 457�C reflect two-step decomposition of organic
substances (cellulose), which usually is seen during manufacturing xonotlite slabs. After the
thermal shock, the relative mass change of xonotlite in the range 30�C–930�C amounts to
8.8% (curve 2). This is related to the removal of water from incomplete conversion of xono-
tlite to wollastonite. FTIR results are presented in Figure 8.

The strong absorption bands at 449–453 and 800–1200 cm21 mainly occur due to Si–O
and O–Si–O vibrations, respectively. A sharp peak at 1202 cm–1 is characteristic only for
xonotlite before the thermal shock. After the shock, we see some new bands at 647, 783, 801,
975, 995, 1070, and 1168 cm–1. Their presence is assigned to wollastonite generated by high
temperature.39 The intensity of the absorption bands at 966 and 453 cm–1 decreased due to
de-hydroxylation of xonotlite at thermal shock conditions resulting in relative changes of the
amounts of Si–O and O–Si–O groups. Selected scanning electron microscopy (SEM) results
are presented in Figure 9.

Michler and Balta-Calleja40 and Michler41 explain in some detail how SEM observations
can be understood. Our SEM data show crystals characteristic for the xonotlite needle struc-
ture (a). The particles of wollastonite formed after the thermal shock are highly heteroge-
neous and agglomerated (b). Furthermore, there is a small quantity of small particles
adhering to the surfaces of the large grains. The conversion to wollastonite crystals is not
complete. Somewhat further with formation of wollastonite after calcination went Yazdani
and coworkers42 who at 1000�C used nanosilica. Such silica enhances the formation of
hydrate phases.

Concluding remarks

We have noted above discussing Figure 4 how well our results comply also with the
European standard EN 13501. The highest temperature at the back face was 68�C.

Figure 8. FTIR spectra of xonotlite before (curve 1) and after (curve 2) thermal shock.
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As noted in the beginning of section ‘‘Experiment,’’ xonotlite-type calcium silicate
hydrates exhibit low density, high strength and low thermal conductivity. As also already
noted above, such materials are useful in aerospace systems.3,12,13 We find that the same
materials provide an attractive option for fire-stop systems. Slabs made from this material
modified with sodium silicate including additives of montmorillonite and modified mon-
tmorillonite have demonstrated strong structural resistivity to the attack of high-energy sun-
light. During the exposure for 1 h to 950�C temperature, the back face temperature was not
higher than 70�C.

We further conclude that the use of the PSA facility with concentrated solar energy pro-
vided a highly useful and also a rapid method for finding suitable insulation materials for
fire-proof doors. Because of its special working characteristics and the high sunlight concen-
tration attained, this facility is suitable for tests in which the samples are heated up to a high
temperature in a few seconds—as in our case where the fire-proof door slabs are submitted
to a thermal shock.

Figure 9. Scanning electron micrographs of xonotlite slabs: (a) before and (b) after the thermal shock.
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