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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini Vermiculite materials are widely used as insulation material in the industry, fire protection systems, and fire

stoves. The high dimensional stability of vermiculite boards ensures that thermal runways in the insulation lining

Keywords: are avoided. Vermiculite boards for high-temperature applications are produced from thermally expanded

Verrmc‘uhte vermiculite and alkali silicate binder. Here, we show the impact of potassium silicate binder and vermiculite

]:;Par:m“ source on the dimensional stability of vermiculite boards. The vermiculite boards expand at 500-830 °C and
rinkage

shrink stepwise at 1000-1250 °C and 1400 °C, respectively, when heated at 10 °C min~! in ambient air. The
expansion process is discussed in relation to the boards containing non-expanded particles and metal carbonates.
The evolved gas analysis indicates that the CO, release from metal carbonates is the potential cause of the
expansion of some vermiculite types. The shrinkage is initiated by the dehydroxylation of the clay structure. The
binder promotes crystallisation during the shrinkage, ceasing the shrinkage process at higher temperatures. The
expansion and shrinkage of vermiculite boards are anisotropic and depend on the board density and vermiculite
origin. These findings provide new insights into the expansion and shrinkage behaviour of vermiculite boards.

Potassium silicate

1. Introduction

Vermiculite is a commodity name for a mineral mixture containing
vermiculite (V), phlogopite (P), and interstratified phases of vermiculite
and phlogopite (V-P). The interstratified phase with a 50:50 ratio of V
and P is called hydrobiotite (or hydrophlogopite). Vermiculite exists as
trioctahedral- and dioctahedral vermiculite, the former is commonly
found in commercial deposits [1]. Vermiculite and interstratified V-P
expand greatly when heated very fast at high temperatures
(400-1000 °C). Here, we use the term “vermiculite” to cover the raw or
processed mineral mixture and the term “vermiculite phase” for the
specific vermiculite phase.

Expanded vermiculite can be used in fire protection [2-4], as soil
amendments [5], as lightweight filling in concrete [6], as improver of
membrane performance [3,7,8], as a matrix substance in energy storage
systems [9], catalyst reactors [10], and heat insulation materials [11].

Vermiculite board is an insulation material with a working range
from 25 to 1200 °C. They find primary use in the aluminium industry
[11-13], wood stoves [14,15], and as passive fire protection [16], owing
to its high thermal and dimensional stability, low thermal conductivity,

excellent thermal shock resistance, and high chemical resistance. The
manufacturing of vermiculite boards involves first an expansion of the
vermiculite through flash heating and then mixing of expanded
vermiculite with a binder. Sodium and potassium silicate are often
applied as binders for board manufacturing [11]. Potassium silicate fa-
vours higher thermal stability. The mixture is finally shaped and hard-
ened to form a monolithic lightweight material.

The dimensional stability of the insulation materials is crucial to
keep a stable heat transfer through the insulation lining. For instance, if
the insulation material shrinks, gaps are formed between the insulation
units. If the material expands, cracks can form in the insulation material.
Cracks and gaps function as thermal bridges and should be avoided to
keep a low energy consumption. For these reasons, it is important to
understand the mechanism behind dimensional changes in insulation
materials [17-19].

There are several published reports on the thermal properties of
vermiculite bonded materials. The dimensional changes of vermiculite
bonded with geopolymer were studied during heating up to 1200 °C
[20]. The mechanical properties of the cement bonded vermiculite were
studied in the temperature range from room temperature to 1100 °C
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[21]. A recent work reported on the chemical degradation of the
vermiculite boards that were exposed to Na vapour at 970 °C [22]. In
our earlier work [23], we reported on the phase changes occurring
during the material processing and dynamic heating of potassium
silicate-bonded vermiculite boards at high temperatures (25-1425 °C).
This work focuses on explaining the dimensional changes occurring at
elevated temperatures using heating microscopy and evolved gas
analysis.

2. Materials & methods
2.1. Materials

All the vermiculite samples were of commercial grade and the par-
ticle size was between 0.355 and 1 mm. Vermiculite samples originated
from the Palabora deposit (Limpopo, South Africa), Qieganbulake de-
posit (Xinjiang, China), and Karako¢ deposit (Yildizeli/Sivas, Turkey),
hereafter named PV, QV, and KV, respectively. The vermiculite particles
were thermally expanded in a gas-fired furnace (flash-heat treatment).
More details are found in Ref. [23].

The expanded vermiculite was mixed with potassium silicate solu-
tion. The silicate solution was stored in closed containers and the shelf
time of closed containers was approx. one week. The silicate solution
was sprayed onto the expanded vermiculite particles while mixing. A
mixture without silicate solution was prepared using the same proced-
ure. The mixture was pressed uniaxially (Fig. 1a) to gain boards of 200
mm x 200 mm x 40 mm. The piston position was controlled within +1
mm. The density was controlled by varying the mass. The boards were
then dried at 120 °C for 16 h.

2.2. Characterisation

2.2.1. Chemical analysis

The chemical composition of the vermiculite (Table 1) was measured
with an X-ray fluorescence spectrometer (Epsilon 3x, PANalytical) using
the glass bead technique. Loss on ignition (LOI) was determined at
1030 °C. The uncertainty was below +0.8 wt%.

2.2.2. Heating microscopy

The expansion behaviour of the raw vermiculite was analysed using a
custom made heating microscope (Hesse Instruments). The thickness of
the PV particles was 0.2 cm, and that of QV and KV particles was 0.3 cm.
Randomly selected vermiculite particles (0.4 g) were placed inside a
squared quartz tube with round edges, which was standing on an Al;03
plate (Fig. 2). The central parts of the front and back surface of the tube
were parallel to each other, allowing transmission of the light through
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the tube. The edges near the corners are curved and appear black in the
heating microscope images, due to scattering. The vermiculite particles
(V) lay flat on the surface of the Al,O3 plate. The sample silhouette
height was measured from the recorded images. The sample height was
measured at three positions. The heating microscope was equipped with
a blue light and black/white camera with a telocentric lens. The samples
were heated in air under ambient pressure at 10 °C min "

The expansion and shrinkage of the boards were analysed with the
heating microscope (Hesse Instruments). Samples of approximately 1
cm X 1 cm x 1 cm were sawed from larger samples (Fig. 1b). The
samples were dried at 110 °C and cleaned with pressurised air before the
measurement. The samples were placed on an Al;Os plate and the
sample surface, which was exposed to a pressing piston during the
sample fabrication, turned upwards during heat treatment (Fig. 1c). The
samples were heated at 10 °C min ! in the air under ambient pressure.
Images recorded with the camera were analysed with the EMI 3.0.1a
software (Hesse Instruments). Only the sample silhouette was part of the
image analysis (Fig. 2). The sample silhouette area (A) was determined
by counting the black pixels of the sample. The sample height (H) was
determined as the maximum sample height measured perpendicular to
the base plate. The sample width (W) was determined as the maximum
sample width measured parallel to the bottom of the image frame.

2.2.3. Phase analysis

Vermiculite and the vermiculite boards were measured with an X-ray
diffractometer (Empyrean, PANalytical) to identify crystalline phases.
Cu-Ka radiation at 45 kV and 40 mA was used. The diffractometer was
equipped with a Ni-p filter, soller slit (0.04 rad), anti-scatter slit (1/8°),
and divergence slit (1/16°) on the primary site and anti-scatter slit (11.2
mm) and soller slit (0.04 rad) on the secondary site. The diffracted beam
was recorded with a PIXcellD detector. The scanning range was 2.0-80°
(260) and the diffractograms were scanned three times, each time for 1 h.
The diffractograms reported are the sum of the three scans. All the
samples were knife-milled and back-loaded onto the sample holder prior
to the measurement. The phases were identified using Highscore Plus
software (PANalytical) by comparing peak position and intensity with
the PDF-2 database and with in-house reference minerals. The following
references were used to identify phases in the samples: Vermiculite (in-
house), hydrobiotite (in-house), phlogopite (in-house), apatite (PDF #
00-015-0876), calcite (PDF# 00-005-0586), dolomite (PDF# 00-011-
0078), pyroxene (PDF# 01-070-2129).

2.2.4. Evolved gas analysis

Gasses evolved from the knife-grinded vermiculite boards were
analysed using a Jupiter 449 simultaneous thermal analysis (STA) in-
strument coupled with a 403C Aeéoloss mass spectrometer (MS)

L
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2 ——Alumina
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Fig. 1. a) A mixture of vermiculite and potassium silicate solution pressed uniaxially, b) for thermal analysis, small samples were cut from the hardened board, and c)
measured with a heating microscope by placing the sample on an alumina plate with the press direction perpendicular to the alumina plate.
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Table 1

Chemical composition of untreated vermiculite samples. The PV and QV compositions are from Ref. [23].
Oxide SiO, TiO, Al,O3 MgO Fe,03 K>,O0 CaO Na,O P>0s Mn304 LOI
PV 38.3 0.9 8.5 23.7 8.4 4.7 3.4 / 1.0 / 10.6
KV 38.1 2.1 15.9 14.7 13.1 4.1 4.3 0.1 / 0.2 7.3
Qv 37.7 1.0 11.0 23.2 5.6 3.8 2.6 1.0 / / 13.3

Fig. 2. Images of vermiculite particles (V) recorded with a heating microscope at 10 °C min~'. The particles are located on a base plate (Al,03) and surrounded by
the surfaces of a quartz glass tube. The scale in the right bottom corner corresponds to 1 cm.

(Netzsch, Selb, Germany). The measurements were performed in the
temperature range of 30-1250 °C with a heating rate of 10 °Cmin~! ina
flushing oxidizing atmosphere (Ar/O3 = 80/20). The sample (20-25 mg)
was inserted into an uncovered alumina crucible. The gases released
from the inspected sample were detected by the MS.

2.2.5. Flash heating

A Bunsen burner with propane gas was used to heat the surface of the
vermiculite boards. The boards were qualitatively checked for expand-
ing vermiculite particles.

3. Results & discussion
3.1. Vermiculite

Phase analysis of the vermiculite samples (Fig. 3) shows that they
have reflections of the vermiculite phase at 6.1° (14.4 A), phlogopite at
8.7° (10 A), and interstratified phases of vermiculite-phlogopite (V-P) at
6.5-8.0° (13.6-11.0 A). The vermiculite phase corresponds to Mg-
intercalated vermiculite (14.4 A) with a double water layer hydration
state (2-WLHS). The reflections centred around 7.0-7.7° (11.5-12.3 ;\)
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Fig. 3. X-ray diffractograms of untreated and expanded vermiculite. The letters
refer to phases of vermiculite (V), hydrobiotite (H), interstratified vermiculite-
phlogopite (V-P), phlogopite (P), apatite (A), pyroxene (Px), calcite (C), dolo-
mite (D).

indicate hydrobiotite (50-50, V-P). The peak broadening can be a result
of different stacking sequences of vermiculite and phlogopite phases,
and variations of hydration states. Minor amounts of calcite (CaCO3) and
amphibole are detected from the XRD patterns. Apatite is also detected
in the PV sample. Detailed information on the PV sample is found in
Refs. [24-26].

3.1.1. Thermal expansion — flash heating

Heating of vermiculite particles at high temperatures (~770 °C) for a
very short time (~1 s) causes the particles to expand perpendicular to
their basal planes. The loose bulk density of the particles decreases
dramatically during the expansion process (Table 2).

The thermal expansion process changes the reflections of vermiculite
and interstratified V-P phases to collapse irreversibly to 8.7° (~10 A)
with nearly the same interlayer distance as phlogopite (Fig. 3). The
reflection is much broader than phlogopite, reflecting a distribution of
different WLHS. The same change occurs for untreated vermiculite and
pure vermiculite phase (see references in Ref. [23]). Suquet et al. [27]
proposed that this event was caused by the formation of enstatite be-
tween the interlayers, thereby linking the interlayers together with co-
valent bonds. This prevents interlayers from reabsorbing moisture
again. The expansion ability of vermiculite is discussed in detail else-
where [23,28].

3.1.2. Thermal expansion — dynamic heating

The expansion of untreated vermiculite during dynamic heating
(10 °C min™!) is shown in Fig. 4. The expansion ability is lower
compared to the case where the particles are flash heated. KV, QV, and
PV samples start to expand around 250 °C. At higher temperatures, the
expansion accelerates at 300 °C, 350 °C, and 420 °C for KV, QV, and PV,
respectively. Particle size and interlayer ion influence the expansion
ability. Interlayer sodium ions (Na®) reduce the onset of expansion
significantly [29]. As seen from Table 2, sodium is present in the QV
sample. This can explain why the QV sample has a lower temperature of
accelerated expansion. The KV sample exhibits also a low expansion
temperature, however, the Na content in the KV sample is low. Particles

Table 2
Loose bulk density of untreated (punreated) and expanded (pexpanded) vermiculite
and the expansion ratio (K= pexpanded/Puntreated)-

Vermiculite Puntreated Pexpanded K

[kg m’3] [kg mis] [-]
PV 1062 + 25 84+ 2 12.6 £ 0.3
KV 564 + 4 91+5 6.2 + 0.4
Qv 849 + 40 125 + 24 6.9+ 1.3
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Fig. 4. Normalised sample height (H/H,) of untreated vermiculite samples of
different origins (PV, QV, KV) on dynamic heating at 10 °C min~'. The hatched
areas represent the standard deviations.

with multiple phases are likely to exhibit a lower onset temperature of
expansion. Phlogopite can block the vapours escaping from the
vermiculite phase or V-P, allowing vapour pressure to build up.

A lower onset expansion temperature of the PV vermiculite is
observed by the heating microscope compared to that measured with a
thermo-mechanical analyser (TMA) [29]. The TMA was measured on
smaller particles (Micron grade) than the heating microscope (Super
Fine grade). This illustrates the importance of particle size effect for the
onset expansion temperature. PV, KV, and QV are of Super Fine grade
and the sieve analysis (results not shown) indicated similar distribution.
The difference in the expansion profiles between 300 and 400 °C is likely
a combined effect of different phase compositions and interlayer cations.

3.2. Thermal stability of vermiculite boards

The vermiculite boards undergo a drastic change in their dimenions
when being heated (Fig. 5). At 400-850 °C, the boards expand. From
1000 to 1200 °C, the boards shrink. From 1200 to 1300 °C, the boards
start to shrink a second time. Each event is discussed separately below.

1.2
—e—PV
1| —a—Kv
1.1 —=— QV

Temperature [°C]
625 1025 1225 1325 1375 1385

T T T T T T T T T T T T
200 400 600 800 1000 1200 1400

Temperature [°C]

Fig. 5. Normalised silhouette area (A/Ao) of vermiculite boards heated at 10 °C
min~'. The inset contains images of the silhouette of a KV vermiculite board
recorded at different temperatures.
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3.2.1. Expansion

Vermiculite boards expand from room temperature up to
700-850 °C. The expansion accelerates for KV and PV at 400 °C and
700 °C, respectively, whereas the QV sample expands only slightly in
comparison.

The vermiculite particles in the boards consist of flakes. The large
flake surface orientates preferably in the press direction in which the
boards were produced (Fig. 1a). Untreated vermiculite flakes expand in
the *C-axis direction and since the *C-axis is preferably oriented parallel
to the press direction, the expansion of vermiculite particles during
dynamic heating should occur in the press direction. Fig. 6 shows the
dimensional change of the KV vermiculite board in both the vertical
(height, H/H) and horizontal (width, W/W,) direction. The samples
exhibit higher expansion in the press direction. This suggests that the
expansion event of vermiculite boards is dominated by the expansion of
water-rich interlayers, which could originate from partially or
completely untreated vermiculite particles.

The potassium silicate binder becomes fluid around 500 °C [23] and
the binder is therefore mobile when the vermiculite boards expand
(400-700 °C). The vapours released from the dehydroxylation of the
clay structure could potentially cause the foaming of the liquid potas-
sium silicate and the expansion of the vermiculite board. In addition,
potassium silicate can convert into KoCO3 [30] even at room tempera-
ture [31]. K2CO3 decomposes at ~820 °C when heated at 10 °C min~!
[32]. The CO5 formed during the K;CO3 decomposition could cause an
expansion of the samples. The temperature of decomposition (~820 °C)
agrees well with the temperature of expansion (830 °C) of the PV sam-
ple. However, this mechanism fails to explain why the KV and the QV
sample does not exhibit the similar expansion ability at 830 °C as the PV
sample. Boards made without the binder show a similar expansion
profile compared to those boards made with the binder (Fig. 7), sug-
gesting that the expansion phenomena are related to the vermiculite
particles.

Heating PV boards to 824 °C, followed by cooling to room temper-
ature and then heating the board sample a second time to 824 °C reveals
that the expansion occurring during the first and second heating is
different (Fig. 8). The expansion during the first heating is close to
exponential, whereas the expansion during the second heating is close to
linear. This demonstrates that the expansion occurring during the first
heating is irreversible.

The expansion profile of the vermiculite materials depends on the
vermiculite origin [23]. Boards made from Karakoc vermiculite (KV)
expand at 500 °C, whereas boards made from Palabora vermiculite (PV)
have a major expansion at 830 °C. Remnants of untreated vermiculite
particles could cause such expansion, however, the initial expansion
profile of PV, QV, and KV particles (Fig. 4) does not agree with the
dynamic expansion profile of the corresponding vermiculite boards
(Fig. 5). The PV, KV, and QV particles contain different phases, as
described before. Each particle consists of one or more phases. Particles
with a mosaic distribution of phases gain the highest expansion ability
[28]. Non-expandable phases block the vapour escape route, thereby
inducing pressure build-up to the point of spontaneous expansion.
Monophase particles with trioctahedral vermiculite contain the highest
amount of water. Endothermic evaporation works against the temper-
ature increase during the flash-heating. This increases the chance that
the particles are processed without expansion. Those particles with a
monophase of trioctahedral vermiculite have the highest endothermic
capacity and therefore have the highest probability to avoid expansion.

Using a flame torch to flash-heat the pressed surface of a KV, PV, and
QV vermiculite board for 3-5 s causes individual particles to expand
from the board. Those expanding particles are dominated by those
having a shiny goldish lustre. The phase composition of these particles is
dominated by pure vermiculite phases, which do not expand during the
thermal expansion process. This could be due to three reasons. First,
they contain a high amount of interlayer water. The water provides a
cooling effect on the particles, thereby preventing the vermiculite to

23608



R.R. Petersen et al.

Ceramics International 49 (2023) 23605-23611

a) b)
1.1 6
e PV R*=0.90
— HIH, A KV R=092 o
— ] 1 QV R?=0.74
gO
— 4 A
o ,
S S, G
s A
% 1 A - ’/ 4 A.
[ - [ ]
(@] Im o A/ ®
2 e 7 E
Io < A AR @
m - @
E ] =]
0.8 T T T T T T T 0 T T T T T T T
0 400 800 1200 300 400 500 600 700

Temperature [°C]

Density [kg m™]

Fig. 6. a) Normalised sample height (H/H,) and sample width (W/W,) of KV vermiculite board with a density of 562 kg m~3.b) Degree of expansion (AHcyp) of PV,
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Fig. 8. Area of PV sample (A) normalised to the area at 100 °C (Ao). The sample
is heated and cooled twice, as indicated by the arrows.

reach a sufficiently high temperature for expansion. Second, the parti-
cles have a high phase homogeneity, which allows the vapour in the
interlayer to escape easily from all sides, thereby preventing critical
pressure to build up. Third, the expansion process is short, allowing a

23609

short time for phase change and expansion. Hence, those particles with
high content of vermiculite phases pass the flash-heating process
without changing the phase. Even though the vermiculite phase de-
hydrates during the expansion process, the vermiculite phase rehydrates
after heat treatment. Therefore, the non-expanded particles cause the
expansion of the vermiculite board as observed by the heating micro-
scope (Fig. 5). Following this mechanism, the expansion should increase
with an increasing amount of non-expanded particles. The number of
non-expanded particles increases as the board density increases. Hence,
the role of non-expanded particles can explain why the expansion is
dependent on the density.

3.2.2. Evolved gas analysis

Evolved gas analysis on vermiculite boards observed using mass
spectroscopy shows a strong signal of mass-to-charge ratio (m/z) of 18
and 44 (Fig. 9), which correspond to H20 and COg, respectively. HoO

m/z =18 —PV
—
>
<
i
C
GJ T T T T T T T
o
— m/z = 44
>
(@)
C
o
0 ' 2(|)0 ' 4(|)0 ' 6(|)0 ' 8(|)0 ' 10|00 ' 12|00

Temperature [°C]

Fig. 9. Ion current obtained from mass spectroscopy of gasses released from
ground vermiculite boards. Charged species of H,O and CO, correspond to the
mass-charge ratio (m/z) of 18 and 44, respectively.
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and CO; are the main gases. Other gases (e.g. HCl, SO5) are only found in
trace amounts. The CO3 peak at 150-200 °C could be due to physically
adsorbed CO, on the surface, which is released at <250 °C from silicate
surfaces [33]. A minor CO, release occurs at 300 °C, which can be
attributed to burn-out of organic material. At 600-700 °C, minor content
of metal carbonates (calcite/dolomite) decompose and release CO5 [23,
26]. Carbonate minerals located inside the clay particles [26] could
potentially cause the expansion of the particles during the thermal
decomposition of the carbonates. When dripping acid on the expanded
vermiculite a strong bubble evolution is observed [23]. This indicates
that metal carbonates (calcite and dolomite) are present in the expanded
vermiculite.

The onset temperature of expansion for PV, KV, and QV is 720, 535,
and 790 °C, respectively. The expansion temperatures of PV and QV
boards are similar and can be related to carbonate minerals in the
following way. When the CO;, gas is released in the boards, the gasses are
retained in the board before the CO5 can diffuse through the board and
escape to the atmosphere. The continuous increase in temperature
causes a thermal expansion of entrapped CO-, gasses, thereby expanding
the board. The diffusion path is longer in the bulk samples (1 cm®) used
for the heating microscopy than in the ground samples used for evolved
gas analysis. Therefore, the expansion onset of boards in the heating
microscope exhibits a time lag compared to the apparent onset tem-
perature of COy emission. Following this mechanism, the expansion
ability is dependent on the density, as seen in Fig. 6b. The KV sample
expands at lower temperatures (535 °C) compared to the PV and QV
sample (720-790 °C). This can be ascribed to the expansion of clay
particles, which increases the porosity of the board and opens the
structure. This enables a faster escape of CO,, when the metal carbonate
decomposes at higher temperatures (600-700 °C). Hence, the KV board
does not show expansion in the similar temperature range as the PV and
QV.

The Hy0 emission at 25-200 °C corresponds to the loss of the
interlayer water from clay particles [23,34], free water, adsorbed water,
and hydroxyl groups from the potassium silicate surface [23,35,36]. The
H>0 emission at 825-1100 °C corresponds to the dehydroxylation of
clay minerals.

3.2.3. Shrinkage

At 1000-1250 °C, the vermiculite boards undergo a major shrinkage
(Fig. 5). During this event, the crystalline phase composition changes
from dehydrated vermiculite and hydrobiotite phases to forsterite and
leucite [20,23]. Boards prepared without the binder exhibit a similar
onset temperature of shrinkage (Fig. 7), however, further heating only
increases the degree of shrinkage. Boards without the binder form for-
sterite during shrinking but no leucite is formed. This suggests that the
potassium silicate binder induces a fast crystallisation into leucite,
which halts the shrinkage process during dynamic heating.

The onset shrinkage temperature depends on the vermiculite origin
but is independent of density [23]. The shrinkage process and the phase
transformation into forsterite and leucite follow, subsequently, the
dehydroxylation process. The low dehydroxylation temperature of the
QV board (Fig. 9) agrees well with the low onset temperature of
shrinkage (Fig. 5). The dehydroxylation temperature of sheet silicates is
affected by the trioctahedral environment [37,38]. Differences in the
trioctahedral environment could explain the different shrinkage tem-
peratures. Walker & Cole [34] suggested that a high Si:Al"V ratio of the
tetrahedral layers resulted in higher thermal stability of vermiculite.
This could explain the different shrinkage temperatures of PV and QV.
However, the KV sample has the lowest Si:Al'Y ratio, but exhibit a high
onset shrinkage temperature.

The second shrinkage event of vermiculite boards (1290-1380 °C) is
related to the melting of leucite, whereas forsterite seems to remain
stable up to 1425 °C [23].

Future research will focus on determining the phase composition and
structural formulas of untreated vermiculite. It is important to establish
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a link between the crystal chemistry of untreated vermiculite and the
thermal properties of the potassium silicate bonded vermiculite
materials.

4. Conclusions

Vermiculite boards were made from expanded vermiculite and po-
tassium silicate binder. The vermiculite particles were expanded
through a flash heat treatment. Vermiculite boards under went expan-
sion and shrinkage during dynamic heating. The expansion process was
irreversible and anisotropic, i.e., the boards exhibited greater expansion
in the direction in which they were pressed into boards.

The expansion ability is dependent on the density and origin of the
vermiculite source. The onset temperature of expansion depends on the
vermiculite origin. The expansion mechanism was discussed in relation
to binder and mineral phases. Binder had no influence on the expansion
ability, since material without binder expands to a similar extent. The
results suggests that the clay particles cause expansion at low temper-
atures (535 °C) and metal carbonate are responsible for the expansion at
higher temperatures (720-790 °C).

At 1000-1250 °C, the boards shrink anisotropically due to dehy-
droxylation. The binder induces crystallisation during the shrinkage.
The new crystalline phases prevent further shrinkage and stabilises the
shrinking process up to 1250-1350 °C.
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