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Abstract The thermal shrinkage and weight loss of a
systematic series of geopolymers with nominal com-
position of NaAlO,(SiO,), - 5.5H,0 (1.15 £ z £2.15)
made by activation of metakaolin with sodium silicate
solutions are presented. The thermal behaviour of
Na-geopolymers are varied, but may be categorised
into four regions of behaviour exhibited by all
specimens. This investigation explores the effect of
nominal Si/Al on the processes and mechanisms of
thermal shrinkage and weight loss throughout con-
stant heating of Na-geopolymer. The overall thermal
shrinkage of Na-geopolymer increases with increasing
nominal Si/Al, with the onset temperature of struc-
tural densification occurring at lower temperature
with increasing Si/Al. Thermal shrinkage is observed
to result from capillary strain, dehydroxylation and
viscous sintering in different temperature regions, and
is explored by use of dilatometry, thermogravimetry,
nitrogen porosimetry and use of different constant
heating rates.

Introduction

Geopolymers are chemically hardened monolithic
aluminosilicate gels formed by partial dissolution and
polycondensation of aluminosilicate materials, such as
fly-ash and calcined clays, in aqueous alkaline envi-
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ronments [1, 2]. Geopolymers have been proposed as
an alternative to traditional Ordinary Portland Cement
(OPC) for use in construction applications, due to their
excellent mechanical properties [3], low temperatures
required for synthesis and their intrinsic fire resistance
[4]. Like zeolites and some aluminosilicate gels, geo-
polymers are synthesised in aqueous media, albeit
much lower water weight fractions, typically less than
35%. Due to their excellent mechanical properties, the
bulk of literature is focussed on the effect and
application of different raw materials on the compres-
sive strength of geopolymers [5], chemical impurities
[6], and the effect of the chemical composition of the
alkali activating solutions [7]. Only a relatively small
number of investigations have specifically studied the
effects of high-temperature on geopolymeric gels
[8-13]. Studies of geopolymeric gel have not explored
the effect of gel Si/Al, alkali cation, raw material or
impurities. Each of these factors play crucial roles in
determining the mechanical properties of geopolymers
at ambient conditions and should also be expected to
affect greatly the properties of geopolymers at elevated
temperatures.

The geopolymer structure is formed from tetrahe-
drally co-ordinated aluminium and silicon atoms
bridged with oxygen [14, 15]. The negatively charged
aluminium in IV-fold coordination is balanced via
association with monovalent cations, typically sodium
and potassium, provided by the alkaline activating
solution [1]. The resulting inorganic gel is amorphous
to electron diffraction [1, 9, 16], and exhibits a single
broad hump in ?°Si MAS-NMR spectra, similar to
aluminosilicate gels [17]. However, transformation of
the amorphous gel into zeolite has been observed,
where structural reorganisation is rapid due to an open
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microstructure [5, 18, 19]. The microstructure of
geopolymers has been observed to vary greatly
depending on the Si/Al, a result of variation in the
density of the aluminosilicate gel. The change in
microstructure appears to be very important to the
mechanical properties of geopolymers, with strength
observed to increase generally with decreasing gel
density [18].

Rahier et al. [13] broadly investigated some thermal
properties of a geopolymer of non-prescribed compo-
sition synthesised from metakaolin and sodium silicate
solution (denoted Na-geopolymer), primarily the dehy-
dration and thermal shrinkage. The specimen investi-
gated by Rahier exhibited shrinkage of approximately
6% during dehydration, without significant densifica-
tion observed at higher temperatures (>600 °C). More
recently, the thermal characteristics of Na-geopolymer
with a Si/Al of approximately two has been investi-
gated, revealing a similar region of shrinkage associ-
ated with dehydration, but also the specimen was
observed to densify at approximately 800 °C [8]. The
different thermal shrinkage behaviour of these systems
suggests that there are differences in the thermal
behaviour of Na-geopolymers with differing composi-
tion, which is yet to be elucidated by systematic
investigation. Furthermore, the dehydration and den-
sification processes occurring in Na-geopolymers have
not been determined. The microstructure of Na-geo-
polymer is known to be highly dependent on Si/Al,
which may play a significant role in determining the
material’s thermal properties and the effect of elevated
temperatures on it’s physical properties [18].

The current work will focus on the effect of Si/Al on
the thermal shrinkage and weight loss characteristics of
Na-geopolymer synthesised from metakaolin. The
processes of dehydration, dehydroxylation and densi-
fication will be systematically investigated in specimens
with nominal composition NaAlO,(SiO,), - 5.5H,0,
where 1.15 <z <2.15. The chemical, physical and
structural changes resulting from thermal exposure
will be characterised by DTA, TGA, nitrogen poros-
ometry and dilatometry. The thermal behaviour of
Na-geopolymers is characterised into four different
regions, allowing for the comparison of geopolymeric
gels to other synthetic aluminosilicate gel materials.

Experimental procedure

Materials

Metakaolin was purchased from Imerys (UK) under
the brand name of Metastar 402. The molar composi-

tion of metakaolin determined by X-ray fluorescence
(XRF) was (2.3:1)SiO; - Al,O5 with small amounts of
a high temperature form of muscovite as an inert
impurity. The Brunauer-Emmett-Teller (BET) sur-
face area [20] of the metakaolin, as determined by
nitrogen adsorption on a Micromeritics ASAP2000
instrument, is 12.7 m%g, and the mean particle size
(d50) is 1.58 pum.

Alkaline sodium silicate solutions with composition
SiO,/Na,O = R (0.0, 0.5, 1.0, 1.5 and 2.0) and H,O/
M,O =11 were prepared by dissolving amorphous
silica (Degussa, 99.9%) in appropriate sodium hydrox-
ide solution (Merck, 99.9%) until clear. Solutions were
stored for a minimum of 24 h prior to use to allow
equilibration.

Geopolymer synthesis

Geopolymer samples were prepared by mechanically
mixing stoichiometric amounts of metakaolin and each
of the five alkaline silicate solutions to allow Al,Os/
M,0 = 1 to form a homogenous slurry. After 15 min of
mechanical mixing the slurry was vibrated for 15 min to
remove entrained air before being transferred to poly-
ethylene moulds, which were sealed. Specimens were
curedin alaboratory oven at40 °C and ambient pressure
for 24 h before storage at ambient temperatures in
sealed vessels for the prescribed period of time before
use in experiments. Specimens used in dilatometry
experiments were moulded with L/D of 2 (10 mm x
5 mm) and polished so that their ends were flat and
parallel to ensure accuracy. This resulted in five speci-
mens with nominal composition NaAlO,(SiO,), -
5.5H,0 (1.15 £ z £2.15), and will be referred to as
Nal.15, Nal.40, Nal.65, Nal1.90 and Na2.15.

Analytical techniques

Simultaneous DTA and TGA measurements were
performed on a Perkin—Elmer Diamond DTA/TGA
with platinum sample crucibles. Experiments were
performed between 25 and 1050 °C at a heating and
cooling scan rate of 10 °C min™" with a Nitrogen purge
rate of 200 ml min~'. TMA measurements were per-
formed on a Perkin-Elmer Diamond TMA at a
constant heating rate of 10 °C min~' unless otherwise
indicated and a Nitrogen purge rate of 200 ml min™'.

N, adsorption/desorption of powdered specimens
were carried out with a Micromeritics Tristar 3000
(Norcross, GA). The air (water) desorption was
performed at 100 °C for typically 24 h. Surface areas
were calculated with an accuracy of 10%, from the
isotherm data using the BET (Brunauer, Emmet
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Teller) method [20]. Cumulative pore volumes were
determined with the BJH (Barret, Joyner, Halenda)
method [21] using the desorption data. The total pore
volume V|, was derived from the amount of vapour
adsorbed at a relative pressure close to unity, by
assuming that pores filled subsequently with condensed
adsorptive in the normal liquid state. Nominal density
of specimens was determined by the Archimedes
method in water and air.

Results and discussion

The thermal shrinkage and weight loss of Na-geopoly-
mers with 1.15 < Si/Al < 2.15 are presented in Figs. 1
and 2, respectively. It can be observed that the overall
thermal shrinkage of specimens is influenced greatly by
the Si/Al. However, all specimens exhibit essentially
identical characteristics of weight loss up to 1000 °C

AL/L (%)

'20 T T T T 1
0 200 400 600 800 1000

Temperature (°C)

Fig. 1 Thermal shrinkage of Na-geopolymer with Si/Al of: (a)
1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15

(Fig. 2). All specimens exhibit nominal shrinkage up to
100 °C (Fig. 1), while large amounts of weight are lost,
presumably from evaporation of free water (Fig. 2), as
observed for Na-geopolymers in previous work [8, 13,
22]. A period of rapid thermal shrinkage is observed in
all specimens between approximately 100 and 300 °C
(Fig. 1).

By comparing Figs. 1 and 2, it can be seen that the
end of the initial region of rapid shrinkage coincides
with a large decrease in the rate of weight loss from
dehydration. There is some effect of Si/Al on the onset
temperature of the large period of shrinkage observed
at approximately 100 °C. The onset temperature of
shrinkage for low Si/Al specimens (i.e. Nal.15 and
Nal.40) is lower than for specimens with Si/Al > 1.65
(Fig. 1). The slow and constant thermal shrinkage of all
specimens appears similar in the temperature region
from 300 °C until the onset of rapid shrinkage in the
specimens with Si/Al ratio > 1.40 (Fig. 1). The slow
rate of thermal shrinkage between approximately 300
and 600 °C may be linked to the slow rate of weight
loss observed in the thermogravimetric data (Fig. 2). In
contrast to specimens with Si/Al > 1.40, the Nal.15
specimen exhibits only nominal thermal shrinkage
beyond 300 °C, with no readily observable region of
rapid shrinkage at high temperature despite weight loss
that appears similar to all other specimens. However,
the Nal.15 specimen does undergo some level of high-
temperature thermal shrinkage, suggesting that is may
be far more stable at high temperature compared to
the higher Si/Al specimens rather than fundamentally
different. Nonetheless, from Fig. 1 it can be observed
that some characteristic similarities may be observed in
the thermal shrinkage of Na-geopolymers with differ-
ent Si/Al, and also some fundamental differences. Si/Al
can be observed to only have a small affect on the
weight loss of Na-geopolymers (Fig. 2), yet thermal
shrinkage changes significantly at temperatures in
excess of 700 °C (Fig. 1). Therefore, differences in

Fig. 2 Percentage weight loss (a) 100 (b) 100
of geopolymer with Si/Al of
1.15, 1.40, 1.65, 1.90 and 2.15.
(a) Ambient to 1000 °C, (b) = %07 < %7
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]
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the structure of the material, not specifically related
to dehydration are likely to be significant in the
determination of geopolymer thermal shrinkage at
high temperature.

Small increases in temperature above ambient result
in all geopolymer specimens in the current work
exhibiting significant weight loss and only nominal
shrinkage, which correlates with previous observations
[8, 13, 22]. It can be seen from comparison of
specimens with different Si/Al in Fig. 1, that there is
a compositional dependence of the onset temperature
of initial shrinkage and the rate of weight loss. Both the
rate of weight loss and the onset temperature of
shrinkage decrease with increasing specimen Si/Al.
The large fraction of weight loss observed below
300 °C is presumably due to the loss of evaporable
water from large pores. As such, the porosity and pore
distribution is likely to play a role in determining the
rate of dehydration of the specimens in Fig. 2b.
Hydrous silicate gels formed by the sol-gel method
exhibit gradual shrinkage once exposed to tempera-
tures above ambient, on the order of a few percent by
200 °C in constant heating rate experiments [23]. The
shrinkage is accompanied by a much lower fraction of
dehydration, and is attributed to the increase in surface
area due to desorption of water. Geopolymers are
synthesised as monoliths, where water required in
synthesis is distributed in the final diphasic structure
(i.e. gel and water). Therefore, geopolymers contain a
relatively large amount of water available for evapo-
ration in large pores, which would not result in
capillary strain. This may account for the low temper-
ature region of dimensional stability, despite the large
amount of weight loss routinely observed in dilato-
metric investigations [8, 13, 22]. Once the freely
evaporable water is removed from pores, the gel
structure should be subjected to increases in surface
area as water is liberated from the surface of the gel
and small pores resulting in shrinkage as observed
(Fig. 1). The gel contraction in this temperature region
may be correlated with the reduction in surface area of
specimens discussed later in this article.

It can be observed in Fig. 1 that the temperature of
initial shrinkage increases with Si/Al < 1.65. Specimens
with Si/Al > 1.65 exhibit similar onset temperatures of
shrinkage. A recent study reported that the mechanical
properties of Na-geopolymers rapidly improve for
1.15 < Si/A1<1.65 [18]. It was observed that the
Young’s modulus of Na-geopolymer increased from
approximately 2.3 GPa for Nal.15 to 5.1 GPa for
Nal.65 and was similar in specimens with Si/
Al > 1.65. The large increase in Young’s modulus with
increasing Si/Al would provide specimens of higher

Si/Al with greater rigidity to resist the capillary strain
forces developed during dehydration and may account
for the additional dimensional stability of Na-geopoly-
mers with Si/Al > 1.65 in Fig. 1. The increase in the
temperature of initial shrinkage observed in Na-
geopolymers with 1.15 < Si/Al £ 1.65, with similar
onset temperatures exhibited by specimens with Si/
Al > 1.65 supports this reasoning.

After the initial period of dimensional stability, Na-
geopolymers exhibit an onset of rapid shrinkage
between approximately 100-300 °C (Fig. 1). The
mechanical properties of Na-geopolymers have been
observed to vary substantially with Si/Al, which may
explain the amount of thermal shrinkage observed in
specimens after heating to 300 °C in Fig. 1 [8, 13]. The
amount of thermal shrinkage decreases for 1.15 < Si/
Al < 1.65, with specimens with Si/Al > 1.65 exhibiting
a similar extent of shrinkage. This trend is similar to
that observed in the Young’s moduli of Na-geopoly-
mers of analogous composition. Similar extent of
shrinkage up to 300 °C has previously been observed
by Barbosa & MacKenzie [8], who described magni-
tude of the shrinkage as small, although it accounted
for up to one third of all shrinkage observed in their
investigations throughout heating to 1000 °C. Rahier et
al. [13] attributed shrinkage observed below 300 °C to
dehydroxylation. However, dehydroxylation generally
occurs at temperatures well in excess of 250 °C.
Therefore, evaporation of free pore water is more
likely to account for the bulk of weight loss at these
lower temperatures. The mechanism responsible for
the thermal shrinkage observed up to 300 °C is
discussed in more detail later in this article.

Figure 3 shows the DTA thermograms of Na-geo-
polymer with 1.15 < Si/Al < 2.15. It can be observed
that there are two characteristic features of the thermo-
grams; (1) a large endotherm at low temperature (up to
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Fig. 3 DTA thermograms of geopolymers with Si/Al ratios of:
(a) 1.15, (b) 1.40, (¢) 1.65, (d) 1.90, and (e) 2.15
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350 °C) and (2) a period of almost zero gradient. The
exothermic peak observed only in the Nal.15 specimen
at approximately 700 °C is typical of collapse of zeolitic
frameworks. Faujasite has been observed in small
amounts in analogous specimens [24], which accounts
for this exothermic peak. The endotherm observed in
the thermogram of Nal.15 is broad and extends from
ambient to 350 °C. As the Si/Al of specimens is
increases, the upper bound of the endotherms decrease,
and a distinct minimum of greater intensity can be
observed to develop at approximately 120 °C (Fig. 3e).
The narrowing of the temperature range of dehydration
in combination with the appearance of a distinct
minimum in the dehydration endotherm with increasing
Si/Al implies that a greater proportion of water is
evaporated over a more narrow temperature band,
which is confirmed by the cumulative weight loss data in
Fig. 2.

The increased rate of water loss observed as the Si/
Al of specimens increases suggests a change in the
structure of the material resulting in different charac-
teristics of dehydration (Fig. 2b). Although it has been
observed that the pore size in Na-geopolymers
decreases with increasing Si/Al [14, 18], it is apparent
that the evaporation of free water in geopolymers is
not restricted by pore size. In fact, the greater
temperature span of the endotherm in Fig. 3 suggests
that Na-geopolymers with low Si/Al (i.e. Nal.15 and
Nal.40) contain water that is more tightly bound within
the gel. The low Si/Al specimens are known to contain
zeolitic ‘phase’ [24, 25], which tightly incorporate water
into their cage-like structure. Therefore, the higher
temperature range of dehydration observed in these
specimens may be understood. Furthermore, on the
order of 80% of all weight loss is observed below a
temperature of 300 °C (Fig. 2b), suggesting that the
bulk of water in the structure of geopolymeric mate-
rials is present as freely evaporable water, with the
remainder likely to be present as tightly adsorbed
water in small pores or hydroxyl groups on the surface
of the gel. Hydroxyl groups are slowly eliminated over
a wide temperature region and are therefore unlikely
to be observed in DTA thermograms. Therefore, the
temperature at which the endotherm observed in
the DTA thermogram ends punctuates the end of
dehydration.

From a temperature of approximately 300 °C until
the onset of rapid shrinkage at approximately 600
750 °C, geopolymers undergo a region characterised by
slow concurrent shrinkage (Fig. 1) and weight loss
(Fig. 2a). Loss of weight from specimens is observed to
last until approximately 750 °C for specimens with Si/
Al <1.40 and approximately 700 °C for specimens
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with Si/Al > 1.65. Weight loss in this region is charac-
teristic of elimination of water by condensation of
silanol or aluminol groups on the surface of the
geopolymeric gel, according to the following general-
ised exothermic reaction:

=T-OH+HO-T=—-=T-0-T=+H,0 (1)

where T is Al or Si. The reaction of two hydroxyl
groups results in the joining of two surface groups to
form part of the aluminosilicate network. Dehydroxy-
lation is therefore limited by several factors including
the physical arrangement and dislocation of the
hydroxyl groups and their reactivity. The exothermicity
of Eq. 1 is determined mainly by the T atoms [26] and
to a lesser degree the bond angle of the new linkage
[27]. Therefore, the exothermicity of dehydroxylation
is ranked (Si + Al) > (Si + Si) > (Al + Al). Similar to
the distribution of silicon and aluminium in geopoly-
mer gel [15, 28], the distribution of silanol and aluminol
groups on the surface of the gel will be determined by
the nominal Si/Al of the specimen. Hence, the energy
released from dehydroxylation will increase with
decreasing Si/Al, as the proportion of aluminol groups
increases. Therefore, the increased temperature span
of dehydroxylation of Na-geopolymer as the Si/Al
decreases may be understood. Furthermore, the slight
thermal shrinkage as observed in Fig. 1 is expected
during dehydroxylation from the physical contraction
of the gel resulting from the creation of T-O-T
linkages. Though the rate of shrinkage and weight loss
in this region appear similar in all specimens (Figs. 1
and 2), the duration of shrinkage characteristic of
dehydroxylation can clearly be observed to increase
with decreasing Si/Al in Fig. 1, confirming that
the different ordering of silicon and aluminium in
Na-geopolymers is important in determining the ther-
mal properties [14, 15].

Figure 4 shows the BET surface area of Na-geo-
polymers in the current work, with corresponding pore
volume values presented in Fig. 5. Although the pore
volume of geopolymers are shown to decrease with
increasing Si/Al (Fig. 5), it can be observed that the
surface area of the gel accessible to nitrogen does not
follow the same simple relation at ambient conditions.
Though the pore volume may be predicted from
consideration of solution chemistry [18], distribution
of pore volume that determines the pore surface area is
more complex, and is largely governed by the average
pore size. Thus, the appearance of highly porous and
accessible zeolite (faujasite) [24] in the Nal.15 speci-
men accounts for its high BET surface area (Fig. 4).
The reduction in pore size that has been observed
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Fig. 4 BET surface area of Na-geopolymer annealed for 2 h

between ambient and 1000 °C with Si/Al of (A) 1.15, (m) 1.40,
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Fig. 5 Pore volume of Na-geopolymer annealed for 2 h between
ambient and 1000 °C with Si/Al of (A) 1.15, (m) 1.40, (O) 1.65,
() 1.90, and (<) 2.15

between Nal.40 and 1.65 [18] is reflected in the
increase in BET surface area (Fig. 4). At Si/Al > 1.65
the BET surface area is observed to decrease progres-
sively, which is a result of pore volume (Fig. 5) being
incorporated into the gel as pores too small to measure
by nitrogen absorption. The reduction of accessible
porosity in high Si/Al specimens (Fig. 5) results in the
decrease in skeletal density in these specimens [18].
The small increases in the pore volume generally
recorded at 100 °C (Fig. 5) imply that mild heating
evaporates free pore water, which leads to an increase
in the overall pore volume of all specimens. Between
ambient and 100 °C a decrease in BET surface area is
observed (Fig. 4), suggesting a decrease in gel surface
area from capillary strain induced contraction in the

pore structure. This would explain the overall thermal
contraction in this temperature region. Therefore, the
increase of contraction with decrease in Si/Al observed
in this region (Fig. 1) is likely to be a result of the
higher weight percentage of water in the low Si/Al
specimens, given that the nominal composition is based
on a constant stoichiometric quantity of water. By
300 °C it is apparent that the faujasite present in
Nal.15 has collapsed, due to the greatly reduced
surface area. In the temperature region of concurrent
shrinkage and weight loss (300-600 °C), the BET
surface area of all specimens is observed to decrease
at a slow rate, supporting the constant surface area
reduction driven by dehydroxylation.

High rates of shrinkage with little or no appreciable
weight loss, also known as densification or sintering is
observed in Na-geopolymers with Si/Al > 1.40 (Fig. 1).
Although the Nal.15 specimen does not undergo
densification to the same or similar extent as higher
Si/Al specimens, it does exhibit continual shrinkage
above 750 °C, where no loss of weight is recorded
(Fig. 2) similar to all other specimens. Therefore, some
level of densification may be occurring in this speci-
men, albeit on a much smaller magnitude than higher
Si/Al specimens. In contrast to shrinkage resulting
from dehydroxylation observed from 300 °C, the onset
temperature and extent of densification observed in
Na-geopolymer changes greatly with Si/Al, suggesting
composition and gel structure play a role in determin-
ing the onset temperature of densification.

The derivative of dilatometric data in Fig. 1 pro-
vides for a more sensitive determination of the onset
and duration of shrinkage events, as presented in
Fig. 6. It can be more clearly observed that the onset
temperature of the initial region of shrinkage between
100 and 300 °C increases with Si/Al. Also the onset
temperature of densification can be observed to
increase with decreasing Si/Al from 610 °C for both
Na2.15 and 1.90, to 700 °C for Nal.65, 750 °C for
Nal.40 and 870 °C for Nal.15. In addition to the onset
temperature of densification decreasing with increasing
Si/Al, the temperature region spanning densification
can be observed to also increase with Si/Al (Fig. 6), as
well as the distinct appearance of two partially over-
lapping peaks of densification in specimens with Si/
Al > 1.65. The increased width of the densification
region corresponds with the increase in total densifi-
cation observed with increasing Si/Al (Fig. 1). How-
ever, the appearance of two peaks during the
densification of geopolymers with Si/Al > 1.65 in
Fig. 6 may be the result of either two separate
densification events or the supposition of an expansion
event, such as crystallisation, onto a broad densifica-
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Fig. 6 Differential linear shrinkage measured for Na-geopoly-
mers with Si/Al ratio of (a) 1.15, (b) 1.40, (¢) 1.65 and (d) 1.90
and (e) 2.15. Dotted lines are used to guide the eye

tion event. Before these questions may be understood,
the mechanism of densification must be elucidated.

The onset temperature of densification is generally
related to the glass transition temperature, Ty, which is
one measure of the energy required to break and re-
form covalent bonds within the geopolymeric gel [27].
This signifies an increase in mobility of the matrix, i.e. a
significant decrease in viscosity resulting in the soften-
ing of the material. In sodium alminosilicates where
Al/Na is unity, the composition and temperature
dependence of viscosity would prescribe that the T,
of Na-geopolymers in the current work should slightly
increase with Si/Al, as the strength of AI-O bonds is
weaker than Si—O in the presence of sodium [26].
However, it is known that the amount of unreacted
material in Na-geoplymers increases with Si/Al [14],
which has the effect of reducing the Al/Na ratio in the
gel. Therefore, the Al/Na ratio of the gel would be
expected to decrease with increase in the Si/Al of the
specimen. Al/Na ratios below unity have the effect of
lowering the viscosity of aluminosilicates [26], which
would explain the decrease in the onset temperature of
densification with increasing Si/Al (Fig. 6).

The decrease in densification temperature is not
directly observable from surface area (Fig. 4) or pore
volume (Fig. 5) measurements on specimens annealed
at high temperatures due to their low resolution with
respect to temperature. However, large decreases in
the surface area and pore volume are observed for all
specimens at temperatures >700 °C, corresponding to
the onset of densification in Fig. 1. At temperatures
>800 °C all specimens exhibit negligible pore volume
or surface area, implying that the material has either
fully densified, or that the specimens’ porosity has
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become inaccessible. The densification of geopolymer
gel may be determined by calculation of the skeletal
density. Skeletal density is the density of the gel that is
inaccessible to nitrogen in determining adsorption
isotherms, and has been shown to decrease with
increasing Si/Al of Na-geopolymer [18]. Skeletal den-
sity can be evaluated according to the following
relation:

Vpm @

)
Pnominal Pskeleton

where V), is the pore volume, ppomina i the nominal
density and pgkeleton 1S the skeletal density. The skeletal
density of geopolymeric materials is a measure of the
density of the skeletal framework of the gel itself, as
opposed to the nominal density of the monolith, which
is an averaged density of gel and pores. Since the
skeletal density of the gel decreases with increasing Si/
Al, the internal surface area of the gel increases, which
increases the driving force for densification by provid-
ing a large free surface energy [29]. As densification
involves reduction in framework surface area, the
extent and rate of densification should also be depen-
dent on the physical and chemical structure of the gel.
Therefore, the increased duration and extent of den-
sification is also likely to be linked to the skeletal
densities of specimens in the current work.

The nominal density of specimens required for the
calculation of skeletal density, obtained by annealing
of cylindrical specimens for 2 h, are presented in Fig. 7.
It can be observed that the nominal density of
specimens increase in similar temperature regions
and magnitudes corresponding to the linear shrinkage
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Fig. 7 Nominal density of Na-geopolymer with Si/Al of (A) 1.15,
(m) 1.40, (O) 1.65, (¢) 1.90, and () 2.15
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observed in Fig. 1. However, a clear trend in the
increasing density of specimens with increasing Si/Al
after heating to 1000 °C is also evident, implying that
the extent of densification increases with Si/Al, as
predicted from consideration of the free energy driving
force for skeletal densification.

The calculated skeletal densities from the pore
volume (Fig. 5) and nominal densities (Fig. 7) are
presented in Fig. 8. It can be observed that the skeletal
density of Na-geopolymer increases rapidly in all
specimens during the initial region of shrinkage
between 100 and 300 °C, corresponding with capillary
contraction of the gel in this temperature region.
Furthermore, the slight increase of the skeletal density
during dehydroxylation between 300 and 600 °C is
expected. However, the calculated skeletal densities of
Na-geopolymers at temperatures >600 °C appear
adversely affected by the pore volume measurements
in Fig. 5. In particular the values for specimens with Si/
Al < 1.65 are observed to reduce below realistic values,
which suggests that the massive reduction in pore
volume and surface in Figs. 4 and 5 may be the result
of viscous flow and sintering of the gel. Viscous flow is
consistent with the mechanism and order of densifica-
tion observed in Fig. 1, and has been widely observed
in silicate gels [27]. Viscous flow would result in
porosity being inaccessible to measurement by adsorp-
tion. Hence, the skeletal densities calculated in Fig. 8
would appear to be artificially reduced. The skeletal
density of specimens with Si/Al < 1.90 exhibit behav-
iour typically observed during sintering, where the
density increases as a result of skeletal densification.
However, these values are also likely to be low also,
given the negligible pore volume measurements for
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Temperature (°C)

Fig. 8 Skeletal density of Na-geopolymer with Si/Al of (A) 1.15,
(M) 1.40, (O) 1.65, (#) 1.90, and (<) 2.15

these specimens at temperatures >800 °C. Therefore,
the skeletal density values in Fig. 8 should not be
adopted as absolute measures of the skeletal density of
the gel. Rather, skeletal density shown in Fig. 8
provides an indication that porosity in geopolymers
does not remain accessible after densification. This
suggests that the gel may undergo localised viscous
sintering, which creates isolated porosity as opposed to
a fully densified glass, and would account for the
reduction in pore volume to zero in Fig. 5 after the
onset temperature of densification.

The densification process of gel is well known to be
kinetically limited and that several processes contrib-
ute to the overall densification at high temperature
[23]. Therefore, the rate of constant heating in dilato-
metric experiments should have a large effect on the
densification process, including the extent of densifi-
cation. Figure 9 shows the linear shrinkage of Nal.65
for heating rates of 1, 2, 5, 10 and 20 °C min~!. The
Nal.65 specimen was chosen as it exhibits a significant
degree of densification.

It can be observed that the temperature of initial
shrinkage is reduced by reduction in constant heating
rate, and the onset temperature of densification
appears to be similar despite alteration of heating rate.
However, there is no obvious trend linking constant
heating rate to the extent of shrinkage observed
at 1000 °C, implying that thermal shrinkage of Na-
geopolymer is both increased and decreased by
changes in constant heating rate at different temper-
ature regions. Figure 10 shows the weight loss of
Nal.65 subjected to increasing constant heating rates.
It can be observed that slow heating rates result in
greater loss of water with respect to temperature. The

100 4
957 Heating
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85 -
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Fig. 9 Linear shrinkage of Na-geopolymer with Si/Al ratio of

1.65 measured at heating rates of 1, 2, 5, 10, and 20 °C min~!. The
arrow indicates increasing constant heating rate
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Fig. 10 Weight loss of Na-geopolymer with Si/Al ratio of 1.65
measured at heating rates of 1, 2, 5, 10, and 20. The arrow
indicates increasing constant heating rate

different rate of water loss becomes pronounced below
300 °C, with the difference in mass loss at 300 °C
approximately maintained through to 1000 °C. As
discussed earlier, water loss below 300 °C is predom-
inantly from freely evaporable water. Slow constant
heating rates would therefore be expected to result in
faster evaporation with respect to temperature on a
purely kinetic basis. The similarity of the 1 and
2 °C min™' weight loss curves up to 300 °C implies
that weight loss during evaporation is not limited
below 2 °C min™', which is reasonable. The ultimate
weight loss of specimens can be observed to increase
with decreasing constant heating rate (Fig. 10), sug-
gesting that the rate of weight loss may be influenced
by diffusion limited evaporation and kinetics of dehy-
droxylation from 300 °C until approximately 600 °C,
where weight loss is halted. The effect of heating rate
on weight loss decreases at the high heating rates, with
the weight loss observed in Nal.65 specimens heated at
rates of 10 and 20 °C min™" being almost identical. The
reduction in the effect of heating rate on weight loss at
high rates implies that diffusion is not limiting weight
loss, and that the process is limited somehow at higher
heating rates, most likely by the physical dislocation of
hydroxyl groups during dehydroxylation. The end of
weight loss above the densification temperature may
be a result of viscous sintering isolating condensed
water from escape, and would result in the production
of partially hydrous specimens, with implication dis-
cussed below.

From Figs. 9 and 10 it is clear that there are four
characteristic regions of geopolymer thermal shrink-
age; Region I involves loss of freely evaporable water

@ Springer

with only nominal shrinkage; Region Il is delineated by
the onset of initial shrinkage and the continued
significant loss of weight; Region III is characterised
by gradual loss of both weight and thermal shrinkage
and; Region IV involves densification and sintering and
is characterised by rapid thermal shrinkage and only
nominal weight loss. These characteristics are observed
in the thermal shrinkage and weight loss of the other
Na-geopolymers in the current work (Fig. 1) and also
in previous investigations [8, 13, 22], and appear to be
characteristic of all Na-geopolymers.

Figure 11 shows the degree of linear shrinkage
observed in the different characteristic regions pro-
posed for Nal.65 subjected to different constant
heating rates. Regions I and II are amalgamated for
simplicity, and represent shrinkage up to approxi-
mately 350 °C, with Region III representing shrinkage
between 350 and 700 °C, and Region IV incorporates
all shrinkage above 700 °C. As can be observed in
Fig. 11, the amount of shrinkage in Regions I and II
decreases slightly with increased heating rate as is also
observed readily in Fig. 9, and thermal shrinkage in
Region III is independent of heating rate. However,
thermal shrinkage observed in Region IV during
densification increases considerably with increased
heating rate. The increased weight loss with respect
to temperature of Nal.65 in Regions I and II with
decreasing constant heating rate corresponds with
increasing shrinkage observed in Fig. 9. The indepen-
dence of thermal shrinkage in Region III from heating
rate implies that shrinkage in this region is not
kinetically limited and is a function of temperature
alone, which is consistent with dehydroxylation being
thermodynamically driven by Si/Al. The increase in the
extent of densification with increasing constant heating
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Fig. 11 Linear shrinkage of Na-geopolymer subjected to differ-
ent heating rates in (4 ) Regions I & II (<350 °C), (®) Region III
(350-700 °C) and (A) Region IV (700-1000 °C)
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rate in Region IV suggests that densification may be
affected by an increased presence of water in the
structure observed in Fig. 10. The amount of water in
the structure prior to densification reduces the activa-
tion energy for viscous flow [27]. Hence, it is reason-
able to suggest that the increase in the extent of
densification observed in Fig. 11 may be a result of
increased levels of water in the specimen.

Figure 12 introduces the derivative of the dilato-
metric data for Nal.65 subjected to differing constant
heating rates in Fig. 9. It can be observed that the onset
temperature of the shrinkage at the beginning of in
Region II is unchanged, but that the temperature at the
maximum rate of shrinkage is increased by almost
100 °C with increased heating rate. Although the rate
of shrinkage with respect to temperature is initially
higher for low heating rates, the overall temperature
span of Region II is similar for all heating rates. The
rate of shrinkage in Region III is identical for all
heating rates. The onset temperature of Region IV is
not affected by heating rate. However, unlike Region
II the temperature range of Region IV is substantially
increased, from approximately 150 °C for the heating
rate of 1 °C/min up to 300 °C for the heating rate of
20 °C/min. Though the extent of shrinkage observed in
Region IV is observed to increase with increasing
heating rate (Fig. 11), the increase in temperature span
of Region IV with increasing constant heating rate
implies that the densification process is kinetically
limited to some degree. If the degree of densification is
affected by water content, then differences in the
viscosity of Nal.65 would be expected throughout
Region IV as a function of constant heating rate, and

S(AL/L o)/5T

T T T T
0 200 400 600 800 1000
Temperature (°C)

Fig. 12 Differential linear shrinkage of Na-geopolymer with Si/
Al ratio of 1.65 measured at constant heating rates of (a)
1 °C min™!, (b) 2 °C min™!, (¢) 5 °C min~!, (d) 10 °C min™', and
(e) 20 °C min™"

may itself also significantly influence the rate of
shrinkage.

Significantly, two distinct regions of shrinkage can
be observed in all of the differential shrinkage data in
Fig. 12, though the separation of the two shrinkage
events increases with the heating rate. The two peaks
that appear during the densification of the same
specimen occur at increased temperatures as the
heating rate increases, suggesting that the second event
is dependent on the first, and is not determined by
temperature. Therefore, if appearance of two peaks
during densification may imply a cascading densifica-
tion event, or that densification leads to crystallisation.
Though no significant crystallisation has been observed
in geopolymers synthesised form metakaolin heated in
excess of 1000 °C in previous investigations [8], there is
evidence to suggest that a more thorough investigation
of the possibility of crystallisation of Na-geopolymers
should be conducted, particularly given the appearance
of a small exotherm consistent with crystallisation in
the DTA thermogram of Fig. 3.

Conclusions

The thermal densification and weight loss of Na-
geopolymers with 1.15 < Si/Al ratio <2.15 have been
investigated. In general, the final extent of shrinkage
and nominal density observed after heating to 1000 °C
increases with Si/Al. Despite large differences in the
overall extent of shrinkage and densification temper-
ature, the weight loss observed in Na-geopolymers with
different Si/Al are similar, implying that differences in
thermal shrinkage are a result of the gel structure.
However, the thermal shrinkage and weight loss of all
specimens in the current work can categorised into
four characteristic regions: Region I involves loss of
freely evaporable water with only nominal shrinkage;
Region II is delineated by the onset of initial shrinkage
and the continued rapid loss of weight; Region III is
characterised by gradual loss of both weight and
thermal shrinkage and; Region IV involves densifica-
tion by viscous sintering and is characterised by rapid
thermal shrinkage and only nominal weight loss.

The onset temperature of thermal shrinkage at the
beginning of Region II was found to relate closely to
the published Young’s moduli of Na-geopolymers. The
mechanism of shrinkage is thought to be capillary
shrinkage from evaporation of free water, with the
extent of shrinkage in Region II increasing with water
content (decreasing Si/Al). The rate of shrinkage in
Region III was observed to be similar in all specimens,
regardless of Si/Al. However, the temperature span of
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Region III was found is related to Si/Al via dehydr-
oxylation. The high temperature required for conden-
sation of aluminol groups is thought to increase the
temperature required for complete dehydroxylation in
specimens with low Si/Al.

The onset temperature of densification in Region IV
decreased with increasing Si/Al, due to incomplete
incorporation of aluminium from metakaolin providing
free sodium cations, which reduce the 7, of aluminos-
ilicates. Unfortunately, calculation of the skeletal
density of geopolymer was observed to be an unreli-
able method for following the extent of gel densifica-
tion, but points to the mechanism of densification in
Region IV being viscous sintering.

Constant heating rate analysis elucidated that the
total fraction of thermal shrinkage of Na-geopolymer
up to 1000 °C is not obviously related to heating rate.
The extent of thermal shrinkage observed at temper-
atures in Region Il was observed to increase with
heating rate, while densification of Na-geopolymer in
Region IV increases with increased heating rate. The
increase in densification with heating rate is thought to
be a result of water being unable to diffuse out of the
structure at high heating rates and becoming incorpo-
rated into the gel as a hydrous aluminosilicate. Water
in the gel lowers the energy barrier to densification and
increases the degree of viscous densification observed.
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