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a  b  s  t  r  a  c  t

This  contribution  presents  the results  of  structural  and  compressive  strength  investigations  on cured  and
high-temperature  treated  silica-based  one-part  geopolymer-zeolite  composites.  The specimens  were
synthesized  from  two different  silica  sources,  sodium  aluminate  and water.  The  phase  content  as  well  as
the compressive  strength  of  the  cured  composites  varied  depending  on  the  starting  mix-design  and  the
silica  feedstock.  Besides  geopolymeric  gel,  A-type  zeolites  and  hydrosodalites  were  the major  reaction
products. One  of  the  silica  feedstocks  yielded  significantly  higher  compressive  strength  (19  MPa),  while
the  other  one  appears  to  cause  less  variation  in phase  content.  Strength  testing  indicated  an  improvement

◦ ◦ ◦

eolites
lkali-activation
igh-temperature treatment
hermal behavior
epheline

on  heating  up  to  200–400 C (28  MPa)  followed  by  a moderate  decrease  up to  700 C.  Above  700 C  the  sys-
tems  underwent  new  phase  formation  and  shrinkage  (volume  decrease)  deformations.  After  exposure
at  1000 ◦C  the  different  mixes  consisted  of  a mix  of several  stuffed  silica  phases,  almost  pure  hexago-
nal  nepheline  or amorphous  phase.  Depending  on  the  mix-design,  the onset  temperature  of  the  high
temperature  phase  transformations  varied.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Geopolymers are aluminosiliceous compounds whose network
tructure closely resembles those of zeolites [1–4]. The geopoly-
eric gel is amorphous to X-rays, but in many cases the material

ontains crystalline zeolites. The geopolymeric gel can be regarded
s metastable amorphous zeolites that were unable to crystallize
ue to deficiency in water in the reaction system [5–7]. Geopoly-
ers can form the basis of concretes with much lower related CO2

missions than concretes based on conventional Portland cement
8]. In addition to this environmental benefit, geopolymers, when
roperly designed, can possess beneficial engineering properties,
uch as high chemical durability [9,10] and good resistance against
igh temperatures [11–15]. The latter makes them particularly

nteresting for fire-resistant coatings and refractories [16–19], and

lso for production of ceramics [20–22]. However, some geopoly-
er  systems exhibit significant shrinkage during dehydration due

∗ Corresponding author.
E-mail address: patrick.sturm@bam.de (P. Sturm).

ttp://dx.doi.org/10.1016/j.tca.2016.04.015
040-6031/© 2016 Elsevier B.V. All rights reserved.
to the release of “structural” water (e.g. Ref. [23]), which is a prob-
lem in construction and high-temperature applications.

Recent approaches have focused on so called “one-part”
geopolymer mixes [24–29]. The synthesis route for these formula-
tions is similar to the procedure for the hydration of conventional
Portland cement-based binders. For example, one-part geopoly-
mers can be produced from mixed silica and alumina sources
incorporating the alkalis in water-soluble form, thus, just water has
to be added. There is no necessity to handle highly alkaline solu-
tions, because the solution forms directly in the reaction system
by dissolution of the solid starting material(s). This can provide a
higher social and economic acceptance compared to conventional
geopolymers [24,30].

Compared to conventional “two-part” geopolymers (i.e.
geopolymers from a solid aluminosilicate feedstock and a highly
alkaline solution), much less is known about the thermal properties
of one-part geopolymers, and experience with the former cannot
be simply transferred to the new systems. Therefore, the present

contribution investigates one-part geopolymers-zeolite compos-
ites in terms of compressive strength performance and phase
development during elevated to high temperature treatment.

dx.doi.org/10.1016/j.tca.2016.04.015
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2016.04.015&domain=pdf
mailto:patrick.sturm@bam.de
dx.doi.org/10.1016/j.tca.2016.04.015
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Table 1
Chemical composition of the feedstocks.

Component MS (wt.%) CR (wt.%) NaAlO2 (wt.%)

SiO2 95.16 84.23 0.61
Al2O3 0.17 4.18 60.85
Fe2O3 0.04 0.43 0.06
TiO2 <0.01 0.06 0.00
CaO 1.71 2.97 0.26
MgO  0.28 0.17 0.02
Na2O 0.19 0.22 36.07
K2O 0.65 0.03 0.03
SO3 0.25 0.16 0.16
Cl− n.d. 1.36 n.d.
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OI 1.12 5.08 1.73

.d.: not determined; LOI: loss on ignition.

. Experimental

.1. Starting materials

One-part mixes were synthesized from two different silicas and
odium aluminate. A commercial microsilica (referred to as MS)  and
n industrial residue from the chlorosilane production (referred
o as CR) were used as silica sources. All feedstocks were charac-
erized by chemical analysis (inductively coupled plasma optical
mission spectrometry (ICP-OES) after microwave digestion) and
-ray diffraction (XRD). MS  contained 95.2 wt.% SiO2, CR contained
4.2 wt.% SiO2. The medians of the particle size distributions were
50 = 0.19 �m for silica MS  and d50 = 6.83 �m for silica CR. SEM
nvestigations indicated an average size of the primary particles
f about 100–200 nm (MS) and 50–200 nm (CR) [26], respectively.
RD showed only an “amorphous hump” for the MS  feedstock and
inor amounts of silicon carbide (PDF # 01-089-3167) (Fig. 1).

R diffractograms indicate, besides amorphous phase, minor crys-
alline impurities calcite (PDF # 01-086-0174) and quartz (PDF

 00-046-1045). In contrast to calcite, the quartz impurity was
ot observed in all samples, and the included quartz was found
t amounts only slightly above the detection limit. Results of the
hemical analysis are presented in Table 1. The loss on ignition (LOI)
or CR is higher than for MS;  this is due to the incorporated calcite.

The sodium aluminate had an almost stoichiometric Na/Al ratio
f 0.98 mol/mol. Besides dry sodium aluminate (PDF # 00-033-
200), XRD (Fig. 1) also indicated very small amounts of hydrated
odium aluminate (PDF # 01-083-0315) and, because of the carbon-
tion tendency of the material, some natrite (PDF # 01-072-0628).
he loss on ignition (LOI) of 1.73 wt.% (including ∼0.2 wt.% CO2) is
n line with the identified low amounts of hydrated phase in the
iffractogram.

.2. Sample preparation

For the synthesis of the one-part mixes, the solid feed-
tocks were mixed to yield specific silica/alumina ratios
SiO2/Al2O3 mol/mol). After the addition of water at a nomi-
al water/binder-ratio (w/b) by mass of 0.50, pastes were mixed
sing a contact free planetary centrifugal mixer (2000 rpm; 2 min).
astes were then cast into 20 mm × 20 mm × 20 mm cube moulds
nd compacted by tapping the moulds on the lab bench. Sub-
equently the samples were cured at 80 ◦C and 80% r. H. in an
ven with climate control for three days. Table 2 presents sample
omenclature and mix  designs for the binder pastes.

Some pastes were produced in duplicate to measure the pH

alue in the paste within the first 30 min  after the addition of water.
n addition, pH measurements were done on various sodium alumi-
ate solutions. All Measurements were conducted using a METTLER
ELTA 350 device with Metrom pH-electrode. Calibration of the
 Acta 635 (2016) 41–58

electrode was done with standard buffer solutions of pH 7 and pH
10.

Cube specimens were used for compressive strength tests in
the initial (as cured) state and for the residual strength tests after
further temperature treatment. After one day of curing samples
were removed from the moulds and cured for further two  days at
80 ◦C and 80% r. H. After the complete curing period of 3 days they
were stored 1–7 days at 23 ◦C and 50% r. H in a climate chamber until
required for testing or heating. After heating and strength testing
fracture pieces for the structural investigations were stored in a
desiccator over dried silica gel at ambient temperature. Grinding
was done manually with mortar and pestle (agate) to provide a
preparation as gently as possible, in particular for samples during
dehydration.

2.3. Thermogravimetric analyses and thermal treatment

Thermogravimetric (TG) investigations were conducted with a
Netzsch device (STA 449C Jupiter) in N2 atmosphere at a heat-
ing rate of 5 K min−1, treating ∼20 mg  sample mass. The thermal
treatment of the cube specimens was realized in a muffle furnace
(Carbolite CWF  12/5; Tmax = 1200 ◦C). The samples were transferred
to the furnace at ambient temperature and heated to the target
temperature using a ramp program (1 K min−1) to avoid excessive
temperature gradients in the specimens. The desired temperature
was held for three hours. Afterwards the samples were allowed
to cool down naturally to ambient temperatures in the furnace
followed by an immediate testing of the compressive strength.

2.4. Structural investigations

XRD measurements were done with a Rigaku Ultima IV device
using Cu K� radiation (� = 1.5419 Å), Bragg-Brentano geometry, a
10 mm divergence slit, sampling steps of 0.01◦ 2� and a sampling
speed of 0.2◦ 2� min−1 (1◦ 2� min−1 for the sodium aluminate) in
the scanning range 3–63◦ 2�.

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR FT-IR) measurements were conducted using a
Bruker Tensor 27 device with a diamond ATR module (measur-
ing range: 4000–400 cm−1; resolution 4 cm−1; scans: 16; detector:
RT-DLaTGS).

SEM investigations were performed using a Carl Zeiss EVO MA10
device with a secondary electron (SE) detector and an accelerat-
ing voltage of 7–10 kV. Samples were sputtered with gold before
measurements.

2.5. Compressive strength testing

The compressive strength performance testing was conducted
with a ToniPRAX device on the 20 mm × 20 mm × 20 mm cubes at
a loading rate of 240 N/s (equivalent to 0.6 MPa/s for the investi-
gated samples). Strength testing was  also done on cube samples
heated to temperatures between 100 ◦C and 750 ◦C (MS  mixes) and
800 ◦C (CR mixes). For each cured and thermal treated one-part mix
three experiments were conducted and the means of the results are
presented.

2.6. Dilatometry

The dilatometry measurements were conducted with a vertical

dilatometry device (Bähr TMA  801) between ambient temperature
and 900 ◦C. Samples were prepared with a high precision diamond
saw blade to form square tablets of 5 mm height and ∼5 mm side
lengths. Samples were heated at a rate of 5 K min−1 in an air atmo-
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Fig. 1. Diffraction patterns of the feedstocks (SA = sodium aluminate; SAH = sodium aluminate hydrate; N = natrite; q = quartz; C = calcite, SiC = silicon carbide). The sodium
aluminate sample was measured with a speed of 1◦ 2� per minute because of its hygroscopic character.

Table 2
Mix-designs of the one-part composites.

Sample series m(Na2O) (wt.%) m(Al2O3) (wt.%) m(SiO2) (wt.%) m(H2O) (wt.%) Na2O/Al2O3 (mol/mol) SiO2/Al2O3 (mol/mol) H2O/Al2O3 [mol/mol]

CR 2 12.70 22.63 26.88 34.15 0.92 2.02 8.54
CR  3.5 9.13 16.99 35.19 34.09 0.88 3.51 11.35
CR  6 5.98 12.01 42.55 34.03 0.82 6.01 16.04
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MS 2 13.75 23.16 27.53 34.
MS  3.5 10.42 17.52 36.31 34.
MS  6 7.43 12.46 44.19 34.

phere. The loading force was 0.05 N. Relative changes of samples
eight were recorded during heating.

. Results and discussion

.1. pH measurements

Besides the kind of silica feedstock, the behavior of the sodium
luminate plays an important role for the evolution of the phase
ontent of the one-part mixes. It is known that in the Na2O-
l2O3-H2O system at temperatures up to 150 ◦C the equilibrium
oncentration of Na is always higher than that of Al (also when Cl−

r CO3
2− impurities are present) [31], i.e.  in NaAlO2 solutions the

recipitation of Al(OH)3 is expected. This is confirmed by our own
uxiliary experiments, in which it was found that a sodium alu-
inate suspension (25 g sodium aluminate in 50 g water) rapidly

recipitates a white gel. XRD analyses (results not shown) revealed
hat after several days aging at 80 ◦C the gel had crystallized to gibb-
ite (PDF # 00-033-0018); no sodium-containing phase was found
n the precipitation product. The pH of the sodium aluminate sus-

ension was determined 10 min  after the addition of water to be
4.4. A sodium aluminate suspension with 28.48 g sodium alumi-
ate suspended in 25.00 g water, i.e.  simulating the conditions in
S 2 and CR 2 (cf. Table 2), had pH = 14.7 after 8 min.
0.98 2.02 8.37
0.98 3.52 11.05
0.98 6.02 15.51

pH measurements were also conducted on the fresh pastes: The
MS  2 paste had pH = 14.5 10 min  after adding water, and pH = 14.7
after 30 min. CR 2 pastes had pH = 14.7 after 10 min. On the con-
trary, the fresh high-silica (SiO2/Al2O3 = 6) pastes had pH values of
only 14.2 (MS  6) and pH = 13.4 (CR 6) after 10 min. These results
will be further discussed below in connection with phase assem-
blage of the cured materials.

3.2. Structural properties of the cured specimens

XRD investigations (Fig. 2) showed that in addition to an amor-
phous gel phase significant amounts of crystalline phases formed in
the reaction products. Thus, the products obtained after curing are
more properly termed geopolymer-zeolite composites, rather than
geopolymers. Depending on the silica feedstock and the mix-design
of the starting mix, differences in the phase content of the hardened
samples were observed, as is detailed in the following paragraphs.
In the discussion that follows it is assumed that a higher relative
intensity of a particular phase in a diffractogram corresponds to
a higher fraction of that phase in the investigated material, com-

pared to a material with lower intensities of that phase. Though no
quantitative analysis (e.g. Rietveld analysis) of the diffractograms
has been undertaken, it is assumed that this approach allows at
least a semi-quantitative interpretation of the results, particularly
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ig. 2. Diffraction patterns of the geopolymer-zeolite composites systems after 3 d
MT;  C = calcite; q = quartz).

ince all the observed major crystalline phases have a cubic crystal
tructure, and thus preferred orientation effects are absent.

The hump, representing amorphous phase, is located at ca.
5◦–35◦ 2� in the diffractograms (Fig. 2). Compared to the sil-

ca feedstock (Fig. 1) the hump is broadened and/or shifted to
igher 2�. For high silica mixes (SiO2/Al2O3 = 6 mol/mol) the max-

mum of the hump was located at ∼22◦ 2�. This was the same
alue as for the silica feedstocks (Fig. 1). However, the hump is
roadened and in addition to the first maximum, a second max-

mum at ∼30◦ 2� could be detected. For the low silica mixes
SiO2/Al2O3 = 2 mol/mol) the hump was shifted to higher 2� and
ad its maximum at ∼30◦ 2�. The samples with intermediate sil-

ca/alumina ratio (SiO2/Al2O3 = 3.5 mol/mol) exhibited a behavior
omewhere in between, i.e.  the hump was shifted slightly with a
aximum in the range 22–30◦ 2�. In a previous investigation [28]

t was shown that the low-silica sample (MS  2) contains no resid-
al silica feedstock after curing, thus the hump with the maximum
t ∼30◦ 2� can be assigned to the geopolymeric gel, in accordance

ith literature data [32]. From these observations it can be con-

luded that the hump in the mixes with higher SiO2/Al2O3 ratios
 curing (A = zeolite A; HS = hydrosodalite, Ch = chabazite; F = faujasite; EMT = zeolite

is caused by contributions from geopolymeric gel and remaining
silica material.

For microsilica (MS)-based one-part mixes (MS  2, MS  3.5, MS  6)
dominant crystalline phases were hydrated zeolite A (PDF # 00-
039-0222) and non-basic hydrosodalite of intermediate water
content, Na6(AlSiO4)6·4H2O (PDF # 00-042-0216). This hydroso-
dalite has been found previously in geopolymer systems with low
silica starting contents [25,28,33]. Depending on the chemical com-
position of the starting system the two  primary crystalline reaction
products varied in their quantities. With decreasing silica content
the relative amount of hydrosodalite versus zeolite A increased, as
has been reported previously [28]. Both phases are presented in all
MS-based specimens and, except in the low-silica samples MS  2
(SiO2/Al2O3 = 2 mol/mol), zeolite A is always the main phase of the
reaction products.

Medium-silica (MS  3.5), and particularly the low-silica samples
(MS  2) may  include higher hydrated forms of hydrosodalite, e.g.
Na (AlSiO ) ·8H O (PDF # 00-040-0102), and/or basic hydroso-
6 4 6 2
dalite (Na8(AlSiO4)6OH2·xH2O) (PDF # 00-040-0101; PDF #
00-041-0009), which have quite similar peak positions, noticeable
as asymmetric peak shapes of the main peaks (cf. Section 3.3). Fur-
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hermore, because of the fairly broad shape and low maximum
ntensities of the diffraction pattern of MS  2, especially of the main
eaks of hydrosodalite, it can be assumed that basically heteroge-
eous sodalite structures with rather small crystallite sizes [33–35]
ppear in the reaction system. In addition, the MS 2 mix  contained
mall amounts of chabazite, NaAlSi2O6·3H2O (PDF # 00-019-1178),

 zeolite with increased silicon content compared to zeolite A and
ydrosodalite.

For CR-based mixes (CR 2, CR 3.5, CR 6) zeolite A was always the
ominant crystalline phase. Besides zeolite A, no further crystalline
luminosilicate phase could be observed by XRD in intermediate
nd high-silica specimens (CR 3.5, CR 6). Only the low-silica spec-
mens (CR 2) contained small amounts of hydrosodalite (Fig. 2). In
ddition, faujasite (PDF # 00-038-0239) occurred in the latter sam-
les; a shoulder at the main peak indicates also the presence of
eolite EMT  (PDF # 00-046-0566). These two zeolites tend to form
disordered) intergrowths [36,37]. Besides crystalline and amor-
hous reaction products also remaining impurities (calcite, quartz)
rom the silica feedstock (CR) were observed (Fig. 2).

The differences in the phase content of the cured composites
an be partly explained by the differences in pH of the fresh pastes
Section 3.1): The higher pH in the MS  2 mix  is assumed to be the
eason for direct formation of hydrosodalite or early transformation
f zeolite A into hydrosodalite structures (cf. Ref. [38]). However,

t is not clear at present why hydrosodalite formation is much
ore pronounced in the MS-based composites, compared to the

R-based ones. The higher pH in the low-silica samples (MS  2 and
R 2) will also cause faster dissolution of the silica in the hardening
astes. This is possibly the reason for the formation of chabazite,
r faujasite and zeolite EMT  in the MS  2 and CR 2 samples, respec-
ively. These zeolites have an anionic framework with silicon excess
ver aluminium (Si:Al > 1), which implies a faster dissolution of the
ilica, and are only present in the low-silica mixes.

The relative intensities of the three peaks of zeolite A at
owest diffraction angles (7.17◦, 10.16◦ and 12.47◦ 2�) var-
ed in the samples (Fig. 2). For reference zeolite A (e.g. PDF

 00-039-0222) their intensities are decreasing from the first
7.17◦ 2�) over the second (10.16◦ 2�) to the third (12.47◦ 2�).
owever, depending on the mix-design of the composites the

ntensity of the third of these peaks was increased, in par-
icular for the low-silica mixes. This is most likely related to
mall variations of stoichiometry (Si:Al ratio) and water con-
ent of the A-type zeolites framework: In the diffractograms
f conventionally synthesized zeolite A samples, presented by
adulović et al. [39], comparable changes in peak intensities
re observed on going from 1.05Na2O·1.06Al2O3·2.00SiO2 to
.05Na2O·1.00Al2O3·2.05SiO2, though the cell parameters of the
eolites did not differ significantly. In addition, calculated XRD pat-
erns of hydrated and dehydrated zeolite A [37] reveal a more
ronounced decrease of the peak height of the third peak on dehy-
ration, compared to the height of the other two  peaks at lower
�. Comparable tendencies were observed during heating (dehy-
ration) of the considered composite samples (Section 3.4).

.3. Thermogravimetric analyses

Since zeolite A is the dominating crystalline phase in most of the
onsidered samples, TG analysis was also performed on a reference
eolite A sample (Henkel AG & Co. KGaA, Düsseldorf, Germany).
he average crystallite size of the reference zeolite A was  ∼1 �m
as observed with SEM; results not shown), and it contained only

 marginal amount of hydrosodalite as impurity (checked by XRD

s well as 29Si and 27Al MAS  NMR; results not shown). Its dehy-
ration behavior was compared to those of the cured composites,
nd selected temperature points were determined for additional
tructural and mechanical investigations (Fig. 3). Mass loss for both,
 Acta 635 (2016) 41–58 45

the quasi-pure zeolite A and the geopolymer-zeolite composites,
ran quite similar with different absolute amounts. At 400 ◦C the
major part of the dehydration was  completed. All samples con-
tained small amounts surface water noticeable as mass loss below
100 ◦C (Table 3, Fig. 3).

Zeolite A exhibited a stepwise dehydration behavior with a steep
loss up to ∼200 ◦C and a second step with lower slope between
200 ◦C and 400 ◦C. The geopolymer-zeolite composites exhibited a
rather continuous behavior with the TG curve flattening due to a
slower water release with increasing temperature. However, the
MS 2 specimen exhibited a multiple-step mass loss at higher tem-
peratures, most likely due to several incorporated hydrosodalite
structures (see below).

For the composites the most dominant mass loss of 6.2–8.4 wt.%
occurred between 100 ◦C and 200 ◦C (for comparison: zeolite A:
12.3 wt.%). A further significant mass loss of 2.5–5.3 wt.% (zeolite
A: 3.7 wt.%) followed between 200 ◦C and 400 ◦C. This dehydration
range correlates quite well with reported TG data for zeolite A and
hydrosodalites [34,40–42].

In general, in each class of geopolymer-zeolite composites (i.e.
CR-based or MS-based), the final mass loss at 1200 ◦C decreased
with increasing SiO2/Al2O3 ratio. This is related to the fact that only
in the low-silica samples (SiO2/Al2O3 = 2) the silica feedstocks react
virtually completely, while in the mixes with higher SiO2/Al2O3
ratios the silica reacts only partly, the fraction of remaining silica
being larger at higher SiO2/Al2O3 ratios [28]. This means that at
higher SiO2/Al2O3 ratios the fraction of porous reaction products
(zeolites and geopolymeric gel) in the cured specimens is generally
lower, and correspondingly the total water content is lower.

Deviating from this general trend, the MS  2 sample exhibited a
peculiar behavior in that its mass loss up to ca. 900 ◦C was  lower
than the mass loss of MS  3.5 (and virtually the same at 1200 ◦C)
and that distinct steps can be distinguished in the TG curve in
the range 400–900 ◦C. Felsche and Luger [40] reported a double-
step dehydration (two overlapping DTG peaks) of fully hydrated
non-basic hydrosodalite (Na6(AlSiO4)6·8H2O)  in the range of ca.
60–340 ◦C and a multiple-step dehydration and dehydroxylation
of presumed basic hydrosodalite (“Na8(AlSiO4)6OH2·4H2O”) in the
range ca. 80–810 ◦C. In a subsequent study [42] the result for
Na6(AlSiO4)6·8H2O was confirmed (double-step dehydration in
the range 100–350 ◦C), but it was  found that basic hydroso-
dalite, Na8(AlSiO4)6OH2·2H2O, exhibits a double-step dehydration
(two overlapping DTG peaks) in the range ca. 530–700 ◦C. The
study furthermore proved that basic hydrosodalites with more
than 2 mol  hydration water (Na8(AlSiO4)6OH2·2H2O) are actu-
ally a mix  of basic and non-basic hydrosodalites. The TG curve
of MS  2 is comparable to the curve presented in Ref. [40] for
“Na8(AlSiO4)6OH2·4H2O”, which was found later to be a mix  of basic
and non-basic hydrosodalites [42]. Taking also into account the XRD
peak shapes (see Section 3.2), it is tentatively concluded that this
sample contained, besides non-basic hydrosodalite of intermedi-
ate water content, also smaller amounts of basic hydrosodalite and
possibly non-basic hydrosodalites of different water content.

All CR-based samples exhibited a distinct step around
850–1000 ◦C. This step is related to the impurities in the CR-
based systems: these contained calcite from the silica feedstock
(Figs. 1 and 2), which decomposes in that temperature range.

3.4. Structural changes during thermal treatment

XRD experiments were conducted to identify structure changes
and phase transformations during the dehydration (main part up

to 400 ◦C), up to the “breakdown” of the structure between 650 ◦C
and 750 ◦C and the new phase formation up to 1000 ◦C. Since the
samples were allowed to cool down to ambient in the furnace
before testing, rehydration of zeolites as well as retrograde phase
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Fig. 3. TG curves of the composites after 3 days of curing and zeolite A. Squares represent temperatures chosen for XRD investigations and residual compressive strength
testing.

Table 3
Residual masses of the samples during TG analysis.

mr (100 ◦C) mr (200 ◦C) mr  (400 ◦C) mr (650 ◦C) mr (700 ◦C) mr (750 ◦C) mr  (1000 ◦C)

Sample (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

CR 2 97.2 88.9 84.8 82.9 82.8 82.7 81.7
CR  3.5 98.5 90.1 84.8 83.7 83.5 83.5 83.0
CR 6 97.6 91.1 88.5 87.5 87.5 87.4 86.5
MS  2 96.7 90.5 87.2 85.7 85.5 85.3 83.9
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MS  3.5 96.1 88.7 85.5 

MS  6 97.3 90.8 88.3 

zeolite A 96.3 84.0 80.3 

ormation cannot be fully excluded. Up to specific temperatures,
t least 650 ◦C, basically no major phase transformations could be
bserved. Above this temperature completely new structures occur
ith significant differences between the different mix-designs

Figs. 4–11). Equally composed mixes (i.e.  mixes produced from dif-
erent silica feedstocks but with identical SiO2/Al2O3 ratio) showed
omparable behavior.

Fig. 4 presents the XRD patterns of the mix  CR 2 after heating to
pecific temperatures up to 1000 ◦C. Up to 400 ◦C, except the dis-
ppearance of faujasite and a decrease of the third zeolite A peak at
2.47◦ 2�, no significant changes could be observed by XRD. Other
mall changes of the absolute intensities in the range of moder-
te temperature treatment are not regarded significant due to the
nfluence of the preparation with mortar and pestle.

At 650 ◦C first significant structure transformations occurred.
nly zeolite A remained, all peak intensities decreased signif-

cantly and the FWHMs  (full widths at half maximum) of the
eaks increased, probably attributable to commencing of structural

reakdown. A new peak occurred (21.4◦ 2�), indicating the initial
ormation of a new phase.

At 700 ◦C this “metaphase” and nepheline, NaAlSiO4 (PDF #
0-035-0424), were the new main phases. Most peaks of the
84.7 84.5 84.4 83.9
87.7 87.6 87.5 87.2
79.8 79.8 79.7 79.5

pattern can be matched with the nepheline reference, but the
reflection of maximum intensity located at 21.4◦ 2� was exagger-
ated. At 700 ◦C intensities were increased and FWHMs  decreased
compared to 650 ◦C as a result of further crystallization. Several
studies [21,39,43] found low carnegieite, NaAlSiO4, as a metaphase
during the transformation of geopolymers and A-type zeolites to
stuffed tridymite structures (nepheline), and reported the posi-
tion of the diagnostic main peak to be in the same 2�-range as the
observed exaggerated peak at 21.4◦ 2�. However, with the available
carnegieite reference (PDF # 96-101-0954) this peak could not be
matched satisfyingly. Since the composition of stuffed silica struc-
tures is variable [44,45], a carnegieite-type phase of intermediary
composition is possible. In addition to the aforementioned phases,
sodalite sensu stricto,  Na8(SiAlO4)6Cl2, (PDF # 00-037-0476) was
observed in the heated CR 2 samples (chloride provided by the sil-
ica feedstock CR). Only residues of zeolite A remained in the sample.

At 750 ◦C again a further phase transition was  apparent.
Nepheline was  clearly the new main phase, and the exaggeration

of the main peak at 21.4◦ 2� decreased. Sodalite, which is known to
coexist with nepheline [46], remained in the system, but no zeolite
A. At 800 ◦C the system was almost equal to that at 750 ◦C, only the
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ig. 4. Diffraction patterns of temperature-treated CR 2 mix. (A = zeolite A; F = faujas
ensu stricto, c1 = intermediary carnegieite structure; U = unknown metaphase).

rystallinity was increased and exaggeration of the peak at 21.4◦ 2�
ecreased further.

After exposure to the highest investigated temperature of
000 ◦C most of the peaks are still related to nepheline, but the
osition of the main peak slightly shifted to lower value (21.19◦

�), thus nepheline fitted only the shoulder of that peak. Thompson
t al. [44,45] reported several tectosilicates of carnegieite struc-
ure synthesized at high temperatures and noted the problem of
eaching equilibrium below 1300 ◦C because of the slow reaction
inetics. However, one of the reported intermediary structures
Na1.45Al1.45Si0.55O4, PDF # 00-049-0002) [44] matches the two
iagnostic peaks of CR 2 after 1000 ◦C at 21.10◦ 2� and 34.83◦ 2�
Fig. 4) although the second peak is covered by nepheline, too. This
s in line with previous studies on the high-temperature behavior
f geopolymers [21,43], which reported the formation of dominat-

ng hexagonal nepheline and carnegieite above 800 ◦C. A further
iagnostic peak occurred after 1000 ◦C at 28.2◦ 2� and is related to
onoclinic trinepheline.
Fig. 5 shows the evolution of sample MS  2. Except the decrease

f the third zeolite A peak, up to 650 ◦C no major changes were

bserved and generally crystallinity remained poor. The intensity
f the main peak of hydrosodalite, located at ∼24.7◦ 2�, decreased
ompared to the second diagnostic peak at 13.97◦ 2�. Felsche and
T  = zeolite EMT; N = hexagonal nepheline; Nt = monoclinic trinepheline, S = sodalite

Luger [41] reported a water-free form of sodalite, Na6(SiAlO4)6,
(PDF # 00-040-0101), that exhibits the same “reversed” intensities
as observed in the diffractograms of MS  2 after dehydration. The
small zeolite A peaks underwent no visible changes up to 700 ◦C.
Above 200 ◦C no chabazite remained.

At 750 ◦C a significant phase transformation was observed.
Nepheline was  the new main phase. The main peak was  again exag-
gerated, but less intensive compared to CR 2. Only minor amounts
of zeolite A and the supposed water-free sodalite were left. A small
reflection appeared at 9.75◦ 2�, which could not be assigned to
a particular phase. Overall, the pattern at 1000 ◦C appears quite
similar to the one at 750 ◦C, although few additional small peaks
occur that can be matched with the intermediate stuffed cristo-
balite phase. In contrast to CR 2, small amounts of carnegieite (PDF
# 96-101-0954) could be clearly identified at this temperature, as
was also found in Refs. [21,43]. Again monoclinic trinepheline was
present as additional phase; the unassigned reflection at 9.75◦ 2�
disappeared.

For sample CR 3.5 (Fig. 6) no significant changes could be
observed up to 650 ◦C except the diminishment of the third zeolite

A peak at 12.48◦ 2�. At 700 ◦C the first significant changes occurred.
The crystallinity started to decrease, eventually leading to an almost
complete structure breakdown at 750 ◦C, comparable to the behav-
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ig. 5. Diffraction patterns of temperature-treated MS 2 mix. (A = zeolite A, 

1  = intermediary carnegieite structure; Cn = carnegieite).

or of almost stoichiometric zeolite A, but at lower temperature
39]. Only residues of zeolite A remained as well as a very small not
dentified peak at the position of faujasite’s main peak; the rest of
he diffraction pattern displays just an amorphous hump. At 800 ◦C
he mix  recrystallized with hexagonal nepheline as the main phase
nd minor amounts of sodalite sensu stricto,  due to the incorporated
hloride. At 1000 ◦C XRD indicates almost pure nepheline phase and
dditionally some residues of the previously introduced sodalite.

Fig. 7 shows the XRD results for MS  3.5. As for the CR 3.5 mix,
irtually no changes occurred with the main phase zeolite A up
o 650 ◦C, except a noticeable maximum of crystallinity at that
emperature and the diminishment of the peak at 12.48◦ 2�. At
00 ◦C a breakdown of the initial phases commenced, and at 750 ◦C
lmost the whole sample appeared X-ray amorphous. Compared to
R 3.5, more zeolite A residues remained as well as little amounts
f sodalite. After exposure to 1000 ◦C XRD indicates only hexagonal
epheline.
Fig. 8 shows the XRD patterns of the sample CR 6. Almost no
hanges occurred up to a temperature of 650 ◦C. At 700 ◦C zeolite

 started to collapse. At 750 ◦C a large fraction of zeolite A had
hydrosodalite, N = nepheline; Nt = monoclinic trinepheline; S2 = dehydrated HS;

been transformed into amorphous phase. Besides the remaining
zeolite, like for CR 3.5 again a single reflection, matching the main
peak of faujasite structures occurred in the low 2�-range at 6.25◦

2�. After treatment at 800 ◦C the sample was almost completely
amorphous; only three residual zeolite A peaks were observed. The
unassigned peak at 6.25◦ 2� disappeared. After 1000 ◦C the sample
remained mainly amorphous, but some albite (PDF # 00-010-0393)
appeared. This means that, in contrast to the previously discussed
mixes, a feldspar phase with an elemental formula of Na(Si3AlO8)
was formed. This can be explained by the higher amount of silica
in the CR 6 mix  (SiO2/Al2O3 = 6) compared to the other mixes.

The results for MS  6 are displayed in Fig. 9. Up to 650 ◦C
this compositeexhibited the same behavior as the previously dis-
cussed medium- and high-silica mixes. At 700 ◦C the sample stayed
quite crystalline, although first signs of structural breakdown were
observed. No hydrosodalite was left. After treatment at 1000 ◦C the
sample appeared X-ray amorphous.
For sample CR 3.5 additional ATR FT-IR measurements on the
heat-treated samples were conducted. In particular the region
between 3000 cm−1 and 4000 cm−1 (Fig. 10) is of interest for the
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Fig. 6. Diffraction patterns of temperature-treated CR 3

onsideration of the dehydration, since in that range the charac-
eristic stretching vibration centers of water and hydroxyl groups
ppear. At 100 ◦C almost no change was observed. After treatment
t 150 ◦C, i.e.  in the region of the most significant dehydration (Fig. 3,
able 3), the intensity reduced by almost 50%, which fits the TG
esults quite well. After heating to 400 ◦C almost the entire band dis-
ppeared, again in line with the TG results. Above 400 ◦C no water
and remained.

Also the IR spectra below 1400 cm−1 (Fig. 11) fit the results
f the other methods. Up to 400 ◦C no significant changes could
e observed since the framework was stable despite dehydration.
t 800 ◦C the IR spectrum indicated a breakdown of the original
tructure, as shown by the disappearance of absorption band at
550 cm−1, characteristic of zeolite A [47]. Recent investigations

48,49] have found this band in A-type zeolites to be a complex band
CB) occurring from stretching vibrations (vs Si-O-Si) and bending
ibrations (ı O-Si-O). After heating to 1000 ◦C four new absorption
enters (982 cm−1, 702 cm−1, 514 cm−1 and 465 cm−1) occurred,

hich fit quite well the IR spectra of nepheline presented in Ref.

50], again in accord with the observed diffraction patterns (Fig. 6).
. (A = zeolite A, N = nepheline, S = sodalite sensu stricto).

3.5. Compressive strength

After curing for three days at 80 ◦C the composites were tested
for compressive strength (Fig. 12). For the MS-based samples the
compressive strength correlated with the starting silica content:
The higher the silica content in the starting mix  (higher SiO2/Al2O3
ratio), the higher was  the compressive strength, in line with previ-
ous results [28]. On the contrary, the compressive strength of the
CR-based composites decreased with increasing SiO2/Al2O3 ratio,
although this decrease was less pronounced than the increase for
the MS-based samples.

Possible influences on the compressive strength of the inves-
tigated composites include the amount of non-reacted starting
materials (which may  act as micro-aggregates), and the relative
amounts of the reaction products, i.e. zeolite A, hydrosodalite and
geopolymeric gel in the present cases. While the amount of non-
reacted silica feedstock in the composites has been determined
previously [28], no quantitative data is available for the abundances

of the reaction products at present. Thus, a detailed analysis of the
influence of phase assemblage on the differences in compressive
strength has to be conducted at a later stage. Nevertheless, it is
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lear that the composites investigated in the present study exhib-
ted significantly lower strength than pure geopolymers which can
ossess compressive strengths in excess of 80 MPa  [13,51]. This is
ery probably related to the significant amount of crystalline zeo-
ites in the composite materials (cf. Refs. [29,52]) and their porous

icrostructure (Section 3.7). However, the compressive strengths
chieved (up to ∼19 MPa) appear to be sufficient for various appli-
ations such as coatings etc.

In addition to the aforementioned influences, the (macro-
porosity of a solid is important in controlling its strength. As will be
iscussed below (Section 3.7), the fresh mixes exhibited swelling
nd macro-pore formation during curing; these processes were
uch more significant in the MS-based mixes, and were the more

ronounced, the lower SiO2/Al2O3 ratio was. This means that the
acro-porosity increased with decreasing SiO2/Al2O3 ratio in these
aterials. This behavior provides an explanation for the decrease

n strength of the MS-based mixes with decreasing SiO2/Al2O3
atio. On the other hand, swelling was much less pronounced in
he CR-based mixes, thus another mechanism is responsible for

he dependency of strength on SiO2/Al2O3 ratio. We  note that at
igh SiO2/Al2O3 ratios the workability of the CR-based pastes was
onsiderably inferior to the workability of the MS-based pastes,
ix. (A = zeolite A, N = nepheline, HS = hydrosodalite).

and workability decreased with increasing SiO2/Al2O3 ratio. This
may  partly explain the lower strengths of the CR-based composites
at medium and high SiO2/Al2O3 ratios, as insufficient workabil-
ity of the fresh pastes impacts on the compressive strength of the
cured composites by introducing inhomogeneities and flaws into
the material.

Generally, the (residual) compressive strength of the specimens
increased after thermal treatment at moderate temperatures, i.e.
200–400 ◦C, compared to the strength after curing (Figs. 13 and 14).
The only exception was  MS  2, which had the lowest strength after
curing and no strength increase after thermal treatment as well.
After treatment at temperatures ≥ 400 ◦C the MS  2 samples could
be crumbled by hand, i.e.  strength was virtually zero.

The strength of MS  3.5 reached a maximum after heating to
400 ◦C (22.7 MPa). Except for a drop at 650 ◦C, performance stayed
almost constant up to 700 ◦C. At 750 ◦C the compressive strength
decreased below the starting value. With almost 28 MPa after
a treatment at 200 ◦C the MS  6 specimens yielded the highest
strength of all samples. With further increasing temperature the

compressive strength decreased. However, after heating to 400 ◦C
it was still the mix  with the highest strength, but at 650 ◦C the
strength value decreased below the starting value, and at 750 ◦C
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Fig. 8. Diffraction patterns of temperature-treated

nly strength of 5 MPa  remained and large deformations occurred
see Section 3.6). MS  3.5 and MS  6 mixes reached a maximum rel-
tive compressive strength of about 150% of the starting values
Fig. 14). While the performance of MS  6 continuously diminished
fter reaching the maximum at 200 ◦C, MS  3.5 retained its perfor-
ance over a larger temperature range. Both mixes had residual

trength of only 10 MPa  (MS  3.5) and 5 MPa  (MS  6) after a treat-
ent at 750 ◦C.
Also the CR-based mixes increased in strength at least up to

00 ◦C, including the low-silica mix  CR 2. These latter composites
eached a maximum of 19.0 MPa  after treatment at 200 ◦C. CR 6
eached a maximum of 15.3 MPa  at 400 ◦C. CR 3.5 exhibited sim-
lar behavior as MS  3.5, i.e.  strength decreased slightly at 650 ◦C,
ut increased significantly to 20.5 MPa  after heating to 700 ◦C. This
alue corresponds to 195% of the strength after curing. Increasing
he temperature to 750 ◦C resulted in massive deformations and
early total loss of strength (Fig. 14).

Above 200 ◦C, the strength of CR 2 decreased successively with
igher treatment temperatures down to a minimum of 8.5 MPa  at

00 ◦C (∼65% of the starting value). A further temperature increase

n excess of 700 ◦C resulted in a regain of strength, reaching the
verall maximum for this series of almost 25 MPa  at 800 ◦C. This is
mix. (A = zeolite A, a = albite, q = quartz, C = calcite).

equivalent to 183% of the starting strength and represents the high-
est compressive strength of all experiments on CR-based mixes.

CR 6 reached a relative compressive strength of 220% after
heating to 400 ◦C. After treatment at 750 ◦C the strength was sig-
nificantly reduced by 65% compared to the former maximum. After
heating to 800 ◦C, a re-increase of 138% of the value measured at
750 ◦C was observed. At this point CR 6 reached an average strength
of 20.3 MPa  or 292% of the starting value. This is the highest rela-
tive increase of all considered composites caused by the thermal
treatment. Remarkable is a massive, rather ductile but neverthe-
less crack inducing shrinkage (volume decrease) between 750 ◦C
and 800 ◦C. The absolute cracking forces were the same as the ones
for 750 ◦C but due to the smaller sample size the calculated strength
increased significantly.

3.6. Dilatometry

Dilatometry experiments indicated only minor deformations

in the dehydration range up to 400 ◦C (Fig. 15). Except MS 3.5
(�l/l ≈ 2%) all mixes exhibited a relative linear shrinkage of �l/l
≤ 1.5% up to this temperature. At 650 ◦C a relative shrinkage of
only 1.5% was  observed for CR 6, while the other mixes exhibited
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Fig. 9. Diffraction patterns of temperature-tr

omewhat higher deformations (�l/l ≤ 3%). Up to this temperature
he deformations proceeded almost linear over temperature. At ca.
00 ◦C the deformation-temperature curves of all samples became
ignificantly steeper, and consequently the shrinkage increased to
alues of 4.2% (CR 6) to 9.5% (CR 3.5) at 800 ◦C. This behavior is
n line with the observed deformation behavior of the cubes for
he residual compressive strength tests and it correlates with the
bserved phase transformations above 650 ◦C (Section 3.4).

Above ca. 800 ◦C the various samples behaved quite differ-
nt. The low-silica mixes yielded the lowest maximum shrinkage
CR 2 = 9.8% and MS  2 = 9.5%), while CR 3.5 reaches a maximum
hrinkage of 23% at 860 ◦C. The CR 6 mix  showed basically the same
endency but at slightly higher temperatures and with lower maxi-

um shrinkage (�l/l = 16.2%). This is readily explained by the lower
mount of pores in the initial state.

Medium- and high-silica MS-based mixes exhibited a dif-
ering behavior. Both had comparable shrinkage maxima
�l/lmax(MS  3.5) = 17% at 840 ◦C and �l/lmax(MS  6) = 18% at
50 ◦C), but with further increasing temperature the samples
tarted to expand (MS  6: +6% and MS  3.5: +18%). In contrast to

S 2 both mixes incorporated remaining microsilica from the

tarting mix. This peculiar behavior of MS  3.5 and MS 6 will be
iscussed below (Section 4).
 MS 6 mix. (A = zeolite A, HS = hydrosodalite).

3.7. SEM observations

The low-silica mixes, in particular MS  2, tended to expand dur-
ing curing, associated with an increased volume of air voids, i.e.
large pores (Fig. 16, top left). Also Krivenko and Kovalchuk [53]
reported that certain geopolymer mixes comprising microsilica
expanded during curing, without attempting to explain this behav-
ior. Prud’homme et al. [54] observed foam formation at 70 ◦C
in highly alkaline aluminosiliceous systems controllable by silica
fume. A hydrogen release due to the dissolution and oxidation of
silicon was proposed to be the cause of this behavior. With pro-
gressing polycondensation reaction the mix  became stiffer and
finally initially consolidated; simultaneous ongoing hydrogen gas
development resulted in foaming and swelling. This process seems
to be a reason for the expansion also for the geopolymer-zeolite
composites investigated in the present study. Gas release was
observable as bubble formation at the surface of samples MS 2,
MS 3.5, MS  6, CR 2 and CR 3.5 at the very early stage of curing at
80 ◦C. The expansion and the associated porosity had a consider-
able influence on the compressive strength, which was  lowest for

MS 2 and highest for MS  6, the latter being almost free of large
pores (Fig. 16, top right). A possible explanation for the more pro-
nounced expansion tendency at low SiO2/Al2O3 ratios is again the
higher pH of the pore solution (Section 3.1): the higher pH may
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Fig. 10. ATR FT-IR spectra of selected temperature-treated CR 3.5 samples between 3000 cm−1 and 4000 cm−1.
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ig. 11. ATR FT-IR spectra of selected temperature-treated CR 3.5 samples betwe
ibration, CB = complex band; � = bending vibration).
ave caused the “foaming” reactions to proceed faster and/or to
 higher extent than in the high-silica mixes, which had lower
odium aluminate fractions and consequently higher H2O/Na2O
0 cm−1 and 1400 cm−1. (T = Si or Al, vas,s = asymmetric and symmetric stretching
ratios (equal to (H2O/Al2O3)/0.98; Table 2). Compared to the MS  2,
the CR 2 samples expanded much less, which is probably a reason
for their considerably higher compressive strength. The reason for



54 P. Sturm et al. / Thermochimica Acta 635 (2016) 41–58

0

2

4

6

8

10

12

14

16

18

20

22

2 3.5 6

C
om

pr
es

s
iv

e
 s

tr
e

ng
th

 (M
P

a)

SiO2/Al 2O3 (mol/mol)

sil ica CR

silica MS

Fig. 12. Compressive strength of the composites after 3 days of curing. Error bars
represent one standard deviation in each direction.

Fig. 13. Compressive strengths of the composites after 3 days of curing and thermal
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Fig. 14. Relative compressive strengths (i.e. strengths relative to the strengths after
reatment at the specified temperatures (residual strengths). Error bars represent
ne standard deviation in each direction.

his difference in behavior is not clear, but it is interesting to note
n this context that CR 2 contained much less hydrosodalite than

S 2. At higher magnifications, the SEM micrographs of MS  2 and
S 6 (Fig. 16, middle and bottom row) reveal a porous microstruc-

ure, consisting of particles with an approximate diameter of ca.
00 nm.  This parallels previous findings on one-part geopolymer
omposites produced from CR-silica [26]. The microstructure of the
ne-part geopolymer-zeolite composites is thus much less compact
han that of conventional geopolymers (e.g. [5,13,15,20,22,51]). As
lready mentioned in Section 3.5, this more porous microstructure
 in connection with the high amount of crystalline zeolites in the
omposites − is probably responsible for the comparatively low
trength of the composites under investigation, when compared to
onventional geopolymers. In Fig. 16 (bottom row) it appears that
curing) of the composites after 3 days of curing and thermal treatment at the spec-
ified temperatures (residual strengths).

microstructure of MS  6 is more compact than the microstructure
of MS  2, which provides an additional explanation (in addition to
the lower amount of air voids) for the higher strength of MS 6.

4. General discussion of the high-temperature behavior of
the composites

Thermal analysis (TG) showed that release of most of the water
in the samples occurred between ca. 100 ◦C and 200 ◦C, which is
the typical dehydration range of geopolymers [11,14,15,20–22,55],
and some additional water loss at 200–400 ◦C. Comparison with
the TG curve of an almost pure zeolite A (Fig. 3) and considera-
tion of the IR spectra of the heated samples (Figs. 10, 11) as well
as the deformation behavior (Fig. 15) leads to the conclusion that
most of this water is of zeolitic character, in particular related
to zeolite A and/or hydrosodalite. Above 400 ◦C only minor mass
losses occurred, particularly for CR mixes, caused by escaping CO2
from incorporated calcite. In contrast to other geopolymer sys-
tems [11,13–15,20–23,43,55], the geopolymer-zeolite composites
investigated in the present study do not exhibit pronounced shrink-
age in the dehydration range 100–200 ◦C, probably because the
released water is mainly “zeolitic” water; instead, thermal shrink-
age occurred rather continuously from ambient to ca. 700 ◦C (<3%).
At temperatures above ca. 700 ◦C a sudden increase in shrink-
age occurred. This sudden “softening” is generally attributed to
viscous sintering or densification/crystallization in the geopoly-
mers [11,13,15,20–22,55]. The rather uniform shrinkage of the
specimens up to this sintering/densification temperature is con-
sidered to be an advantage in high-temperature applications. In
all cases except for MS  2, thermal treatment at temperatures up
to 200–400 ◦C caused the (residual) compressive strength of the
samples to increase. Up to these temperatures no changes in phase
assemblage and only subtle changes in crystallinity of the sam-
ples could be observed (Figs. 4–9). However, it has been previously

established [28] that virtually no further geopolymerization occurs
in the investigated mixes after one day of curing at 80 ◦C. Thus,
the increases in strength are probably mainly related to the subtle
changes in crystallinity or to other changes, not observable with
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Fig. 15. Relative linear shrinkage of the cur

RD. The shrinkage (densification) most likely also had a positive
ffect on the residual strength.

Depending on the starting mix-design, phase transformations
tarted between 400 ◦C and 750 ◦C. Except for the high-silica mixes
S 6 and CR 6, the materials transformed to stuffed silica struc-

ures of nepheline-type (MS  3.5 and CR 3.5) or a mix  of nepheline
nd carnegieite-type silica structures (MS  2 and CR 2). This behav-
or parallels previous reports about aluminosiliceous precursors
ransforming into various stuffed silica structures [18,21,39,44,45].

S 6 and CR 6 turned into completely amorphous or formed albite
n heating to 1000 ◦C, respectively, the latter being a behavior
hat has already been reported for geopolymers with SiO2/Al2O3 = 6
18].

Significant changes in compressive strength could be observed
fter heating to temperatures that also caused significant changes
n phase assemblage of the composites, particularly at tempera-
ures of 700 ◦C and higher. The behavior at these temperatures
aried considerably, depending on the silica feedstock and the
iO2/Al2O3 ratio of the composites. MS  3.5 and CR 3.5 exhibited a
trength increase on going to a treatment temperature of 700 ◦C and

 sharp decrease afterwards (i.e.  at 750 ◦C). For MS  6 only a small
trength increase, followed by continuous strength deterioration
as observed. On the contrary, CR 2 and CR 6 exhibited a more
oderate strength loss after heating to 700 ◦C or 750 ◦C, and signif-

cant strength gain afterwards (800 ◦C). For CR 2 the strength gain
an be mainly attributed to sintering effects, while with CR 6 the
trength increase is attributed to sintering and shrinkage (the ulti-
ate load for 800 ◦C was  similar to the ultimate load for 750 ◦C, but

he dimensions of the sample were smaller after 800 ◦C treatment).
lthough no strength increase was observed for MS  3.5, CR 3.5 and

◦
S 6 in the range 700–800 C, their residual strength evolution, i.e.
he absence of an abrupt strength decrease up to 700 ◦C, is beneficial
n high-temperature applications.
cimens during dilatometry measurements.

The peculiar behavior of MS  2, i.e.  its decreased strength after
thermal treatment at 100 ◦C and 200 ◦C and its complete loss of
strength already at temperatures of 400 ◦C, may  be related to
the fact that the major crystalline phase in the specimens was
hydrosodalite. Felsche and Luger [40,41] reported an increase of
the volume of the unit cell of hydrosodalite during dehydration
and assigned this behavior to destruction of the hydrogen bonding
between hydrate water and the sodalite framework. This expan-
sion of hydrosodalite in MS  2, restrained by shrinking zeolite A
and other compounds, probably led to excessive crack formation
in these samples. This assumption is supported by the dilatometry
results (Fig. 15): MS  2 exhibited the lowest shrinkage of all mixes
up to ca. 500 ◦C.

The dilatometry results showed a maximum shrinkage for
medium- and high-silica MS-based mixes (MS 3.5 and MS  6)
around 850 ◦C, followed by a sharp expansion at higher temper-
atures. A rapid expansion at temperatures around 600–800 ◦C has
been observed previously for some fly ash-based geopolymers and
attributed to silica gel-like products of the employed sodium sili-
cate activating solutions [13,15,56]. In addition, Fletcher et al. [57]
observed swelling of metakaolin-based geopolymers, comprising
high amounts of silica (Aerosil), at temperatures of 100–300 ◦C.
Since in the present study only samples with remaining microsilica
after curing (in MS  2 the silica is virtually completely reacted [28])
showed sharp high temperature swelling, this behavior seems to
be mainly caused by the residual microsilica. The CR-based samples
did not exhibit extensive swelling up to the maximum measured
temperature of 900 ◦C, which is considered to be an advantage over
the MS-based mixes.
5. Conclusions

One-part geopolymer-zeolite composites were synthesized
with a maximum strength of ca. 19 MPa  (MS  6) after curing at 80 ◦C
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Fig. 16. SEM micrographs (secondary electrons) of fracture surfac

nd 80% r. H. The phase content of the cured one-part mixes based
n silica MS  was dominated by hydrosodalite at low silica content;
t high silica content zeolite A was the major crystalline phase. At
he same time, swelling during curing was more significant for the
ow silica content. This expansion is possibly related to the forma-
ion of hydrogen during curing. The expansion reactions resulted in

 high amount of large pores in the hardened specimens and corre-
pondingly low compressive strength. The volume of large pores as
ell as the degree of reaction of the silica decreased with increasing

ilica content, with a positive effect on the compressive strength.
For the CR-based composites the crystalline phase content was

lways dominated by zeolite A. Differences in the phase content
elated to different mix-design (SiO2/Al2O3 ratios) were much less
ignificant for this feedstock. Also, differences between the mixes in
xpansion behavior and compressive strength were smaller; gener-
lly swelling was much less pronounced in the CR-based mixes. The
R 6 mix  exhibited the lowest compressive strength, most likely

elated to the poor workability of this mix.

An approximately linear shrinkage was observed for the
eopolymer-zeolite composites in the present investigation up to
00 ◦C, with the maximum shrinkage up to this temperature being
he cured composites MS  2 (left column) and MS 6 (right column).

ca. 2–3%. This behavior differs from the usual behavior of geopoly-
mers, i.e.  rapid shrinkage in the dehydration range 100–200 ◦C due
to the release of “structural” water, making the investigated materi-
als interesting for high-temperature applications. This observation
leads to the conclusion (together with the TG results) that the incor-
porated water is more of zeolitic character for the investigated
systems. Except for MS  2, thermal treatment at moderate temper-
atures (200–400 ◦C) led to a strength improvement up to 28 MPa
(MS  6). Heating above this range led to a moderate performance
loss up to 700 ◦C.

Above ca. 700 ◦C extensive shrinkage deformations occurred
in all mixes. This behavior is caused by structural breakdown of
the initial phase content and sintering/densification. The low-silica
and medium-silica specimens underwent complex phase transfor-
mations during heating, leading to nepheline polymorphs and/or
carnegieite-like phases at 1000 ◦C, which are of some interest for
the ceramic industry. (Medium-silica mixes led to almost pure

hexagonal nepheline phase.) The high-silica mixes produced an
amorphous phase at 1000 ◦C that contained albite in addition when
the silica feedstock was  silica CR.
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