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A melt-quenched of mixture of alumina and silica (46 wt% Al,O3 or Al,03(Si0O,),) was found
to react with an alkaline silicate solution (Na,0)(SiO,)1,(H»0)g5) at low-temperatures to
form a synthetic aluminosilicate inorganic polymer. The as-quenched material consisted of
a mixture of amorphous and crystalline phases with a range of aluminium coordination
environments. Upon reaction with the alkaline silicate solution, solid-state aluminium and
silicon magic-angle spinning nuclear magnetic resonance (SS ?’Al and 2°Si MAS NMR)
indicated that a conversion to four-fold aluminium coordination environments occurred,
consistent with the formation of a three-dimensional cross-linked inorganic polymer
comprised of NaAlO, and SiO, tetrahedra. Mechanical testing showed the compressive
strength of the inorganic polymer increased as the Na,O/Al,03; molar ratio decreased.
Solution studies indicated that 73% of the aluminosilicate starting material was reactive.
Scanning electron microscopy (SEM) showed the inorganic polymers had a porous
nanoscale grain structure. Open porosity was confirmed by relatively high specific surface
area values. Energy dispersive spectroscopy (EDS) and elemental x-ray composition
mapping showed that the high-strength specimens had a composite microstructure
consisting of 40% unreacted Al,03(SiO,), and an inorganic polymer binder

Na,O - Al,03(Si0,)3 4. The high compressive strengths have been rationalized by this in-situ
particle reinforced composite structure, consisting of ~10 um agglomerates of unreacted
starting material bonded within a sub-micron aluminosilicate/inorganic polymer matrix.
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1. Introduction
Over the past twenty years new forms of inorganic
polymers, known as geopolymers, mineral polymers
or inorganic polymer glasses, have received increas-
ing attention [1-3]. These inorganic polymers consist
of an amorphous, three-dimensional network of alumi-
nosilicate chains formed by the dissolution and poly-
condensation of an aluminosilicate powder in an al-
kaline silicate solution under hydrothermal conditions
[4]. Inorganic polymers exhibit properties common to
many non-metallic materials which are achievable un-
der mild processing conditions from inexpensive feed-
stocks. These properties include formability compa-
rable to epoxies, high temperature stability, chemical
resistance comparable to ceramic oxides and compres-
sive strengths superior to concrete.

Aluminosilicate inorganic polymers have been syn-
thesized from metakaolin [3] and industrial fly-ashes
[5]. Their formulation is similar to that of synthetic
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zeolites and a number of tectoaluminosilicate miner-
als. For example, metakaolin is known to have a re-
markable solubility in alkaline solutions [6]. If alkaline
silicate solutions are employed, with higher concentra-
tions than used for zeolite synthesis, a hard, amorphous
product forms by a condensation-like reaction during
thermal setting [7]. The resulting inorganic polymeric
material can be considered to be the amorphous equiv-
alent of geological feldspars, but synthesized in a man-
ner similar to thermosetting organic polymers. For this
reason these materials have also been termed “geopoly-
mers”, in recognition of being inorganic polymer ana-
logues to conventional organic polymers.

At present, little fundamental research has been car-
ried to characterize the formation of aluminosilicate in-
organic polymers and structure-property relationships.
Being amorphous, the characterisation of geopolymers
requires high-resolution SS MAS NMR spectroscopy,
not possible in many cases due to the presence of
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magnetic impurities in the starting materials. Assum-
ing the facile dissolution of alumina and silica into
a caustic silicate solution, geopolymers are presumed
to form by the polycondensation of these monomers
into aluminosilicate anions. The primary requisite for
a geopolymeric precursor would appear to be an alu-
minosilicate with an amorphous structure containing
aluminium in four-, five- and six-fold coordinate envi-
ronments. However, there exists scant convincing ex-
perimental evidence in the literature to substantiate the
mechanism of formation. Rehier et al. [3, 8, 9] have car-
ried our a detailed study of inorganic polymer formation
from metakaolin and a sodium silicate solution. NMR
measurements showed that when the stoichiometric ra-
tio of sodium in the silicate solution to aluminium in
metakaolin, defined as k, was equal to 1 a complete dis-
solution and polycondensation of metakaolin occurred.
The inorganic polymer glass product contained AlO,
tetrahedra with associated Na™ ions in an amorphous
network of SiO4 tetrahedra. Rahier et al. also reported
that the compressive strength and reaction enthalpy
are miximized at this stoichiometric composition. It
was purportedly impossible to obtain homogeneous
samples when k < 0.54.

To date, studies of inorganic polymers have focused
on natural precursors such as metakaolin and fly ash.
In this work the formation of inorganic polymers from
synthetic aluminosilicates has been studied. Risbud
et al. [10] have shown that the melt-quenching of alu-
mina and silica powders yields an amorphous mate-
rial. NMR revealed that the powders contained a mixed
range of aluminium coordination environments. By
adopting a similar process, we were able to synthesize
an amorphous aluminosilicate which was characterized
by NMR and x-ray diffraction (XRD). Inorganic poly-
mers formed from this material have been characterized
and their mechanical and microstructural properties are
reported.

2. Experimental

The starting materials used in this study were reagent
grade Al;O3 (0.3 pum) and SiO; (5.1 um). A slurry
of the starting powders was slip cast into 10 x 20 x
100 mm coupons and sintered at 1555°C for 8 hours.
The coupons were then melted in an oxy-acetylene
flame and rapidly solidified onto a copper plate. Powder
samples with a mean particle size of 3.2 um were ob-
tained after grinding the as-quenched material in a ce-
ramic ball mill. The quenched and milled samples were
reacted with a solution of sodium silicate (14% NaOH,
27% Si0;) and sodium hydroxide by vigorous mixing.
Separate solutions were prepared for each sample as
the solutions are relatively unstable [11]. The result-
ing resin was cast into sealed containers, centrifuged
to remove excess porosity, and cured at 60°C for
18 hours.

NMR measurements were carried out an a BRUKER
AM-300. The scanning frequencies were 78.206 MHz
for 2’Al and 59.633 MHz for 2°Si, both with a scan width
of 50 kHz. The typical pulse width was 3 ms, with ca.
32 scans acquired for each 2’ Al spectra, and >300 for
29Si. The relaxation delay was 2 s. 2’Al spectra were
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referenced to a 1 M solution of AI(NO3)3, 2°Si spectra
were referenced to Si(CH3)41).

A Siemens D5000 x-ray diffractometer with Ni fil-
tered Cu K, radiation at 45 kV and 30 mA was em-
ployed for XRD measurements. Diffraction patterns
were analysed using the Siemens EVA software pack-
age, allowing background correction, Ko, stripping,
smoothing and peak matching to crystalline phases in
JCPDS databases. SEM examination was carried out on
a JEOL 6400 SEM, incorporating an EDS unit. Quanti-
tative EDS Analysis was performed using an ISIS Link
Analytical software package calibrated to a copper stan-
dard. A JEOL 6300F FESEM was employed for high-
resolution imaging.

Compression tests were carried out on an INSTRON
8501 universal testing machine, using a crosshead ve-
locity of 0.017 mm/s. Due to the small size of the spec-
imens fabricated it was not possibly to follow a given
testing standard, however all samples were cylindrical
with a length to diameter ratio exceeding one and flat
faces were sectioned on a microtome with a diamond
Saw.

Particle size distributions were obtained on a
Malvern Instruments Mastersizer using deionised wa-
ter with sodium hexametaphosphate as a dispersant.
Nitrogen adsorption isotherms were acquired on a
Micromeritics Gemini Il 2375 Surface Area Analyzer.
BET surface areas were based on a 5-point interpola-
tion. All samples were dried at 120°C under high vac-
uum until a constant pressure was achieved. Skeletal
density measurements were made on a Micromeritics
AccuPyc 1330 V2.03M Pycnometer using a 10 cm? in-
sert with helium as the purge gas.

3. Results and discussion

3.1. Characterisation of starting material
Synthetic Al,03(Si0,), (46% Al,O3) powder was pre-
pared following the procedures discussed in Section 2.
The XRD pattern for the quenched powder is shown
in Fig. 1. A broad amorphous hump is centred on
26 =25°. In addition, minor reflections corresponding
to mullite (AlgSi;O43) and aluminium silicate hydrox-
ide (Al,SiO4(OH);) are present.
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Figure 1 X-Ray diffractogram of synthetic Al;O3 - 2Si0;.
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Figure 2 MAS NMR spectra of Al,Oj3 - 2S8i05. 2Al left, 2°Si right.

The 2’Al and *°Si NMR spectra are shown in Fig. 2.
The broad ?’Al resonances from 60—30 ppm are assign-
ed to Al'Y and Al respectively [10]. The larger signal
at 3.1 ppm corresponds to A1Y!. The 2°Si spectrum can
only be assigned on much looser terms due to the weak
signal: resonances for Q*(2Al) and Q*(3Al) silica tetra-
hedra are assigned to the signals around —94.4 ppm; the
broad signal between —99.1 and —110 ppm has been
assigned to Q*(1Al) and Q*(0ALl).

3.2. Inorganic polymer formation

Reaction of the aluminosilicate precursors with the
sodium silicate solution and curing the resin in a mould
resulted in the formation of solid samples with lit-
tle or no shrinkage being evident. The silicate so-
lution composition was s =n(Si0;)/n(Na,O)=1.2,
w =n(H,0)/n(NayO) =9.6. Initially, to ensure com-
plete reaction between synthetic aluminosilicate and
sodium silicate solution, the stoichiometric ratio
based on the starting composition, k=n(NayO)/
n(Al,03(Si0;);) =1.0, was used. Initial testing
showed that the compressive strength increased with
curing time and temperature. At a temperature of 60°C
the compressive strength was constant with time after
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18 hours. These curing conditions were chosen for all
samples.

XRD patterns of the cured samples were indistin-
guishable from the starting material, with minor peaks
for mullite and aluminium silicate hydroxide superim-
posed on a broad amorphous hump. Solid-state MAS
NMR spectra show that the previously mixed alu-
minium coordination environments had converted to
a predominantly four-fold coordinate, suggesting that
aluminium atoms exist in NaAlO,4 units. As shown in
Fig. 3, the 2’A1 MAS NMR spectrum exhibits a sin-
gle resonance for A"V at 54.8 ppm. The absence of an
expected AlY! resonance from mullite at —3 ppm in
the 2’A1 MAS NMR spectrum is anomalous [12], but it
may be obscured due to the intensity of the AV sig-
nal. The ?°Si MAS NMR spectrum is approximately
centred around —88 ppm, however, at this resolution
we can only conclude that there area a wide range of
silica environments leading to this amorphous signal.
The NMR measurements confirm that the sample has
dissolved and polycondensed in the sodium silicate so-
lution to form three-dimensional inorganic polymer,
analogous to the inorganic polymer glasses or geopoly-
mers formed from metakaolin [3]. A1 MAS NMR in
particular has shown its utility in the characterisation
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Figure 3 MAS NMR spectra of inorganic polymer from synthetic Al,O3 - 2Si0,, k = 1. 2Al left, 2Si right.
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of inorganic polymer glasses. The reaction was con-
firmed by the almost complete conversion to four-fold
coordinate environments.

The presence of the crystalline phases in the XRD
pattern of the cured samples clearly indicates that not
all of the aluminosilicate precursor is reactive. To de-
termine what fraction of the material was reactive, a
sample was prepared with k =0.7 and cured at 90°C
for 22 hours. The resulting sample was crushed and
leached with de-ionised water, which was analysed
for Na, Al and Si. Chemical analysis of the leach so-
lution showed that 19% of the Na originally present
had dissolved and hence was unreacted, whilst negligi-
ble Al and Si had leached. This suggests that 27% of
the starting aluminosilicate is unreactive or unreacted
Al,O3 - 2510;. To achieve complete reaction, the stoi-
chiometric mixing ratio (k) based on the overall starting
composition should be equal to 0.6. The inorganic poly-
mer formed under these conditions has a composition
of NaZO . Ale3(SiOz)3,2.

3.3. Mechanical properties
Compressive tests were carried out on a number of
cured samples prepared over a range of stoichiome-
tries. In Fig. 4 the effect of the stoichiometric ratio,
k, on the compressive strength is shown. The compres-
sive strengths increased significantly with decreasing k.
Samples with k > 0.8 exhibited a tendency to self-crack
after setting, presumably associated with the escape of
water trapped in the structure [3]. This was prevented
by the addition of 50% silica particles, with a mean par-
ticle size of 200 pm, to the resin prior to curing. This
addition appeared to have negligible effect on the com-
pressive strength measurements. Samples with lower
values of k did not exhibit any cracking, even after pro-
longed heating (170 hours at 65°C) with or without the
addition of silica particles.

The increase in compressive strength with decreas-
ing k was not expected. When metakaolin is the alu-
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Figure 4 Compressive strengths of synthetic inorganic polymer as a
function of the stoichiometric mixing ratio, k.
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minosilicate precursor, Rahier et al. [3] report a max-
imum compressive strength at k =1, suggesting that
this strength was associated with the complete reaction
of the aluminium from the metakaolin with the sodium
from the silicate solution. When k < 1 the extent of the
reaction is limited by the Na,O content of the solution
and hence there will be portions of unreacted alumi-
nosilicate starting material. In the case of metakaolin,
these do not improve the inorganic polymer’s mechan-
ical properties. We have shown chemically that the
meltquenched aluminosilicate in the present work does
not achieve a complete reaction when k =1, neither
does it show a maximum strength at its theoretical re-
action end point at k =0.6. In order to rationalize the
high compressive strengths observed at k =0.36 we
must assume that the unreacted synthetic aluminosili-
cate particles serve to reinforce the inorganic polymer’s
microstructure.

3.4. Microstructural analysis

SEM was used to characterise the fracture surfaces of
the samples tested in compression. As shown in Figs 5
and 6 the fracture surfaces exhibit a nanoporous struc-
tures. The needle-like crystals, on the fracture surface
in Fig. 5 are sodium carbonate formed from the reac-
tion of residual sodium silicate with atmospheric COs,.
Their presence confirms the fact that at the apparent
stoichiometric mixing ratio there is excess sodium due
to the unreactive crystalline phases in the starting mate-
rial. The sodium carbonate crystals were not observed
in samples for k < 0.7.

The nanoporous microstructure of the fracture sur-
face is clearly evident in Fig. 6. It is noted that the
particle size of the starting material is in the micron
range whilst the scale of the inorganic polymer ma-
trix microstructure is below 100 nm. The nanoporous
structure is clear evidence that extensive dissolution
occurs before polycondensation commences and con-
solidates the shape of the specimen through a chaotic
three-dimensional network of polysodium aluminosil-
icate.

The nanoporous structure was also confirmed by sur-
face area and density measurements. Values of BET
surface area were typically 15-16 m?/g, indicative of
an open pore structure porosity. The density of the sam-
ples were measured to be 2.4-2.6 g/cm?, corresponding
to 80—85% of the theoretical density and correlate with
the specimen’s significant porosity. The open poros-
ity presumably allows the escape of water during dry-
ing, without developing cracks as has been reported for
metakaolin inorganic polymers [3].

As discussed previously, unreacted and/or partially
reacted grains of starting material are expected when
k =0.36. Evidence of unreacted starting material was
observed by EDS elemental x-ray mapping. Fig. 7
shows x-ray intensity distributions for sodium (c),
aluminium (d), and silicon (e) distributions with the
secondary electron, (a), and back-scattered electron,
(b), micrographs.

The elemental maps clearly show the presence of
sodium-deficient, aluminium-rich regions, correspond-
ing to regions of unreacted starting material bonded
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Figure 7 Micrographs and EDS composition maps for polished inorganic polymer section, k = 0.4. All images have the same field of view.
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within a matrix. These regions are also visible as bright,
smooth sections on the backscattered image and are
around 10 pum in diameter, implying that they are
agglomerates of the melt-quenched starting material.
EDS compositional analyses on a number of these
grains revealed that their composition was, on average,
Al,03(Si0,);.

The distribution of silica in Fig. 7e is relatively uni-
form. The three circular regions of apparent low silica
correspond to hemi-spherical pores, hence, are arti-
facts. The composition of the matrix regions was found
by EDS mapping to be 10% Na,O, 35% Al,O3 and
55% SiO;, implying that the matrix itself is a com-
posite, consisting of sub-micron aluminosilicate parti-
cles held together by the amorphous inorganic polymer.
Assuming that each sodium ion is associated with an
aluminium atom and that the residual aluminosilicate
species has kept its original composition, the matrix can
be described as: 60% Na,O - Al,03(Si0,)3 4 and 40%
Al,03(S10;),. Since at high resolution it was impos-
sible to distinguish separate phases within the matrix,
it is not unreasonable to assume that cohesion between
the sub-micron aluminosilicate particles and inorganic
polymer will be high. Therefore this sub-micron rein-
forced particulate composite matrix is likely to behave
as a single phase binding the larger ~10 um alumi-
nosilicate particles. The high compressive strength of
the inorganic polymers is a result of this composite
structure, which necessarily occurs at low values of k.

4. Conclusions

This study shows that inorganic polymer glasses are ob-
tainable from melt-quenched aluminosilicates. Solid-
state NMR indicated a conversion of mixed aluminium
coordination environments to four-fold coordination,
indicative of the formation of a three-dimensional
cross-linked sodium-aluminosilicate network. SEM re-
vealed nanoscale porosity and showed that the inor-
ganic polymer binder consisted of a chaotic network of
~100 nm spheres. The high-specific surface area as-
sociated with this nanoporosity allows water to escape
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from the specimen during drying, without the formation
of cracks.

Dissolution tests indicated that the melt-quenched
material did not react completely. This implied that
the inorganic polymers with the highest compressive
strengths contained significant fractions of unreacted
starting material. EDS compositional mapping revealed
a two-phase composite structure, consisting of 40%
unreacted amorphous Al,03(Si0;); particles and 60%
Na; 0 -Al,03(Si0;)3 4 inorganic polymer binder. Some
of the unreacted aluminosilicate was present as sub-
micron grains within the inorganic polymer matrix,
there were also ~10 um agglomerates. These larger
particles behave as an in-situ reinforcement. Due to the
incomplete reactivity of the synthetic starting material,
the addition of silica particles to serve as a reinforce-
ment was unnecessary.
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