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Relationships between composition, structure
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This article is the second in a two-part series and discusses inorganic polymers derived
from fly ash. Part 1 [1] concerns inorganic polymers derived from a metakaolin precursor.
For this study, 15 fly ash-derived inorganic polymers were produced with various
compositions. The effect of the concentration of each of the four component oxides (Na,0O,
SiO,, Al,O3 and H,0) and two alkali cations (Na and K) on the microstructure and
compressive strengths were assessed. Similar to metakaolin-derived inorganic polymers, it
was observed that high-strength fly ash inorganic polymers were related to low porosity
and a dense, fine-grained microstructure. Such structures were characteristic of
formulations with high silica mole fractions (SiO,/Al,O3 ~3.9) and low water contents, as
well as those with high alkali and low alumina contents. For the latter, not only was a
characteristic slower strength development with increasing alkali content observed, but
there was also a limit of alkali concentration (Na;O/Al,O3 ~1) beyond which the strength
deteriorated. Furthermore, SEM micrographs disclose that the fly ash precursor dissolves
more readily in the sodium-based system compared to the potassium equivalent. The
interrelation between microstructures of the respective formulations and their strength
development are discussed. It is observed that the charge-balancing role of the alkali
cations in the fly ash formulations may be dominant compared to initial alkali dissolution
reaction of the aluminosilicate fly ash particles, which is partly responsible for initial
strength development. © 2005 Springer Science + Business Media, Inc.

1. Introduction
Inorganic polymers represent a family of emerging
synthetic compounds produced by reactions between
an aluminosilicate solid and an alkali silicate solution
[1-3]. While metakaolin is the most widely researched
aluminosilicate precursor [1], several studies on fly ash
as an alternative raw material have also been published
[4-6]. Fly ash has the advantage over metakaolin of
being a waste resource produced in huge quantities by
coal-fired power stations, making it an ideal environ-
mentally friendly feedstock. It consists of fine, amor-
phous and reactive aluminosilicate particles. Class F
fly ash, which is high in aluminosilicate and low in
calcium, is the preferred grade for inorganic polymeri-
sation [7], however being considerably less pure than
metakaolin, fly ashes produce more complex inorganic
polymer structures.

Previous microstructural investigations [4] of the
condensed inorganic polymer phase in fly ash samples
has shown that they consist of rounded growths. How-
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ever, there has only been a cursory attempt to relate
such microstructures to the composition and strength of
inorganic polymer formulations. There are several re-
ports on the compressive strengths of fly ash inorganic
polymers in the literature [8, 9], but there are only the
occasional SEM images. Thus, this study attempts to
examine the relationships between formulation, struc-
ture and performance of these systems. The microstruc-
ture, studied by SEM, and the compressive strength of
15 different fly ash-derived inorganic polymer formu-
lations have therefore been investigated to determine
their dependence on the concentration of each of the
four component oxides (Na; O, SiO;, Al,O3 and H,0),
as well as the corresponding effect of two alkali cations
(Na and K).

2. Experimental
The inorganic polymers were prepared from fly ash,
alkali silicate solution, alkali hydroxide and distilled
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Gladstone Fly Ash

Figure 1 The fly ash inorganic polymer precursor material.

water. A Class F fly ash supplied by Pozzolanic En-
terprises, Australia, with a composition by weight per
cent of oxides of 47.9% SiO;, 29.79% Al,03, 13.93%
Fe, 03, 3.29% CaO with minor amounts of other ox-
ides was used throughout this work. The fly ash was
mostly amorphous, however it also contained approxi-
mately 10% quartz, 20% mullite and 5% ferrite spinel.
Fig. 1 shows an SEM image of the fly ash precursor. It
consisted of spherical solid particles and cenospheres
(hollow particles) with a broad size distribution, the
majority of the particles passing minus 45 pm sieve.
The alkali silicate solutions were supplied by PQ
Australia and had the following concentrations: sodium
silicate (8.9 wt% Na, 0, 28.7 wt% Si0;, 62.5 wt% H,0)
and potassium silicate (11 wt% K;O, 24.5 wt% SiO,
64.5 wt% H,0). Fifteen different inorganic polymer
formulations were prepared (Table I), with the differ-

TABLE I Compositions of the fly ash inorganic polymers. L/S is the
liquid to solid mass ratio, where the liquid is the “activator” solution
containing the alkali, the silicate and the water, and the solid is the fly
ash

Sample Compressive
notation ~ Composition L/S strength (MPa)
FANal Nay0-3Si0,-Al,03-10H,0 0.76 11
FAFK1 K,0-3Si0;,-Al,03-10H,O0 0.84 2.1
FANaO6  0.6Nay0-3Si0,-Al,03-10H, O  0.69 2.8
FANa08  0.8Nay0-3Si0;-Al,03-10H,O  0.73 3.1
FANal0  1.0Nay0-3Si0O,-Al,03-10H,O  0.76 11
FANal2  1.2Nay0-3Si0;-Al,03-10H,O  0.80 7.1
FASi27 Nay0-2.7510,-Al,03-10H,0 071 39
FASi30 Na,0-3.0Si0,-Al,03-10H,0 076 11
FASi35 Na0-3.5 Si0,-Al,03-10H,0 085 29
FASi39 Na0-3.9 SiO;-Al,03-10H,O0 092 47
FAAI07  Nay0-3Si0,-0.7A1,03-10H, O 129 13
FAAI09  Na,0-3Si0,-0.9A1,03-10H,O 090 20
FAAII0  Nay0-3Si0,-1.0A1,03-10H,O  0.76 11
FAAILL Nay0-3Si0;-1.1A1,03-10H,O  0.65 6.3
FAH6 Na0-3Si0;-Al,03-6H,0 055 30
FAHS8 Na,0-3Si0;-Al,03-8H,0 0.66 14
FAH10 Na0-3Si0;-Al,03-10H,0 0.76 11
FAHI2 Na,0-3Si0;-Al,03-12H,0 0.87 338
FAH14 Na,0-3Si0,-Al,03-14H,0 0.97  Crumbly
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ent proportions of ingredients selected to allow the ef-
fect of alkali, water, silica and alumina content to be
assessed, along with a comparison between the alkali
cations sodium and potassium. The sample labels re-
fer to the variable being tested and its value, similar to
the notation used in Part 1 of this study, i.e. FA for “fly
ash”, followed by the variable being tested and its value;
for example, FAH10 assesses the effect of H,O at an
H,0/Al,03 ratio of 10. Thus, while samples FANal,
FANal0, FASi30, FAA110 and FAH10 have different
notations, their chemical composition is identical. The
formulations generally had higher liquid to solid ra-
tios (L/S) than those used by previous researchers [3,
7]. This was not only due to the limitations set by the
choice of ingredients and by the setting properties of
the slurry, but partly to allow comparisons to be made
with the metakaolin inorganic polymers described
previously [1].

The compositions referred to in Table I indicate the
overall mole ratios of the four oxides of interest. The
calcium and iron oxide concentrations also vary be-
tween the samples due to the different L/S values. As
35% of the fly ash is crystalline and of low reactivity,
the composition of the condensed inorganic polymer
phase in the samples may be different to the overall
composition.

The samples were prepared and analysed similarly
to the metakaolin samples reported previously [1]. The
alkali hydroxide, alkali silicate solution and water were
initially mixed and cooled, followed by the fly ash.
All samples were mixed then immediately poured into
preheated moulds which were sealed. All formulations
were cured at 85°C for 2 h, after which they were de-
moulded and cooled in a refrigerator to slow the re-
action. Compressive strengths were measured on 25.4
mm cubes and SEM was performed on fracture faces.

3. Results

3.1. Setting characteristics

Most of the inorganic polymer formulations had low
viscosities upon mixing; some had a viscosity similar to



that of water. Samples FASi39 and FAH6 were the most
viscous samples, however they were still relatively thin
compared to the metakaolin-derived samples described
previously [1]. Due to the rounded shape and compar-
atively large size of fly ash particles, it was expected
that the fly ash mixtures would be much less viscous
than clay-based mixtures. Despite their low viscosities,
there was no evidence of settling of the fly ash particles
in any of the samples. Most of the samples set, although
not necessarily hardened, very quickly (i.e. within a few
minutes), and all except FAH14 were hard after the 2 h
at 85°C. FAH14 did not fully harden in 2 h and could
be broken by hand after demoulding.

3.2. General comments

In general, the fly ash inorganic polymers looked sim-
ilar to images previously published for these materials
[24]. As was the case for the metakaolin inorganic
polymer samples [1], the condensed inorganic poly-
mer phase in the fly ash-derived samples consisted of
rounded growths with bridging between them (Fig. 2).
The different samples varied in the size, density of pack-
ing and the amount of bridging material between these
spherical particles. Fly ash-derived inorganic polymers
appear quite different to the metakaolin-derived sys-
tems discussed in Part 1 of this study [1] as they con-
tain far more unreacted particles. The fractured sample
surfaces typically contain voids left by extracted whole
unreacted fly ash particles. Some of the samples have
unreacted particles making up a significant proportion
of their volume. These samples are composites and as
such the strength of the unreacted particles and of the
interfaces between them and the inorganic polymer ma-
trix can be expected to have a significant bearing on
the overall strength of the material. The unreacted par-
ticles, unlike those in metakaolin inorganic polymers
[1], generally appear to have not reacted at all and pull
out easily during fracture (there are no split fly ash par-
ticles), implying relatively low fly ash:matrix interface

strength. It is unclear at this stage whether the parti-
cles that do not react are of a different composition to
those that do. However, the amount of unreacted ma-
terial varies from sample to sample and is very low in
some samples, which implies that nearly all particles
are reactive.

It was observed that unlike metakaolin inorganic
polymers, the fly ash-based formulations had charac-
teristically more complex microstructures and more
structural variety. In particular, some of the samples
contained some crystalline material, particularly those
samples with the highest strength and the densest
microstructure.

The compressive strengths of the samples followed
similar trends to those found for metakaolin-derived
inorganic polymers and in general could be related to
both the composition and the microstructure in a logical
way (Table I). The compressive strengths were gener-
ally quite low compared with metakaolin formulations
of equivalent composition [1]. This was probably due
to the high L/S of the samples investigated. High water
content was used in the formulations to allow compar-
ison of the results with equivalent metakaolin system:s,
and also to enable low aluminium (FAAIO7), high sil-
ica (FASi39) and high alkali (FANal2) samples to be
prepared. Given the constraint to achieve specified sto-
ichiometry, the actual water content of some of the fly
ash mixtures tended to be somewhat higher than de-
sirable. In addition to restricted L/S ratios, selected
formulations had to satisfy requirements of flowabil-
ity and setting properties that allow practical prepara-
tion of samples. The characteristically high L/S ratio
is expected to be the largest contributory factor to the
relatively low strengths. The low strength of some of
the samples was also partially due to the testing being
done after only 2 h of curing. Palomo et al. [2] reported
strengths of fly ash inorganic polymers after 2, 5 and
24 h and observed considerable increase in compres-
sive strengths after 2 h, with the increase most marked
in some of the samples that were weakest at 2 h.

Figure 2 An example of the rounded growths that make up the inorganic polymer structure. Different samples have “balls” of different sizes, with
different packing densities, between which there is bridging to different extents.

4249



Figure 3 Inorganic polymer samples with similar compositions except that they contain different alkali cations. The sodium-based sample (FANal)
and its potassium equivalent (FAK1) have generally similar microstructures. Scale bar represents 10 pm.

3.3. The effect of the type of alkali cation
Two samples were prepared with different alkali cations
present. Samples FANal (containing sodium) and
FAK1 (containing potassium) had generally similar mi-
crostructures (Fig. 3). While no crystalline material was
observed in FANal, there were very occasional clumps
of crystals in FAK1. FAK1 contained more unreacted
particles than FANal. Previous researchers have also
found (by SEM [4] and by solution analysis [5]) that
more of the fly ash precursor dissolves in the sodium-
based system than in the potassium equivalent, and sim-
ilar results were found for metakaolin [1].

As with the metakaolin system, the microstructure
of FAK1 appeared to be less porous than FANal, al-
though the sizes of the spherical particles making up
the fine structure were larger in FANal than in FAKI.
Correspondingly, the surface areas of inorganic poly-
mers made from the two alkalis previously reported by
van Jaarsveld et al. [6] showed that the potassium con-
taining sample had a comparatively higher surface area.
By contrast, Silverstrim et al. [4] noted greater poros-
ity in a potassium inorganic polymer than in the sodium
equivalent by SEM. The relatively lower viscosity of the
potassium silicate solution and its propensity for rapid
water release partly accounts for the higher porosity
levels observed in these systems.

The compressive strength measurements of the sam-
ples showed FANal to be much stronger than FAKI.
As with the metakaolin system, this was an unexpected
result as FAK1 had a denser structure than FANal, al-
though, as hypothesised for the metakaolin system, this
may be due to the short curing time (i.e. the reaction
rates of the FANal and FAK1 formulations are differ-
ent, and hence the two-hour compressive strength may
not relate to the ultimate compressive strength). The
compressive strengths and porosities found for samples
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FANal and FAKI1 are the opposite of those generally
reported. The generally accepted trend in fly ash in-
organic polymers is that potassium produces stronger
materials than sodium [5-7], although there are other
reports of the reverse [2]. Furthermore, the 2 h cure
cycle adopted in this study is relatively short for exten-
sive alumino-silicate network structure formation dur-
ing the condensation stage of the reaction to occur. This
situation may lead to a possible insufficient pore struc-
ture refinement. Thus, the reported microstructures and
compressive strength results may be viewed primarily
as those characteristic of early age development.

Both sets of results, whether those of the present stud-
ies in which sodium gives the stronger product or of the
earlier studies in which potassium gave the stronger
product, must contend with the conundrum of the more
porous material having the higher strength. It appears
logical that a denser structure would be stronger as there
is simply more material in a given volume to resist the
compressive force. As discussed below, a positive cor-
relation between density (and hence low porosity) was
found for the other samples.

Such a relationship has also been previously indi-
cated by Jaarsveld et al. [8]. Spectroscopy studies (IR
and NMR [6]) have not, however, indicated any distinct
differences in the atomic structure of sodium and potas-
sium inorganic polymers, which could have accounted
for the greater strength of the more porous material, and
should therefore be further investigated.

3.4. The effect of alkali content

Four samples were prepared with different alkali con-
centrations: FANa06, FANa(O8, FANalO (= FANal)
and FANal2. Despite the range of compressive
strengths in these four samples, there was not a great



FANaO6

Figure 4 Inorganic polymers containing different amounts of alkali. The differences between the samples were not great, although there was a decrease
in the number of unreacted particles with increasing alkali. Scale bar represents 50 pm.

difference in their microstructures. There was some de-
crease in the number of unreacted particles and an in-
crease in the size of spherical-shaped particles with
increasing alkali content (FANaO6—FANal2), how-
ever the differences were not great. Samples FANa(6,
FANa0O8, FANal0 and FANal2 are shown in Fig. 4.
The compressive strengths of the FANa series sam-
ples show an increase from sample FANa0O6 to FANa10
then a decrease to FANal2. As the role of the alkali in
inorganic polymers is partially to balance the charge
of the aluminate groups in the tectosilicate, it is not
unexpected to find that the compressive strength goes
through a maximum when the alkali and alumina con-
centrations are equal, however, no such maximum was

found in the equivalent samples in the metakaolin ex-
periments [1]. The other role of alkali in the system
is to increase the solubility of the aluminosilicate, as
indicated by Equation 1.

Thus, in an alkaline medium (e.g. containing sodium
ions) a conventional silica depolymerisation reaction
is likely to occur, with any excess NaOH tending to
disrupt internal Si-O-Si links of the silica tetrahedron
after the acidic hydroxyl groups at the surface of the
silica have been neutralised, as indicated by:

Si-O-Si + 2NaOH = Si-O-Na' + Na"™-0-Si + H,0
)]
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It is therefore possible that in the case of fly ash,
the charge-balancing role is dominant, whereas in the
metakaolin system, dissolution is dominant. The in-
crease in strength with increasing alkali content of
the metakaolin samples was much more pronounced
than for the fly ash samples, which supports this
theory.

Phair and van Deventer [5] measured the compres-
sive strength of fly ash inorganic polymers (which also
contained 6—12 wt% Portland cement) made at pH 12,
13 and 14. In agreement with the present results, the pH
14 sample was found to be much stronger than at lower
pH (50 times the strength at pH 12). Indeed, given the
present result that approximately twofold increase in
Na; O molar concentration (FANaO6—FANa10) quadru-
ples the strength, it is surprising that the pH 12 sample
(with about 1% the alkali concentration of pH 14) set
at all. The added cement may have been all that was
holding the samples together.

Van Jaarsveld and van Deventer [7] studied the re-
lationship between the compressive strength of inor-
ganic polymers and the Na,O/SiO; ratio. They found a
maximum in compressive strength with various alkali
concentrations which agrees with the present results.
The information supplied was, however, insufficient to
make direct comparisons with the results of this study.
Van Jaarsveld and van Deventer [7] also found a vari-
ation in the reaction rate with Na,O concentration. As
the present compressive strength results are all recorded
at one time interval (two hours), it is not possible to
separate formulation effects and kinetic effects, how-
ever, kinetic considerations appeared to be important
for equivalent samples made with metakaolin [1]. Sam-
ples FANaO6-FANal2 may all reach similar strengths
at longer time intervals.

3.5. The effect of silica content

Samples FASi27-FASi39 were produced to determine
the effect of the silica concentration on the structure
and strength of inorganic polymers. This variable had
the most dramatic effect on the microstructure and the
strength of all the variables tested. The difference be-
tween FASi30 (= FANal) and FASi35 was greater
than that between FASi27 and FASi30 or FASi35 and
FASIi39, as would be expected given the silica concen-
trations. The fineness of the texture and the density of
the inorganic polymer increases greatly from FASi27 to
FASi39, as seen in Fig. 5. Lower magnification images
(Fig. 6) show that the higher silica samples contain
more unreacted particles, and also that crystals have
grown on a number of the unreacted fly ash particles,
particularly in FASi39.

The compressive strengths of the Si series of samples
followed the changes in the microstructure in the ex-
pected way, i.e. the densest, finest grained samples were
the strongest. The change in strength with silica con-
tent was quite dramatic, in particular the small change
(11%) from FASi35 to FASi39 gave a 62% strength
increase.

The compressive strengths of the samples show a
very clear correlation to the density of the microstruc-
ture (or, alternatively, an inverse relationship to the
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porosity). This is the intuitively correct result. It de-
serves mention because it is the opposite correlation
to that found for the comparison between sodium- and
potassium-based inorganic polymers, as discussed in
Section 3.2.

The effect of silica concentration in fly ash inorganic
polymers has not been widely reported in the past. Sim-
ilar trends in structure with silica content have been
reported for metakaolin-derived inorganic polymers,
however, in that situation, the strength plateaued at high
silica loadings [1]. As this result was not found for the
fly ash samples of the present study, it can be assumed
that if such a plateau exists in the fly ash system, it is
at a higher silica concentration than in the metakaolin
system.

Palomo et al. [2] compared fly ash inorganic
polymers made with and without added silica by
SEM. The samples had compositions of approximately
0.5Na;0-3.5510,-1.0A1,034-3H,0, referred to as “So-
lution 17, and 0.4Nay0-3.95i0,-1.0A1,03-3.4H,0,
termed “Solution 3”. The SEM image of the latter for-
mulation appears similar to those of FASi39 in the
present study and it had a similar strength. The other
formulation, without added silica, appeared more like
FASi27, but with many more unreacted particles. It was
considerably stronger ( ~9.5 MPa), which could be due
to the lower water content, as discussed in Section 3.7.

The series of samples FASi27-FASi39 differ in the
proportion of the silica added in solution compared to
that added as a solid (fly ash). As discussed previously
[1], it is not possible when assessing the differences in
the microstructure between these samples to determine
whether the changes along the series are caused by the
total silica content or the proportion of added soluble
silica. The fly ash used in the study of Palomo et al. [2]
had a higher Si/Al ratio than that used in the present
study. Thus, corresponding to their Solution 1 sample
and as indicated in Table II, the microstructure appears
to be related to the proportion of silica added in solu-
tion rather than to the overall Si/Al ratio. The same is
true, but to a lesser extent, for the compressive strength.
This interesting result is discussed further in the next
section.

3.6. The effect of alumina content

The four samples prepared with varying alumina con-
centrations (FAAIO7, FAAIO9, FAAI10 (= FANal)
and FAAI11) had microstructures similar to those of
the FASi27-FASi39 series, however the trends are re-
versed, with the low alumina formulation giving the
strongest and densest product. This may be expected as
their Si/Al ratios follow similar, but reversed, trends and
alkali and water concentration (the main variables apart
from Si/Al between the FASi27-FASi39 and FAAI11-
FAAIQ7 series) have been shown to have a less dra-
matic effects on the structure and properties of the fly
ash formulations.

In the series of samples from FAAIO7 to FAAIIlL,
the amount of unreacted material, the amount of crys-
talline material, and the density and fineness of the mi-
crostructure decreased, as shown in Figs 7 and 8. Also,
the strength generally decreased except for FAAIO7,



TABLE II Samples with various silica concentrations. L/S is not stated for the SEM images in the original article and is taken to be 0.25 in this
table

Overall Fly ash Proportion silica Compressive
Si0y/A1,03  SiO,/Al,O3  added in solution  strength
Sample Formulation (mole) (mole) (%) (MPa) Microstructure
Solution 1*  No silica in the liquid 347 3.47 0 9.3 Porous, large amount of
unreacted fly ash
FASi27 Minimal silica in the liquid ~ 2.70 2.69 0.5 3.9 Similar to above, less unreacted
material
FASi35 High silica in the liquid 3.50 2.69 23 29 Dense, fine grained material,

some crystals

*Refer: Sample made with Solution 1 of Palomo et al. [2].

7 Fasizz

e

FASi35

Figure 5 High magnification images of inorganic polymers containing different amounts of silica. The samples show a gradation in the fineness of
texture. Note that samples FASi35 and FASi39 were coated with gold (rather than the carbon used on all the others) and this can be seen as small
black lines on the surface. Scale bar represents 1 pm.
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Figure 6 Low magnification images of inorganic polymers containing different amounts of silica. The samples show a very clear gradation in the
fineness of texture. The amount of crystalline material also increases with silica concentration and this is particularly clear in FASi39. Scale bar

represents 10 pum.

which was weaker than FAAIO09. This appears to be
an anomalous result as the structure of FAAIOQ7 clearly
follows the trend through the other Al samples, and the
differences between FAAIO7 and FAAIQ9 (FAAIO7 is
denser and finer grained) suggest that FAAIO7 should
be stronger. However, a repeat of the experiment pro-
duced the same results.

As shown in Fig. 9, FAAIO7 had both the largest
proportion of unreacted particles and the most crys-
tallinity. These two factors could be expected to weaken
the sample, as the strength is likely to be derived from
the amorphous gel rather than crystalline or unreacted
components, which may counteract the effect of the
extra strength given to the binding phase by its density
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and fine grain. At an alumina concentration around that
of FAAIOS, a strength maximum is observed between
these two counteracting factors.

FAAI11 had a unique structure, as shown in Figs 7
and 8. It was the only one of all the samples to be
almost entirely free of unreacted fly ash particles (sug-
gesting that most of the fly ash may have reacted), and
thus it had an extremely uniform structure. The form
of its structure at the highest magnification was dis-
tinctly different to that of the other samples. The spher-
ical particles clearly have lenticular growths (compared
with FAAI10; equivalent to FANal, in the same figure).
Sample FASi27 (another low silica formulation with a
similar Si/Al ratio) showed some slight indications of



FAAIO7 §

Figure 7 Low magnification images of inorganic polymers containing different amounts of alumina. The porosity and the fineness of the texture are

clearly related to alumina concentration. Scale bar represents 10 pm.

similar growth (Fig. 5). Low Si/Al could be expected to
greatly limit the growth of the inorganic polymer, as the
depositing solution species are much more constrained
in where they may condense in the growing polymer, as
Al-O-Al linkages must be avoided (Lowenstein’s rule).
It is, however, unclear why FASi27 and FAAI11, which
have approximately the same L/S, should have such
different structures. Perhaps with a higher H;O/Al,03
(sample FAAI11) there is more dissolved aluminium
available and hence the inorganic polymer is closer to
Si/Al = 1, given that Al dissolution is believed to be
a rate-limiting step in the synthesis [5]. This is sup-
ported by the apparent complete dissolution of the fly
ash particles.

In the four FAAI samples, L/S was varied. This vari-
able has been studied previously by several authors [2,
4]. Silverstrim et al. [4] found that the strength of in-
organic polymer mortars substantially increased with
increasing proportions of activator. Palomo et al. [2]
found that there was little difference between formula-
tions with 20 and 23% activator (L/S = 0.25 and 0.30).
While these proportions are fairly similar, the data of
Silverstrim et al. [4] implies that such small increments
would make a measurable difference. The results of the
present study clearly support the findings of Silverstrim
et al. [4].

As with the FASi27-FASi39 series samples, the
FAAIO7-FAAI11 samples have different proportions
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Figure 8 High magnification images of inorganic polymers containing different amounts of alumina. The porosity and the fineness of the texture are
clearly related to alumina concentration. Scale bar represents 1 pm.

—————— 10um

AlO7

|
Figure 9 An example of crystal growth in sample FAAIO7.
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Figure 10 Inorganic polymers containing different amounts of water. An increase in porosity with water content is evident. Scale bar represents

10 pm.

of silica added as solution compared to solid (Ta-
ble III). Given the comparison with the results of
Palomo et al. [2] for a different fly ash precursor (de-
scribed in the previous section) and also the similar

(but reversed) microstructures of the FASi and FAAI
series of samples, it may be inferred that it is the pro-
portion of soluble silicate added (%SiOyiq)) that is the
main factor contributing to the microstructures of the
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TABLE III Proportion of the total silica added in solution
(%S102jiq)) for FASi27-FASi39 and FAAIO7-FAAI11 samples showing
a strong correlation between % SiO2(jiq) and strength

SiOxiq) Compressive

Sample (%) strength (MPa)
FASi27 0.5 39

FAAILL 14 6.3
FASi30/FAAI110 10.3 11

FAAI09 19.3 20

FASi35 23.1 29

FASi39 31.0 47

FAAIO7 37.2 13

FAAIO7-FAAI11 samples. Indeed, if the microstruc-
tures of all the FASi27-FASi39 and FAAIO7-FAAI11
samples are compared in relation to their % SiOyg),
there is a definite trend of changing density, fineness of
grain structure and porosity. Also, the correlation be-
tween the strength and the % SiOxiq) is very good (a
linear regression line gives a fit of R? = 0.92 with the
outlier FAAIO7 excluded).

Thus, for the FASi27-FASi39 samples as well as
the FAAIO7-FAAII11 series, there was a strong cor-
relation between density and compressive strength, in
contrast to the FANal-FAK1 samples. Similar relation-
ships were observed for the metakaolin system [1].

3.7. The effect of water content

Varying the water content of the inorganic polymers
from FAH6 to FAH14 had a lesser effect on the mi-
crostructure of the material compared to silica or alu-
mina concentration, however there was a decrease in
the amount of unreacted particles and some increase
in the porosity, as shown in Fig. 10. These two ex-
pected trends correlates well with the same variable
in the metakaolin series [1] especially the latter of the
two. As the samples with the higher water contents
set slowest (FAH14 never fully set), there was more
time during which there was sufficient mobility of ions
in the system for the solid to dissolve, hence the very
low level of unreacted material in FAH14. The poros-
ity increase is to be expected, as there will be more
water-filled pores in the product with increase in water
content.

The compressive strengths of the samples show a
clear trend of lower water contents giving the highest
strengths, a finding that logically follows the trend in
porosity. As with the FANaO6—FANal2 series though,
the small differences in microstructure would not ap-
pear to warrant the significant differences in strength.
This is particularly so for samples FAH6 and FAH8
which had similar microstructures but a two-fold dif-
ference in strength. FAH14 was very weak to the extent
that it could be crushed by hand.

The effect of varying the water content of fly ash in-
organic polymers has not been widely reported in the
past. Van Jaarsveld and van Deventer [7] report that a
formulation with a water/fly ash ratio of 0.34 is around
twice the strength of one with a ratio of 0.75 for various
alkali concentrations, a similar trend to that seen in the
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present results. The water to fly ash mass ratios of the
FAHG6 and FAH14 samples vary from 0.15 to 0.57, re-
spectively. It would appear that the drier the sample, the
stronger it is, however, there are practical limitations to
low water contents and, in practice, it is these limitations
which would limit the strength that could be achieved
by water reduction. Low water content greatly raises
the viscosity of the liquid component reducing disper-
sal and ease of mixing. For example, an FAH4 sample
was attempted, but even a small amount could not be
reasonably mixed by hand. The practical importance
of the viscosity of inorganic polymer formulations has
been commented upon previously by other authors [6,
9]. Fast setting is also a problem with low water sam-
ples. For example, sample FAH6 was cast into moulds
immediately after mixing to prevent it from setting in
the mixing vessel. On a larger scale where casting takes
more than a few seconds, a formulation such as FAH6
would be impossible to handle.

4. Conclusions

The effect of the concentration of each of the four most
important oxide components of inorganic polymers
was assessed by electron microscopy and by strength
testing. Additionally, the effect of the type of alkali
cation was determined. The results of this study demon-
strated some clear correlations between composition,
microstructure and strength, with some series of for-
mulations following expected trends. It was observed
that high strength was related to low porosity and a
dense, fine grained microstructure, as was the case for
the metakaolin-derived inorganic polymers previously
reported [1]. Such a structure was found in inorganic
polymers with high silica contents and low water con-
tents. High alkali and low alumina contents also pro-
duced this structure, however there was a limit beyond
which the strength deteriorated. Sodium was found to
give a higher strength than potassium. In sets of sam-
ples with varying Si/Al ratios (FASi and FAALI series),
the proportion of the total silica added as liquid also
varied, and this appeared responsible for some of the
observed structural and strength differences between
these formulations.

While in general the correlations between structure
and strength were clear, in some samples (e.g. those of
the FANa and FAH series) the differences in strength
appeared to be disproportionate to the changes in struc-
ture. Perhaps for these samples other analytical meth-
ods (such as FTIR and NMR) may unearth finer struc-
tural differences. It is reassuring that the results, in
general, agreed with those of the metakaolin system
and this reinforces the statement that the trends found
would be generally true for certain classes of inorganic
polymer systems.
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