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Abstract

Alkali-activated materials (AAMs) and geopolymers have been extensively studied, although widespread commer-
cialisation has been hampered, in part, by the use of precursors that are rarely homogeneous and are generally poorly
characterised. Even when precursors are well characterised, their extent of reaction during geopolymer synthesis is
not well known, leading to a disparity between targeted and actual compositional ratios. Small variations in com-
positional ratios, particularly Si:Al, can lead to dramatic changes in physical properties. A process for characterising
precursors, focussing on their reactive component, will be described here, followed by methods that can be used to
determine the extent of reaction in the final product. Characterising the final product is important, but it does not
reveal what processes occur between mixing the precursors and setting of the solid geopolymer. We will also describe a
method that can be used to track dissolution of precursors and subsequent evolution of the alkali-activated product,
thus providing a more comprehensive picture of geopolymerisation. This paper demonstrates a link between precur-
sor characterisation and the extent of reaction in order to provide those working with alkali-activated materials with

additional knowledge enabling them to manufacture reproducible, high-quality products.

Keywords: Alkali-activated materials, geopolymer, precursor

I. Introduction

The study of alkali-activated binders has been ongoing
for many years 12,3 and there are some examples of com-
mercialisation appearing in the literature 4. One of the ob-
vious benefits of alkali-activated products is that their pre-
cursors are likely to be industrial by-products, leading to
industrial sustainability and lower green-house gas emis-
sions. However, the use of by-products is also a potential
drawback as these precursors are generally not graded to
aspecific standard and are often compositionally inhomo-
geneous. For instance, fly ash can vary in composition and
particle size according to source coal properties, level of
grinding of the coal, the firing regime in the power station
and any post-firing treatment such as size classification 5.
Not only can the overall composition of the fly ash vary
but so can the reactive component that is utilised to make
the geopolymer. One way to handle the variation in the
fly ash is to adjust the mixing regime and formulation to
match the fly ash after it is thoroughly characterised 7.
The Portland cementindustry has been doing this success-
fully for many years 8 and thus similar practices also need
to beadopted by those manufacturing geopolymers. Anal-
ogous assessments about homogeneity and characterisa-
tion can also be made about ground granulated blast fur-
nace slag.

Adopting thorough analytical methods to characterise
precursors for the manufacture of alkali-activated materi-
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als is necessary, but that in itself does not overcome all the
challenges in manufacturing these materials. For instance,
knowledge of the amount and composition of the reactive
component in a precursor will enable a realistic and use-
ful formulation to be determined; however, the extent of
reaction of the reactive component is often unknown. For
example, if the reactive component of fly ash is ensconced
inside the ash spheres then the extent of reaction may be
very low, whereas if it is present on the surface, the op-
posite may be true. Even the use of highly homogeneous
metakaolin with low impurities will result in considerably
less than 100 % extent of reaction ?. Without accurate pre-
diction of the extent of reaction, the amount of geopoly-
mer binder and composition of the binder are unknown,
leading to unpredictable outcomes in physical properties.
The extent of reaction in geopolymers has been measured
using a number of methods including x-ray diffraction ?
and nuclear magnetic resonance 19. Generally alkali-acti-
vated formulations are based on a number of target ra-
tios, for instance Si:Al, Na:Al, water:solid. Williams and
van Riessen ¢ used a novel approach based on matrices to
generate weight fractions of precursors required based on
targeted ratios. If only part of the precursor reacts, then
the actual ratios will be different. This difference in target
and actual ratios may be significant and is unacceptable in
cases where mass production is envisaged. Scanning elec-
tron microscopy (SEM) and x-ray diffraction (XRD) tech-
niques can be used to measure the critical composition-
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al ratios such as Si:Al and Na:Al and compare them with
targeted values 9. Where there is a significant difference, it
is worth determining the cause so methods can be intro-
duced to minimise these differences. For instance, a fly ash
with a low extent of reaction may have the reactive com-
ponent embedded inside the ash spheres so milling of the
ash prior to mixing with alkali may be an effective solu-
tion. Even if the extent of reaction is high it may still be
improved by milling 11.

Characterising precursors and final productsis appropri-
ate when targeted properties are being sought for specific
applications, such as high strength for load-bearing prod-
ucts. However, it leaves open the question of how did the
system evolve to the final product and can this informa-
tionassistin optimising future productdevelopment? One
way to track precursor dissolution and subsequent forma-
tion of geopolymer is the use of . situ high-speed XRD.
An obvious way to achieve high-speed XRD is to use a
high-brightness x-ray beam produced ata synchrotron 12.
XRD can then be conducted on a freshly combined pre-
cursor-alkali mix and repeat patterns collected every few
minutes to track dissolution of the precursor and forma-
tion of the geopolymer. Liu ez al. 13 successfully demon-
strated the use of Bragg Coherent Diffraction to image a
hydrating crystal of calcium monoaluminate over several
days.

The schematic showninFig. 1 isanidealised view on how
an unknown aluminosilicate might be characterised to al-
low a geopolymer formulation to be determined. Once the
geopolymer is made, the important compositional ratios
can be measured and compared with targeted values. If the
two sets of ratios do not match, beneficiation of the pre-
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cursor may need to be undertaken until target and actu-
al ratios match. Finally, in situ measurements of dissolu-
tion and geopolymer formation rates should be performed
and, if necessary, these rates should be optimised to match
targeted product specifications. The following sections in-
cludeabriefintroduction to relevant analytical techniques
and a number of case studies which highlight the impor-
tance of precursor characterisation and monitoring the ex-
tent of reaction.

II. Crystalline Phase Analysis using XRD

For many glassy and disordered (amorphous) materials
the lack of long-range atom ordering does not result in
sharp reflections but abroad amorphous hump inan XRD
pattern. A typical x-ray diffractometer uses a fixed wave-
length and moves the x-ray source from low- to high-in-
cident angle while at the same time a detector is moved to
measure the intensity of the scattered radiation. The out-
come is a series of reflections versus reflection angle. If a
number of reflections are measured for a particular phase
then its identity can be determined from a database. This
is the simplest way to use XRD, namely phase identifica-
tion. If the sample is composed of many phases then their
XRD patterns will likely overlap and software will be nec-
essary to deconvolve the patterns before phase identifica-
tion is possible (qualitative analysis). Once phases in the
pattern have been identified then more sophisticated anal-
ysis software, based on the Rietveld method 14, can be used
to extract considerably more information. Rietveld refine-
ment is whole pattern analysis where users input crys-
tallographic information for each phase (inorganic crys-
tal structure database) and the software conducts a least
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Fig. 1: Schematic showing proposed workflow for precursor assessment and geopolymer characterisation leading to optimisation. XRD=x-ray
diffraction; XRF=x-ray fluorescence; XFM=x-ray fluorescence microscopy; SXDM= scanning x-ray diffraction microscopy.
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squared refinement to calculate a pattern to match the mea-
sured pattern. Refinement with XRD data collected froma
fully crystalline sample enables the amount of each phase
to be calculated, resulting in quantitative phase analysis.
Much more information can be discerned from the fitted
pattern such as crystallite size, strain, etc. If quantitative
analysis is required for a sample that has an amorphous
component, then aninternal standard can be added and the
amount of amorphous material can also be obtained. The
amorphous component can be treated as another phase
and modelled using the approach of partial or no known
crystal structure (PONKCS) 15. This capability is impor-
tant for alkali-activated materials as their microstructure
typically includes amorphous unreacted precursor, amor-
phous geopolymer and several crystalline phases. Fortu-
nately, the broad amorphous humps from unreacted pre-
cursor and amorphous geopolymer are different owing to
variations in intensity and position. It is important to be
able to differentiate between precursor and geopolymer
so that the extent of reaction can be determined and sub-
sequently the composition of the geopolymer can also be
calculated.

III. Bulk Chemical Analysis using XRF

It is not the aim of this paper to describe all relevant ana-
lytical techniques, but it is worth providing some details
about x-ray fluorescent spectroscopy as it is commonly
used in conjunction with XRD 67,916, When x-rays are
directed onto a sample, one outcome is the emission of an
electron from an inner orbital. The excited atom may re-
lax by an electron in a higher orbital dropping back to the
lower orbitand in so doing emitting a photon (x-ray) equal
to the energy difference between the two orbitals. As each
atom has a unique set of orbital energies it is possible to
identify the atom in the sample by measuring the energy
of the emitted photons. XRF is thus capable of identifying
the elemental composition of a sample but cannot be used
to extract crystallographic or phase information. Results
from mineral-based samples are typically reported as ox-
ide weight percentage based on stoichiometry. Sometimes
this is misleading as Si may be present in fly ash as quartz
(S10,), mullite (3A1,03-2S10,) and amorphous, but what
is reported is the total Si as SiO,. As XRF cannot identify
the source of the Si, itis important to combine information
from XRD and XRF so that a comprehensive understand-
ing of sample composition can be obtained.

IV. Supporting Characterisation Techniques

There are many other techniques that provide important
information about precursors and resultant geopolymers.
Two of note that will be mentioned here are particle size
and morphological characterisation. Particle size is com-
monly measured using laser diffraction sizing, providing
particle size distribution and surface area. For more accu-
rate surface area assessment, the BET technique is usually
adopted. Particle size and shape can be assessed in scan-
ning electron microscopes (SEM) with considerable accu-
racy, however, to analyse a statistically significant number
of particles, multiple x-ray-detector-based SEM should be
used.
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(1) Case study 1: Effect of precursor composition on
strength development

The following example demonstrates the need to thor-
oughly characterise fly ash as a geopolymer precursor. The
bulk elemental composition provided by XRF (Table 1)
indicates suitable levels of aluminosilicates, but does not
reveal the amount of reactive Siand Al. The overall Si: Al of
1.62 could be expected to produce a suitable geopolymer,
although XRD analysis reveals much of the Siis locked in
unreactive phases of quartz and mullite.

Table 1: Typical XRF analysis (wt%) of the main elements
expressed as oxides and loss on ignition of fly ash from
Collie power station in Western Australia. Note that the
total molar Si:Al value at the bottom of the table.

$i0, 51.38
AlLO; 26.90
Fe,0, 13.20
CaO 1.70
LOI 0.44
Si:Al molar 1.62

Table 2 shows the quantitative XRD result from the same
fly ash batch. Of interest is that almost 42 wt% is crys-
talline quartz and mullite, which strongly influence the
Si:Al obtained from the sample by means of XRF. Itis these
phases thatneed to be excluded from any assessment of the
reactive Si:Al value of the fly ash. Also of interest is that
two quartz phases have been determined to be present in
the sample. The primary quartz is the original quartz in the
coal that has come through the coal burning process intact.
This quartz has a relatively large particle size and is usually
not associated with the spherical fly ash spheres. The sec-
ondary quartz arises from dissociation of clay impurities
in the coal (Equation 1) with considerably smaller particle
size than the primary quartz and is typically embedded in
the fly ash spheres. As shown in Equation 1, the clay dis-
sociates into mullite and quartz.

Table 2: Quantitative XRD results (wt%) from the same
ash in Table 1.

Primary quartz 15.05
Secondary quartz  [11.14
Mullite 15.80
Fe;04 2.51
Fe,0O 1.50

The two quartz components can be differentiated in
XRD patterns because they have small but measurable
differences in their d-spacings. If now the XRF and XRD
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results are combined, it is possible to calculate the com-
position of the amorphous component and thus its Si:Al
(Table 3). The Si:Al of the reactive componentis 1.15, con-
siderably lower than the 1.62 obtained from XRF alone.
Surprisingly, the reactive component has a relatively high
Fe content that has been found to not react or impinge on
the geopolymerisation process 16.

Table 3: Composition of amorphous component in Collie
fly ash (wt%) determined from XRF (Table 1) and XRD
(Table 2). Note the molar Si:Al value of the amorphous
component.

$i0, 20.90
ALO; 15.39
FezO3 91 1
CaO 1.74
Si:Al molar 1.15

The Si:Al difference between the whole sample and
amorphous component is even more dramatic for oth-
er Australian fly ashes (Table 4), with Tarong exhibiting
a 217-% increase relative to the whole sample value. The
variations in Si:Al shown in Table 4 drive home the point
that if details about the composition of the amorphous
(reactive) component are not known, it is impossible to
develop a sensible geopolymer formulation. In fact for
Tarong the alkali activator needs to be changed from a
sodium silicate to a sodium aluminate if practical Si:Al
values are to be achieved.

Table 4: Si:Al values for fly ash from three different power
stations in Australia (Rickard et al 2011).

Fly ash source| Si:Al molar — whole | Si:Al molar
Sample [XRF] - amorphous
Collie 1.62 1.15
Eraring 2.42 4.98
Tarong 2.79 8.84

Williams and van Riessen® conducted an experiment
where geopolymer was made using Si:Al of the bulk sam-
ple and then the amorphous component (Table 5). As pre-
dicted, use of the Si:Al of the amorphous component re-
sulted in a dramatic improvement in compressive strength.
Itis worth noting that the modest strength values obtained
were the result of using constrained ratios to keep the com-
parison between different source fly ashes valid.

For some fly ashes, knowledge of the Si:Al of the amor-
phous component is sufficient to work out a geopolymer
formulation for targeted Si:Al values. Collie fly ash is an
example; compressive strength values of 130 MPa have fre-
quently been achieved 17. This was largely due to the amor-
phous component being concentrated on the surface of the
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fly ash spheres and thus readily accessible to the alkali for
dissolution 16. This is not always the case as power station
operating parameters as well as the coal source may result
in the amorphous component being trapped inside the fly
ash spheres. In this situation the only way to achieve repro-
ducible geopolymer products is to first mill the ash. This
extra step is not always feasible as it introduces additional
costs and increases the amount of water required for ac-
ceptable workability owing to loss of the uniform fly ash
spheres.

Table 5: The average compressive strength (MPa) of the
geopolymers samples made according to Si:Al determined
for bulk and amorphous component of fly ash (Williams
etal (2011).

Fly ash source | Bulk composition | Amorphous
composition
Collie 7(3) 29(7)
Port Augusta 24(8) 48(12)
Bayswater -# 9.5(12)
#Too fragile to test

(2) Case study 2: Measuring the proportion of reacted
aluminosilicate precursor

The challenge in producing high-quality geopolymers is
to achieve targeted compositional ratios so that proper-
ties match the end use of the product. This may appear
to be straightforward if starting with a stoichiometric alu-
minosilicate and alkali with known composition. In fact,
the actual compositional ratios may be alarmingly differ-
ent from targeted values, resulting in unexpected poor me-
chanical properties. This may be surprising if the starting
material is well known. Upon closer inspection it becomes
obvious that rarely does all of the aluminosilicate com-
pletely dissolve (Fig.2). This need not be a big problem
except that the final product is a mixture of geopolymer
and residual precursors. However, if the amount of react-
ed precursor (aluminosilicate) is not known then the com-
positional ratios of the geopolymer are also not known
with the concomitant problem that physical properties of
the geopolymer are unpredictable. It is worth investigat-
ing why it is that when precursors such as metakaolin and
sodium silicate are mixed the outcome can be so different
than expected.

It could be as simple as inadequate mixing. This could be
insufficient mixing time and/or use of a low-shear mixer
that cannot break up the aluminosilicate so it is exposed
to the alkali. If mixing is not a problem then an incorrect
liquid-to-solid ratio could also be the cause. Rather than
dwell on mixing or formulation issues for the moment, it
is worth pointing out that the geopolymerisation process
also plays a role in preventing dissolution of all the solid
precursor. Dissolved Si and Al species rapidly form SiOy
and AlO,- monomers, which in turn polymerise to form
geopolymer. If the geopolymer forms on the surface of un-
reacted metakaolin then further dissolution is prevented
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from occurring. The microstructure of metakaolin canim-
pede dissolution because it is difficult for alkali to pene-
trate its platy structure. In fact, use of metakaolin dictates
the use of higher liquid-to-solid ratios to achieve adequate
mixing, while for fly ash the liquid-to-solids ratio can be
lower as the spherical morphology of the ash makes it eas-
ier to mix. However, if a large proportion of the reactive
part of the fly ash is embedded in the spheres then normal
mixing procedures will be unsuccessful. It will be neces-
sary to mill the fly ash first so the alkali can gain access to
the reactive component.

Fig.2: SEM images of fly ash (left) and MK-based (right) geopoly-

mer showing presence of unreacted precursor.

Several researchers 16,17, 18 have set out to follow the pre-
cursor dissolution process by measuring dissolution af-
ter a series of set times, say 15 minutes apart. Periodically
stopping the experiment and measuring the degree of dis-
solution with XRD and/or SEM is a slow process and gen-
erally limits the level of geopolymerisation because excess
alkali is being used. These experiments are useful but un-
able to provide a complete picture of what happens after
dissolution.

Being aware that not all the reactive precursor reacts
during alkali dissolution and geopolymerisation is help-
ful in understanding the final properties of the geopoly-
mer, however, it is important to be able to quantify the
extent of reaction as part of the microstructural charac-
terisation. Williams et al. 9 used four methods to deter-
mine the extent of reaction of metakaolin-based geopoly-
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mers; two methods were based on SEM and two meth-
odsused XRD. A summary of the approach and outcomes
is provided below; complete details can be obtained from
Williams et al. .

Four metakaolin-geopolymer samples were made using
a targeted range of Si:Al, Na:Al and H:Si values (related
to water:solids ratio) (Table 6). After seven days, compres-
sive strength was measured and samples were then crushed
so that the amount of reacted metakaolin could be deter-
mined.

X-ray diffraction methods

Method 1: XRD-Area Ratio Method (ARM)

This approach is similar to the standard addition method
used extensively in chemistry.
Method 2: XRD-Partial or No Known Crystal Structure
(PONKCS)

The PONKCS method 15 requires a sample with 100 %
of the phase with unknown structure (metakaolin).

Scanning electron microscope methods

EDS: X-ray spectra were calibrated against well-charac-
terized kaolinite and feldspar samples covering the range
of sodium, aluminium, and silicon observed in these
samples.

Table 6: Target compositions and compressive strengths
of the samples prepared for determination of amount of
reacted metakaolin. Values in parentheses correspond to
the least significant figure in the standard deviation to the

left.

Sample | Si:Al | Na:Al | H:Si Compressive
No. strength (MPa)
1 1.92 1.00 5.53 67(17)
2 250 | 126 | 6.09 33(6)
3 3.08 1.53 5.94 3.1(2)
4 1.55 1.07 6.47 14(4)

Point counting analysis

SEM images of the samples were collected to enable point
counting to be used to determine the unreacted metakaolin
in the geopolymer matrix using a procedure modified from
ASTM C 1356 M 19,

A qualitative inspection of the XRD patterns reveals ob-
vious differences between the precursor metakaolin and
geopolymer samples both in position of the amorphous
hump and its shape. The geopolymer samples also reveal
differences in their shape and peak position. It should be
noted that sharp reflections in the patterns are from quartz
(Fig. 3).

Calculation of the fraction of reacted metakaolin from
the two XRD methods and SEM point counting is pre-
sented in Table 7. The results are relatively close, consider-
ing the differences in the methods. Geopolymer Samples 1
and 4 with Si:Al of 1.92 and 1.55, respectively have the
highest proportion of reacted metakaolin but a dramatic
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difference in strength (Sample 1: 67 MPa and Sample 4:
14 MPa). On face value this suggests that the amount of
reacted metakaolin is not the only relevant factor in con-
trolling strength though further analysis reveals additional
information.

Arbitrary Counts

\"\f-m, & Metakaolin.
JMW."‘W‘”WWMM

0 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2Theta (Degree)

Fig. 3: XRD patterns of the precursor metakaolin and four geopoly-
mer samples. Patterns have been offset in the vertical direction for
clarity.

Table 7: Fraction of reacted metakaolin from XRD and
SEM. Values in parentheses corresponds to the least sig-
nificant figure in the standard deviation to the left.

Sample no. | XRD XRD SEM
(ARM) | (PONKCS) (point
counting)
1 71(1) 69.2(5) 70(1)
2 52(2) 47.4(6) 52(2)
3 10(8) 3.3(6) 12(4)
4 75(3) 80.8(4) 81(1)

In addition, for determination of the reacted component
of metakaolin it is also possible to calculate the composi-
tion of the geopolymer matrix and thus estimate Si:Al. Ta-
ble 8 shows the targeted Si:Al as well as the measured val-
ues from the four methods. For Samples 1 and 4 the bulk
and measured values are comparable while for Sample 2 the
x-ray methods and SEM method are 50 % higher than the
bulk value. For Sample 3 the measured values range from
six times to 17 times greater than the bulk value.

The results presented in Table 8 can be used to explain
why there is such a large variation in compressive strength
between different samples. Sample 3 was very weak (com-
pressive strength of only 3.1 MPa) because only a small
fraction of the precursor metakaolin reacted, resulting in a
small amount of binder. When only a small proportion of
metakaolin reacts, the geopolymer binder thatforms is au-
tomatically low in Al, creating high-Si:Al and -Na:Al ma-
terial that is intrinsically weak.

Williams et al. ? introduced robust and useful methods
for analysing differences in both the amount of geopoly-
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mer binder and its composition. Their experiment revealed
that while the amount of geopolymer is important, it is
dominated by the need to have the correct range of Si:Al
and Na:Al to achieve high-strength samples.

Table 8: Si:Al of targeted (bulk) geopolymer compared to
measured values.

Sample | Bulk | XRD XRD SEM |EDS
no. |Sample|(ARM)| (PONKCS) | (point
counting)
1 1.92 2.28 2.26 2.29 2.09
2 2.50 3.84 3.98 3.84 2.81
3 3.08 20.6 51.95 17.52 -
4 1.55 1.72 1.66 1.67 1.74
Note: The accuracy of the EDS data was limited for Sam-
ple 3 owing to the very small regions of geopolymer dis-
persed throughout the microstructure.

When starting work with a new aluminosilicate precur-
sor, it is desirable to make a series of samples with dif-
ferent ratios to determine the optimum ratios. However,
this approach is not fool-proof; as mentioned previously it
maybe that a fly ash precursor needs to be milled or sieved
before adequate strength values can be achieved. Thus a
multitude of samples can be made in the hope of striking a
combination that produces a geopolymer sample with the
correct specifications or a rigorous characterisation pro-
cess can be undertaken to derive a formulation to achieve
targeted outcomes.

The above scientific approach is deemed necessary for
a comprehensive understanding of the critical parameters
essential in making high-quality geopolymer products.
However, the approach outlined looks only at the starting
precursor(s) and final product (geopolymer and unreacted
precursor), with no investigation into the path between the
two. Tracking the precursor dissolution and subsequent
polycondensation allows the kinetics of the processes to be
obtained. However, measurements using the x-ray charac-
terisation methods discussed so far are too slow using lab-
oratory sources. High-brightness x-ray beams from syn-
chrotron radiation sources are required to enable rapid ac-
quisition of XRD patterns over many hours.

(3) Case study 3: Monitoring extent of reaction using in
situ synchrotron-based XRD

The high brightness of the synchrotron beam enables
diffraction patterns to be obtained in only a few minutes
so that sequential patterns can be collected over several
hours. In fact, with a specially designed sample holder, se-
quential patterns can be collected from several samples.
Provisand van Deventer 2021 used synchrotron-based en-
ergy-dispersive XRD to performed such an experiment
and tracked the “extent of reaction”, but the sensitivity and
modelling method was such that the amorphous precur-
sor and geopolymer components could not be indepen-
dently quantlfled Williams and van Riessen 22 conduct-
ed an experiment using wavelength-dispersive XRD, with
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higher resolution, at the Australian synchrotron and were
able to model both unreacted precursor and geopolymer
simultaneously along with crystalline phases. Data col-
lection times were a few seconds per pattern per sample,
so many 10s of samples could be analysed simultaneous-
ly. The basis of this experiment was to mix aluminosili-
cate precursors and alkali, place the slurry in a 1.5-mm
LD. polyetheretherketone (PEEK) tube, seal the tube and
place it in the sample holder of a beamline set up for high-
resolution XRD (Table9).

Table 9: Target compositions and compressive strengths of
samples prepared for in situ synchrotron-based XRD.

Sample | Si:Al | Na:Al | H:Si Compressive
strength (MPa)
1 18 | 08 | 55 14(2)
2 20 | 08 | 55 35(3)
3 20 | 12 | 55 50(9)
4 2.2 0.8 5.5 40(7)

Two-dimensional XRD patterns (not shown here) con-
sisted of sharp rings from crystalline phases and diffuse
rings from amorphous phases. Crystalline phases consist-
ed of mullite, quartz (secondary) and iron oxides original-
ly from the fly ash and zeolite-like phases (Sample 1, Ta-
ble 9) formed after mixing of fly ash and alkali. The sharp-
ness of the crystalline ring patterns indicates they arose
from large numbers of small crystallites. Rings from the
amorphous phases were observed to increase in diame-
ter with time. A spot pattern from primary quartz was
found to be superimposed on the ring pattern, indicating
the source was from a low number of large crystallites in
the beam. The presence of primary and secondary quartz
is consistent with findings of Williams and van Riessen ©.
Of interest is that at the beginning of the experiment the
spots moved position radially on the ring between pat-
terns and then after a period of time stopped. This cessa-
tion of spot movement was ascribed to the initial setting of
the geopolymer binder that spatially locked in the primary
quartz. Table 10 shows how setting time varied for the four
samples. Although the setting time was not verified sepa-
rately by, for example, using a Vicat needle in an identi-
cal sample, it demonstrates the potential for using this ap-
proach as an independent method for assessing the time
when the sample loses plasticity. There were two distinct
unidentified zeolites that formed in Sample 1. The first ze-
olite, after an induction time (~ 1.4 h), rapidly increases
in concentration and crystallite size (determined using the
integral breadth method) to a plateau value (Fig. 4). This
suggests that this phase increases concentration via crystal
growth. The second zeolite phase exhibited a long induc-
tion period (~12 h) and showed different formation be-
haviour. The crystallite size instantaneously increases to
a plateau value, then the concentration increases while the
crystallite size decreases, indicating that the crystal growth
rate is much faster than the nucleation rate for this second
zeolite (Fig. 5). Presentation of the diffraction data time se-
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ries as a 2D colour contour image (Fig. 6), where intensity
is shown by colour scale, reveals information about evo-
lution of the phases just discussed.

An example of the extensive range of information that
can be extracted from time-resolved data is shown in
Fig. 7, where both dissolution of fly ash and formation
of geopolymer are shown along with the two zeolites
phases. Also included in Fig. 7 is the Power Law pre-fac-
tor which is proportional to the low-angle intensity in the
diffraction patterns, and is a normalisation of a parame-
ter in the equation used to refine the background of the
x-ray diffraction pattern23. The Power Law pre-factor
is correlated to the specific surface area of the sample, so
in this case indicates the presence of very small particles.
For Sample 4, the fly ash dissolution occurs consistent-
ly for about 5 h; well beyond the initial setting time of
64 min. When the dissolution rate plateaus, 42 % of the
amorphous component of the fly ash had dissolved. Dis-
solution and polycondensation occurred synchronously
so that as dissolution halts the formation of geopolymer
plateaus. The area bounded by the Power Law pre-factor
curve and geopolymer curve from when the geopolymer
curveis between 10 % and 75 % provides a strong correla-
tion with compressive strength (Fig. 8). In addition, Fig. 9
shows there is a strong correlation, over a limited range,
between the compressive strength of the samples and the
standard deviation of the H:Si ratio during formation of
the geopolymer
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Fig. 4: Evolution of zeolite phase 1 with time. Also shown is change
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Fig. 5: Evolution of zeolite phase 2 with time. Also shown is change
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Fig.6: Time resolved diffraction pattern of Sample 3. Features
include the evolution of low angle intensity (<1 A-1) and the ‘shift’
in the amorphous peak position (deep yellow). The peak positions
of significant identified phases are shown at the top of the figure
for [1] Quartz (SiO,), [2] Mullite (Al 445511 3409 ¢g), [3] Hematite
(Fe,O3), [4] Magnetite (Fe30,) and [5] unspecified zeolite and [6]
small angle scattering.

Table 10: Setting time of geopolymer samples based on
when primary quartz spots stopped moving in XRD pat-
terns.

Sample Setting time (min)

1 24

2 25

3 32

4 64
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c
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©
2 25%
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Fig.7: XRD data for Sample 4 showing dissolution of fly ash and
formation of geopolymer along with two zeolite phases. The Power
Law pre-factor is included for comparison.
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Vol. 8, No. 3

60 T

S
[l
t

Compressive Strength [MPa]
w
o

Jun
w

L

t
-

0 —+ T t i
10% 20% 30% 40%
Relative Standard Deviation of H/Si ratio
Fig. 9: Correlation between compressive strength and relative stan-
dard deviation of H:Si ratio.

(4) Casestudy 4: In situ XRF and scanning x-ray diffrac-
tion microscopy

The use of in situ XRD as described earlier provides a
plethora of information about precursor dissolution and
geopolymer formation. The effect of changes in precur-
sor composition, mix formulation or curing regime on
the geopolymerisation process can be directly and quan-
titatively assessed, thus allowing optimisation of the fi-
nal geopolymer product. However, an approach that pro-
vides structural information averaged over the volume
of the x-ray probe is inherently limited. The properties
of geopolymers, their precursor materials, and even the
geopolymer formation process are all closely related to
their compositional and physical heterogeneity on length
scales of micrometres and below. Scanning x-ray micro-
and nanoprobe techniques using synchrotron radiation al-
low the local properties of materials with complex hetero-
geneity to be studied. Developments in nanofocussing op-
tics and high-brightness light sources promise nanoscale
resolution, but simultaneously achieving high elemental
sensitivity and high spatial resolution usually requires a
compromise in data acquisition time that may be incom-
patible with 7 situ observations of dynamic processes.

Synchrotron-based XRF microscopy (XFM) offers ex-
tremely high sensitivity for mapping the distribution of el-
ements at a resolution determined by the incident probe
size 24, Scanning x-ray diffraction microscopy (SXDM)
is a lensless imaging method that allows quantitative im-
ages of structures consisting of light elements to be ob-
tained with spatial resolution that is not limited by the
probe size. Diffraction patterns are collected from over-
lapping areas illuminated by a coherent probe and quan-
titative images of the sample are recovered using iterative
approaches. This method is generally referred to as ‘pty-
chography’ 25; SXDM is used to describe the special case
in which the sample is positioned at the plane where an x-
ray beam is focussed 2.

The various benefits of combining XFM and SXDM
methods have recently been demonstrated 27-28. In the
present context, the dissolution of precursor material and
polycondensation processes can be studied 7 situ by cor-
relating the morphological and density changes observed
with high resolution by means of SXDM with the lo-

cal variations in elemental composition at micrometre
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Fig. 10: SXDM and XFM images of geopolymer obtained simultaneously during curing. Metakaolin solid precursor and sodium silicate alkali
solution were mixed and sandwiched between silicon nitride membranes. The greyscale maps show the phase and magnitude of the sample
transmission function that was reconstructed from the SXDM data. The coloured maps show the distribution of selected elements (Fe, Si and
T1i) by XFM. Data were obtained over a period of 6 hours and are presented in (a) without any correction for drift. The SXDM phase maps in
(b) show the feature indicated in (a) after correcting for its displacement over the duration of the experiment to highlight that morphological

changes on the sub-micrometre length scale can be recognised.

length scales by means of XFM. The quantitative absorp-
tion and phase contrast images provided by SXDM have
previously been used to quantify variations in density
in cement materials 2%30 by means of XFM. In situ ap-
plications of SXDM are receiving considerable attention
witha wide variety of sample environments 31,32,33,34, An
overview of synchrotron-based techniques for character-
isation of geopolymers by Provis et al. 12 concludes that
future work is likely to be obtained by a combination of
complementary techniques. This is seen in, for example,
the recent work by Hu ez al. 3536 where nano XRF and
nano tomography were used to measure the 3D structure
of C;S hydration.

The large-solid-angle, multi-element Maia detector
system 37 at the XFM beamline at the Australian Syn-
chrotron 38 allows rapid XFM imaging of large samples.
A fast-framing single-photon-counting pixel detector
(EIGER X 1M, Dectris, Ltd. Baden, Switzerland) for
SXDM data acquisition allows the two methods to be
performed simultaneously with continuous (on-the-fly)
scanning 28. We employed this approach in a pilot study
to demonstrate the feasibility of combining SXDM and
XFM for analysis of geopolymer formation. Alkali and
solid precursor were mixed and sealed between two 100-
nm-thick silicon nitride membranes. 10 keV x-rays were
focussed to a spot of approximately 2.5 pm FWHM at
the sample. The detector used to collect diffraction data
was placed 3.67 m downstream of the focus. The fluores-
cence data were collected with the Maia detector placed
in backscatter geometry. Data were collected from the
same area of approximately 9000 pm? in intervals of ap-
proximately 6 min. 13241 diffraction data frames were
reconstructed for each image using the ePIE algorithm 38
with a reconstructed SXDM pixel size equal to 47.4 nm
using a method similar to that described in Jones ez al. 28.

The reconstructed SXDM images (phase and magnitude)
are shown in Fig. 10, together with elemental maps for se-
lected elements that were simultaneously obtained with
XFM. In all images there is a clear delineation between the
liquid alkali and solid metakaolin/geopolymer. The Tiand

Fe maps can be used to track sample drift as they play no
partin the geopolymerisation process. The XFM detection
efficiency for the key elements in the reaction, namely Na,
Aland Si, is very low. The SXDM images reveal consider-
able structure in the solid phase formed by these light el-
ements. Even though the metakaolin/geopolymer was ap-
proximately 2 um thick, the evolution in microscale fea-
tures can be tracked in the SXDM phase maps (Fig. 10b)
over a period of 6 h.

The XFM and SXDM data demonstrate the potential for
in situ imaging with chemical, spatial and temporal infor-
mation. Variations in Si concentration can potentially be
used to follow dissolution/polycondensation if sensitivi-
ty can be improved (e.g. with a XRF detector optimised
for low photon energy and longer acquisition times). In
a follow-up experiment (not presented here) sodium sili-
cate was replaced by caesiumsilicate to provide greater dis-
crimination between the starting metakaolin and resultant
geopolymer via the Cs fluorescence signal. With the use
of aless dense distribution of metakaolin, the dissolution
and condensation processes around individual particles of
precursor material can be studied.

V. Conclusions

Here we have presented a workflow for geopolymer for-
mulation development and microstructural analysis and
have highlighted four case studies that outline the evolu-
tion of techniques that have contributed to a greater un-
derstanding of how to design and optimise a geopoly-
mer. Initially precursors need to be thoroughly charac-
terised beforea geopolymer formulationis designed. Once
a geopolymer has been made, it is necessary to determine
what proportion of aluminosilicate precursor has reacted;
this enables targeted ratios to be compared with actual ra-
tios. If there is a discrepancy between the targeted and ac-
tual ratios, there may be a need to beneficiate the precursor
and/or alter the alkali to enable the geopolymer to reach
expected physical properties such as strength. Character-
ising the geopolymer sample after curing provides con-
siderable insight into the reaction between aluminosilicate
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precursor and alkali but does not reveal the processes that
occurred during dissolution and polycondensation. In situ
synchrotron-based XRD techniques provide the means to
track the dissolution rates and geopolymer formation rates
aswellas delivering a means to measure setting time. I situ
XRD methods are importantbutare limited in their spatial
discrimination, which can be partially overcome with in
situ synchrotron-based XRF and SXDM. Although their
full potential is yet to be realised, these techniques offer
means of directly imaging dissolution and polycondensa-
tion in addition to revealing diffusion rates and lengths. It
is obvious that the in-depth approach outlined in this pa-
per cannot be repeated for every combination of precursor
and alkali, but where itis important to optimise a geopoly-
mer for a particular application it would be prudent to do
so.

The following points summarise the conclusions drawn

from the work presented in this paper;

— Quantifying precursor materials is crucial for in-
formed mix design and reduces ‘trial and error’

— A combination of XRD and XRF analysis allows for
the reactive composition of the source material to be
determined

— Particle size and morphology analysis allows foran un-
derstanding of reactive surface area and water require-
ments of the mix formulation

- Comparison of the composition of the formed
geopolymer binder with the designed composition
allows for the extent of reaction to be assessed

— Precursors can be beneficiated by means of milling or
activator composition can be altered to optimise for-
mulation. Curing conditions are also important

— Insitu experiments enable the geopolymerisation reac-
tion to be monitored, providing a better understanding
of curing conditions and therefore aiding in the optimi-
sation of physical properties. Specifically, it has been
possible to:

— Confirm that there are multiple mechanisms of ze-
olite formation even within the same geopolymer
sample.

— Identify a new method to separately measure the
feedstock dissolution and geopolymer formation
progress in situ, which will allow a large number of
optimisation experiments to be completed in the fu-
ture.

— Identify significant temporal variations in the com-
position of the solution from which the geopolymer
forms; the relative standard deviation of the H:Si
ratio during formation correlated with the physical
properties.

— Derive a new method, albeit time consuming, to
measure the setting time of geopolymer paste for-
mation.

— The XFM and SXDM data demonstrate the po-
tential for iz situ imaging of precursor/geopolymer
systems with chemical, spatial and temporal infor-
mation.
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