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ABSTRACT

This paper presents the outcomes of a series of beapalgesl studies, the results of which
are combined to provide a more detailed multiscale understanding of the structure and

chemistry of geopolymer binders.

The range of beamlinkased characterization techniques which have been applied to the
study of geopolymer binders is increasing rapidly; although no single technigpeovéde a
holistic view of binder structure across all the length scales which amapafrtance in
determining strength development and durability, the synergy achievable through the
combination of multiple beamline techniques is leading to rapid advances in knowledge in
this area. Studies based around beamline infrared aiag Kuorescence microscopy-situ

and exsitu neutron pair distribution function analysis, and rRamal micretomography, are
combined to provide an understanding of geopolymer deémistry, nano and
microstructure in two and three dimensions, and the influences of seeded nucleation and

precursor chemistry in these key areas.

The application of advanced characterization methods in recent years has bhaught t

understanding of geopolymer chemistry from a point, not more than a decade ago, when the
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analysis of the detailed chemistry of the aluminosilicate binder gel was cadsidgactable

due to its disordered (“Xay amorphous”) nature, to the present day where the influence of
key compositional parameters on nanostructure is well understood, and both gel stngture
reaction kinetics can be manipulated through methods including seeding, temperature

variation, and careful mix design.

This paper therefore provides raview outlining the value of nanotechnology and
particularly nanostructural characterizatiein the development and optimization of a new
class of environmentally beneficial cements and concretes. Key engineerangepas, in
particularly strength developmendapermeability, are determined at a nanostructural level,
and so it is essential that gel structures can be analyzed and manipulated aetethis |
beamlinebased characterization techniques are critical in providing the ability ievadhis

goal.

Keywords Geopolymer, alkalactivated binder, synchrotron radiation, neutron scattering,

nanostructure, microstructure

1. Introduction

The detailed characterization of all cements (traditional andtraditional) requires the
application of advanced experintahtechniques, due to the complex dochlly disordered
nature of most of the key chemical phases responsible for strength developmentraiad rete
[1]. This is particularly the case for alkalctivated binders, where the binderalmost
entirely lacking in coherent longange ordering, and thus is intractable to analysis by
classical diffractometry2]. These binders are obtained by the reaction between an alkali
source and a solid aluminosilicate powder, often metakaolin, fly ash and/or blase fsiagc
andare increasinglypeing utilizdas a lowetCO, alternative to Portland cement in concrete
production [3-5]. The increasing availability and capabilities of beambased
instrumentation for the analysis of complex materials, at both synchrotron andnneutr
sources, is leading to major developments in this area at prigsemtssential, in introducing

a new class of construction materials, to be able to provide a detailed mesealdar
understanding of the reaction processes and chemical bonding environments which sontrol it

strength development (in terms of both rate and final strength) and durability, asta wa
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underpin the analysis of data obtained through (more widely ava)labldk-scale
standardied testing proceduress the application of common laboratdrgsed analytical
techniques to alkali-activated binders does not always provide a full understandetgiled
chemical structures and mechanisms due to the complexity and disordered nature wf the ke
binder gel phases, it is important to generate a deeper level of understandigh theu
application of more advanced techniques, including bearblsed techniques as discussed

in this brief review.

This paper will briefly summarize some amces which have been made recently in the
understanding of alkahctivated binders based on the application of bearblirsed
characterization techniques. This is presented in the formatewsfeavrof some of the novel
information which can be obtained by the different experimental techniquesbhddsavith

the aim of stimulatig further discussions and developments in related areas.

2. Resultsand Discussion
2.1 Synchrotron infrared microscopy

Infrared microscopy beamlisewhich are located at variougnshrotron sources worldwide
includingthe Australian Synchrotrdi®], providethe opportunity to collect spatiailesolved
infrared data for polished samples at a spatial resolution of approximatgiyn.lhfrared
spectroscopy has been shown to be a particularly sensitive probe of the extentatbform
and crosdinking of the binder gel in lovealcium alkakactivated materialf7-9], and these

gels have been believed to form with a chemically heterogeneous structure dgperidas
relative rates and sites at which gel nucleation and growth processes calacakeOp 11}

It therefore appears logical that analysis of gelicsures by spatiallyesolved infrared
microscopy should prove instructive in understanding the influence of different sgnthes
parameters on the extent of gel heterogeneity. This has been proven to be the case in
developing an understanding of the effef differences in the availability of the bineer
forming species silicfl2] and aluming13], where the combination of tirresolved i situ
attenuated total reflectancefdaspatially resolved (synchrotron) infrared spectroscopy has
provided powerful new insight. Figure 1 shows an example of the results obtained by

application of synchrotron infrared microscopy to a geopolymer derived bydatan of
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geothermal silica ahsodium aluminate, after 28 days of curing, with and without 0.5 wt.%
of Al,O3 nanoparticles (565 ffy surface ared)l4]. The data presented in Figure 1 are the
results of hierarchical clustering analysis of the infrared microscopyigtae 1(a) and (b)
show the clustered spectra representing each of the points on the sample, for dedujagee
and seeded (b) cases, and (c) and (d) show the distribution of the regions tvitizpeacf

gel structure within a 100m x 125um region.
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Figure 1. Synchrotron infrared microscopy data for geothermal-sitidaum aluminate geopolymer
binders, witlout (a,c) and with (b,d) 0.5 wt.% nai#d,O; seeding. Hierarchical clustering of the
spectra obtained at each point results in the cluster spectra showmid (@), and the distributions
of the spectra on the samples are shown in (c) and (d). Datd¥ddncollected using the Infrared
beamline of the Australian Synchrotron, Clayton, Victoria, Alisirén attenuated total reflectance
geometry using a diamond crystal probe.

Figure 1 demonstrates that synchrotron radiabiased infrared microscopy can aid in
elucidating the effects of nucleation on the heterogeneous structure of geopolysner ge

4
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While spatially averaged (i.e. laboratdrgised) infrared results show similar spedtor
seeded and unseeded samples which have been cured for more than three weekarddl], infr

microscopy shows marked differences in gel structure as a result ofgseedin

In the dominant spectra (yellow and orange) in the unseeded sample (Figurergak the
shoulder at about 1090 &hwhich is assigned to unreacted geothermal sifigg andwhich

is much less prominent in the seeded sample. The maximum of Bel Sisymmetric
stretch ‘geopolymer’ peal8] also appears in twaery distinct positions in the unseeded
sample, either 945 ci(in the black and brown spectra) or 975 cfyellow and orange
spectra)- this separation is not visible in laboratory infrared analysi$4], which provides

a spatially averaged view of the sample (either averaged throughout the lheitkusing the
KBr pellet technique, or averaged over the surface layer when using addteniotal
reflectance geometry), thus providing spectra which are a weigivedage of the
components visible in synchrotron infrared microscopy. In the seeded sample, this band i
always observed at about 960tin all spectra, showing a greater degree of homogeneity in
the geopolymer gel in the seeded sample. This is an important result with consequaence
geopolymer mix design for optimal gel structure and stability, and was not evidenthigom
analysis of laboratory infrared spectroscopy a4, highlighting the unique capabilities of
the beamlindbased technique in this instance.

2.2 In situ neutron pair distribution function analysis of geopolymer formation

Pair distribution function (PDF) analysis, which involves the generation ofspaak
structural information by the calculation of the Fourier transform of-higmentum transfer
neutronor X-ray scattering datgl5, 16], is a powerful technique for the analysis of
disordered materials. The disordered nature of the geopolymer binder phasdlys hig
amenable to analyslsy this techniqueas has beediscussed imecent review [1, 17], and
significant advanes in the understanding of geopolymer nanostructure have been obtained by
both X-ray[18, 19]and neutrof20, 21]pair distribution function analysif situanalysis of
geopolymer formation has previously been undertaken by a variety of laboratory and
beamline techniques, including in particular the usenokitu energydispersive Xray
diffractometry to provide direct kinetic information regarding gel strectormationusing
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high-energy synchrotron radiation [22, 23]. However, it is only recently that developments i
instrumentation and data processing capabilities have enabled this processutdidobnst
situ while generating data sets of sufficient range and resolution to be amenalid to P
analysis. Both Xrays and neutrons have been used to study the formation ofaai¢aited
binder duringin situ experiments; the Xay resultsare reportecelsewherg24], while the
neutron data were described [Rl] and are summarized briefly here. Figure 2 shows the
evolution of geopolymer nanostructure as a function of reaction time (timesrkedma
Figure 2(a)), wheréme zero was the time of mixing of a ‘pure’ metakaolin source (obtained
by calcination of the reference kaolin clay k@&a) with a sodium silicate solution with
molar ratio SiQ/NaO = 2.0.

Figure 2a shows that the geopolymer gel structure is hightydakred; atomic correlations
beyond 3A are weak in the sample analyzed here. The most critical informatiomedbtai
from Figure 2 relates to the development of the gel structure, as seen in the@Jgdk in
Figure 2(b). The (Si,AHO bond length is seen to be shorter in the eagly geopolymer
PDFs than in the precursor metakaolin, or in the ‘final-d8§) geopolymer geResidual
metakaolin accounts for the shoulder at ~1.9A in the first 14 H86r26} the alumimm
environment in this time period remains mostly in a metakdilnconfiguration, indicating
that the bulk of the solid precursor is yet to dissolve. However, after 90 daysntipie s
longer contains a significant amount of undissolved metakaolin, which is visible ire Figur
2(b) as most of the aluminm has become P¢oordinated with AO correlations between
~1.75 to 1.8A.


http://dx.doi.org/10.1016/j.cemconcomp.2012.07.003

Preprint version of accepted article. Please cite as:

J.L. Proviset al, “Nanostructural characterization of gpolymers by advanced beamline technigu&ment
and Concrete Composit@813, 36(1).56-64.

Official journal versionis online athttp://dx.doi.org/10.1016/j.cemconcomp.2012.07.003

T * I ¥ I E I . T
(a) © 15m —— 7|
H D-0 B6h46m — — = 1
<} 13h 40m —-—- -
aﬁ"\ 90 d eee-eeen 1
ol
e sl/m 0 0-0
15 5
o
or ¥ f‘ M&\Q M’“m
al Y \,_,/ |
L L i 1 i 1 L
0 1 3 4 5 6

r (&)

)T e T T

G(r) (377

Metakaolin ---—--- -
| I | s 1 P I

14 16 18 2
r (&)

Figure 2.In situ neutron pair distribution functions of a deuterated sodium silaztteated
metakaolin geopolyer, obtained after reaction times as marked, at ambient temperature &1€).
(b) and (c) are expansions of key peaks in (a), and (b) shows a comparison todistribaition
function of the raw metakaolin used in geopolymer synthesis. Data fropcfiEcted using the
HIPD instrument at the Lujan Neutron Scattering Center, Los Alamos Naltiaiparatory, New
Mexico, USA.

Although the distinct AIO shoulder in Figure 2(bdhanges minimally during the first 14
hours, there is a variation in the distance at which the (SDAdprrelation is a maximum.

This is attributed to some of the aluminum being released from the metakaalitakimg on

IV -coordination in solution anoh the newlyformed geopolymer. Between 14 hours and 90
days there is a very notable change in th€@Adorrelation, and the changes in the (St@l)
correlation during this time are attributed to changes in both silicon and aluminam loc
environments during metakaolin dissolution and geopolymer gelation. By 90 days the sampl
has evolved to form a hardened binder material due to polymerization of the silicate and
aluminate monomeric species from the solution, and the majority of the aluminum is bound

in the geopolymer matrix and in I#ld coordination[27, 28].
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Figure 2(c) shows the D peak, which is considered equivalent to théd @eak in non
deuterated samples, although possibly showing some subtle differences dugdaskiope

effects and the additional mass of the D atom compared to H. The datasets up to 1&ehours a
very similar, with a maximum at 0.955A, showing that the local structure of wati¥ei
geopolymer in the first 14 hours of reaction is relatively unchgnged a very small shift

and slight sharpening observed at 90 days. This geopolymer has been seen to cori&ain mobi
water loosely held in large pores, with only < 5% either physically bound afi pores or
chemically bound as hydroxyl groups attachedhe StAl framework structurdg20]. This
appears to be the case throughout the reaction process, with the slight change=sl obser
between 14 hours and 90 days attributedihe release of some of the initially bound
hydroxyl (or in this case deuteroxyl) groups as additional molecular wa@ieng

condensation reactions in the gel binder.

This information related to both framework and exteanework species is difficulto
directly access by standard laboratory experimental techniques, pawicrdéated to
disordered or ‘Xray amorphous’ phases. The ability to collect such dataitu during
reaction, orex situfor sets of samples treated under different processing conditions, is
particularly appealing in charactang geopolymer binders, and is made available only
through the development of highly speaai beamline facilities at advancedray and

neutron sources.

2.3 X-ray fluorescence microscopy

X-ray spectrecopy is often used in conjunction with electron microscopy to provide
localized compositional information for heterogeneous samgleh as alkalactivated
binder materiald11, 2931], but the spatial resolution of this technique in application to
geopolymers is limited to some extent by the relatively large interaction voloinsesved
when highenergy electron beams interact with lelemental number solid82]. Lower
electron energies can also be usedchioimize this, but at the cost of requiring very careful
surface preparation, and reducing the availability of information regardimehetements.

X-rays are also much more sensitive to the presence of trace elements; thatgaisk
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ray fluorescence microscopy the distribution & components present at levels below 0.1
wt.% is valuable in the study of ketements such as Cr in fly aslj@8].

The use of a highl focused Xray beamenables extremely higlesolution analysis of
elemental compositions in the binder structure, as demonstrated in Figure 3.rihges i
display the Ca and Si concentrations, and the Ca/Si ratios, in a binder region contaning tw

slagparticles (Carich regions) embedded in the binder gel.

mass ratio= . High

Low

Figure 3. Xray fluorescence micrographs of a sodium metasiliaatiwvated binder (75% slag/25%
metakaolin activator Si@/NaO ratio 1.0). The maps were obtained with a focusekeV Xray

beam with a spot size of 50 nm, and a step size of 10mensame region is shown in all parts of the
Figure; the gel and slag regions are identified in the Ca mapaigwerecollected using beamline
26-D (Hard X-ray Nanoprobe), opated by the Center for Nanoscale Materials at the Advanced
Photon Source, Argonne National Laboratory, Illinois, USA.
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The data in Figure 3 provide insight into the chemistry of the binder gel amdeitadtion

with the slag particles. It is seen that the Ca/Si ratio obther producgel (which forms in

the spaces initially filled by liquid)s notably lower than that of the slag particles, rarely
exceeding 1.0 (approximately darkotvn on the color scale used here) in the regions of the
scan identifiable as being gel, compared to an average value closefdmhde on the color
scale)in the unreacted slag particles, and much higher than this in some parts of the remnant
slag particles in Figure 3. The gel Ca/Si ratio is relatively homogenedhbs outer product
region while the residual slag particles vary significantly in Ca/Si ratio; the redsotisis
apparently incongruent dissolution of thlag particles are unknowmhe inner product gel

(the gel which fills the spaces initially occugiby particles)s only slightly lowerin Ca/Si

ratio thanthe bulk of the slag particles, although has a lower density (due to the presence of
porosity and water) and thus has lower concentrations of both Ca and Si than the slag,
although the ratio betwaethese two elements is not changed mudie inner and outer
product gels have previously been identified to differ in Ca/Si ratio and morphology in alkali

activated binderf30, 34], and these data are consistent with those observations.

In obtaining these datthe full X-ray fluorescence spectra for elements Al and heavier on the
periodic table are collected, and then the intensities in desired spectral regégnated to
provide the concentrations of each element (see Supporting Informat{88]dbr a full
description of this procedure). Several other elements of interest wereiedentifaddition

to the dominant Ca and Si, in the binder region depicted in Figure 3, there are sexiehal Ti
points localized within remnant slag particles, and the elemental maps of S andoMn als
correlate closely with the Ca map, indicating the presence of these elementsaipaady
within the unreactedlag rather than being extensively distributed through the binder. There
is not strong evidence of the presence of any metakaolin particles within iihe degicted

here in Figure 3, as the Al maprresponding to this regios rather featureless.

However, Figure 4 does clearly show the presence of a paitabtted metakaolin particle
(identified by high Si, very high Al; moderate Ca) and a parti@fcted slag grain

(identified by high Si, moderate Al, also relatively high S and some Mn (da&haat)), in

a different sample with similar mix desiddifferent slag source, slightly lower metakaolin

10
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content and modulusagtivator SiO,/N&O ratig). This region happens not to contain any

unreacted slag particles, although these are visible elsewhere in the saned3&mpl

qh | %Y
. .+ Partially=reay
g?alal_ly-reacted 3
metakaolin_:.

Ry *

), :
Met

'.
i

Figure 4 X-ray fluorescence micrographs of sodium silicateactivated binder (80% slag/20
metakaolin activator SigINa,O ratio 0.9). The maps were obtained with a focud€db keV X-ray

beam with a spot size of 50n, and a step size of 50 nm. The same region is shown in all parts of the
Figure.Data were collected using beamlinelB6(Hard X-ray Nanoprobe), operated by the Center
for Nanoscale Materials at the Advanced Photon Source, Argonne Natadr@htory, Illinois, USA.

The distribution of Ca within this region is surprisingly uniform, both within and outs&le t
areas identified as having been derived from metakaolin and slag particles Ked m&he

Si map). This shows that the ingress of Ca into the region initially filled by a aoditak
particle, forming calciuralkali-aluminosilcate gel, is more rapid than the dispersion of the

11
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Al supplied by the metakaolin throughout the remainder of the binder region. The region at
the top of the images shown in Figure 4 is rich in Cadativelypoor in Si, with moderate

Al content. This iddentified ascorresponding to inner produgel, the proximity of this gel
region to the metakaolin particle has pd®d additional Al, and the gel formed is thus able

to be stabilized at a higher Ca/Si ratio than would be the case further from tlhkacheta
particle

This highlights the importance of obtaining data from multiple regions on a sampte whe
using techniques operating on such fine length scales to study highly hetenagen
materials. As the resolution of the technique increases, so does the importanserioige
that the regions scanned are in some way representative of the sample as dowhole;
examplealmost any alkalactivated binder will contain regions larger than the scan areas in
Figures 3 and 4 which fall entirely within unréaa particles of raw materjaand so it is
important to scan a sufficiently large area (and with a sufficientlylddtanderstanding of

the chemistry of both reacted and unreacted phases) to ewabiate analysis of complex
samplesFurther examplesf this requirement will be demonstrated in thiofwing section,
which discusseX-ray tomography as applied on different length scales to the analysis of
geopolymers.

2.4 X-ray tomography

Figure5ashowsa region of interest selected from aary microtonographic reconstruction

of an alkaltactivated slafgnetakaolinsampleof the same composition as the sample depicted
in Figure 4[35]; theimage shows a region 150x1hén in size, which has been extracted
from a reconstructed -8imensional dataset computed from a set efa)X transmission
images.A grayscale histogram of the volume of interest isspnted in Figure 5b, with
distinct peaks due to the reaction products (the peak at a grayscale valoendf Zb) and
unreacted slag (at 170). Figure Slaowsa clear distinction between inner and outer product
regions, with the outer product showing EwX-ray absorption (corresponding to lower
Ca/Si ratio) at the solution modulus @B used here, which is consistent with the discussion

presented in section 2.Bowever, these two types of reaction products do not show distinct

12
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peaks in the histogram in Figure SRemnant metakaolin particles are not immediately
evident in Figure & which is consistent with observations elsewhere that these particles are
difficult to distinguish from the gel regions of mixed sikagtakaolin binders by -Xay
microtomogaphy[36]. It is likely that the metakaolin particles (which are dense but low in
elemental number) and the gel (which contains some Ca, the heaviest elementipresent
significant concentrations in the samples, but which is also nanopdresy similar Xray
absorption crossedion, and thus they appear similar in the grayscale images obtained from

the tomography experiment.

0.84

0.6+

. inner
s

0.4+

% of voxels

product - - #,

0.2+

0.0 T T T T T T ¥ T Y T
0 50 100 150 200 250
Greyscale intensity

Figure 5.(a) Oneslice from an Xray microtomography scan of a sodium silieat¢ivated binder

(80% slag/28 metakaolin, activator SENa,O ratio 0.9, field of view 150x150um, and (b) a
grayscale histogram of the volume of interest. Data were collected on bearBiMeB2at the
Advanced Photon Source, Argonne National Laboratory, Illinois, USA, using 22.Eakigtion.

It is alsoevident that there was some degree of agglation of the slag particles prior to
reaction, as multiple slag grains (bright, smooth, angular regions in Figuagesseen to be
embedded in the inner product regiomtowever, some of the larger slag particles are
apparently not surrounded by innproduct regions, which may indicate differences in
reactivity between different grains of the slag. This is to some extentectegpas the slag
used here is predominantly glassy [37, 38], and thus suggestste#hthere is some degree
of differential reactivity between slag particles, or alternatively that thgeranon

agglomerated slag particles react more gradually than the agglomerates pifiicles, and
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thus do not display such marked distinctioetviieen innerand outer product regions.
Electron microscopy has previously shown -Kigh, Cadepleted rims surrounding residual
slag grains in alkalactivated slag bindefd 1]; this is not observed here, possibly due to the
low Mg content of the slag used here [37,.38)ere are some large porpsesent in the
sampledue to air entrainment during molding of the paspecimen studied, while the
porosity of the gel itself is too fine to be observed directly by this technique.

The data presented here wetrellected in absorption contrast mode; phase contrast
tomography is also possible, and offers potentially higher sensitivity innsystéhere
absorption contrast is 10y89], which means that it is particularly useful in nanotomography
experimentg40]. The voxel size of the data shownFigure 5 is 750 nm; this is considered

to be a relatively high resolution for absorption contidstay tomographic studies of
complex materials, as complexities related to both the physics of the experirdetitean
handling of very large data sets enfor@ compromise between voxel size and sample size
[41]. The sample sizef a cement or alkafctivated binder which is able to be most
effectively analyzed using the 750 nm voxel size applied here, using bending magnet
radiation from a higkenergy synchrotron ring (in the energy range approximatel$020
keV), is no more than few millimeters.Neutron tomography iparticularly well suited to

the analysis of largespecimensand of the distribution of water within specimg#4g], but
offers much lower spatial resolution than can be achieved usnag ¥omography due to the
difficulties inherent in spatiallyesolved detection of neutrons. However, the most important
limitations in highresolution tomgraphy of large samples are currently related to data
handling, as a 2048 voxellataset (i.e. @proximately al.5 mm cube at 750nm resolution,
corresponding to the size of many detectors used in tomographic instrumentseat)pres
where each voxel conta 8bit grayscale information, occupies tens of gigabytes. These
datasets can be handled with modern computational infrastructure, and thiétesgpaf this
technique will be expected to continue to grow in line with advances in computational

capacity.

It is possible to use tomography to access finer length scales than the 750 nmaexel si
depicted in Figure 5, although at the cost of requiring a very small sameglalaia at a
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spatial resolution below 100 nm have been obtained and publisheddtixaéractivated fly

ash samplg43] using the ‘Hard Xray Nanoprobe’ (beamline 2®) instrument at the
Advanced Photon Source synchrotron, operating in Zernike phase contrashefikdd of

view in that experiment was around fi&h x 12um, meaning thathe accessible sample size

is less than thisin a tomographic scan, it is important that the whole sample remains within
the field of viewand depth of fagsthroughout the experiment, because if part of the sample
moves out of the field of view, the reconstruction algorithm is prone to failurat feast a
pieslice shaped region of the sample. This is particularly important for sanspiels s
cementsand particularly alkalactivated binders with low Ca content) which show reddyiv

low X-ray contrast between regions, because tomographic reconstruction of such samples
always difficult, and may become entirely impossible if some part of the elatarmissing.

It is a very challenging mechanical engineering probleractievethe degree ostability
required to rotate a sample several microns in size through 180°, in step sizes of around 0.1°,
all the time remaining within the field of view of thetdctor, and while subject sombient
vibrations and/or thermally induced expansion/contracidh, 45]. Nonetheless, both
synchrotron and laboratory instruments offering tomography with280b nm spatial
resoluton are currently available, and the application hijh-resolution tomograpb
methodsto the study of cement materials becoming increasingly widespread and
increasingly powerful with advances in computing and beamline technpd&gy0] The
coupling of X-ray diffraction and tomographic techniques has also proven valuable in the
analysis of key crystal phases within hydrated Portland cerftijtsAlkali-activated binders

are in general insufficiently crystalline for such an approach to gmmedately
comprehensible data, but it may be that developments in the technique and in the
understanding of alkahctivated binder chemistry could provide advances in this area in

future.

While the qualitative analysis of tomographic data does provide iargornnsight,
particularly in the development of an understanding of pore structures and the geometry of
the solid phases on a range of length scales, it is also important to be able to obtain
guantitative informatiorfrom the data sets. This necessitategnsentation of the data into
regions defined as ‘pore’ and as ‘solid’, and the methodologies by which this may be
achieved remain the subject of much discussion in the literature. Figllustétes part of
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the difficulty in accurately achieving pore segntation for samples with a fundamental pore
size smaller than the voxel resolution of the datahich will certainly be the case for all
microtomographic studies of alkalctivated binders, as the dominant pore size present in
these materials (as data@ned through nitrogen sorption and visible in electron microscopy)

is usually in the nanometer range [43, 52-56].

>

increasing voxel size, decreasing resolution

Figure 6.The distinction between pore space and binder phase becomes more difficult as gdgel siz
increasedabove the fundamental pore sider an arbitrary pore geometry. As the voxel size
increasesthelikelihood of error associated with segmentation increaise@) it is clear what is pore
and what is solid, wherean (b) and (it becomes increasingly more difficult to distinguish the pore
and solid phases.

The additional difficulty related to the analysis of alkditivated binders by
microtomography is that there is often limitedray absorption contrast beten the
unreacted or partialyeacted raw materials and the nexddymed binder phasept9].
Greyscale histograms of tomographic reconstructions of hydrated Portlar@htcasually
show three distinct peaks, which are assigned to the pores, the hydration produdts, and t
anhydrous ceme7, 50]. However, the greyscale histogram of an al&elivated binder is
often unimodal49, 57] which means that it is more difficult to select a threshold value for
the binary thresholding into ‘pore’ and ‘sdlicegions. This is represented schematically in
Figure 6b by the upper leftand region, which is 50% solid and 50% pore volume (as seen
by comparison with the same sector of Figure 6a), and is thus not straightfgrelassified

as either ‘solid’ or ‘pee’ if the threshold is set at a greyscale value halfway betweeditie
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and pore regions. More advanced thresholding algorithms, potentially including thé use o
edge detection to identify unreacted particles, will be needed to resolve timgltyifivhich

is inherent in the physics and chemistry of {6&a& aluminosilicate binders, and will also be
observed in other cemetype systems where the atomic number densities of some or all of
the unreacted phases (fly ash being the particularly problematec inaalkakactivated
binders) and of the reaction products are comparable.

2.5 Discussion and perspectives for future work

The combination of Xay fluorescence microscopy with other analytical techniques,
particularly nanoscalgf43] and microscale[49] tomographic analysis of the three
dimensional structure of the binder gel, as well as infrared microscopiciar(alysa longer
length scale) and pair distribution function analysis (on a finer length) doalehemical
bonding information, provides immense power in understanding the development and
distribution of gel phases within geopolymer binders. These techniques are almost
exclusively available at beamline facilities, although laborasoale tomography and pair
distribution furction facilities araenow commerciallyavailable, with capabilities approaching
those of some lowegnd synchrotron sources. Neutron scattering and-rieigbiution Xray
fluorescence microscopy are likely to remain limited to major beamline facilitiesubht
facilities are increasing in availability and capabilities worldwaled provide a good deal of
scope for developments in the science of construction materials in comingTysAmsiqes

such as scanning transmissionray microscopy (including the capability for spatially
resolved Xray absorption spectroscopy), whicasbeen applied with success to the study of
Portland cement and its component phases [58, 59], but which have not yet produced
publications related to geopolymer materials, will undoubtedly provide additionahtirzsg
advances in both instrumentation and scientific understanding of-atitalated binders
enable developments in this ar€ement and geopolymer materials are generally mssh le
susceptible to beam damage effects than is the cab®logical materials, and the absorbed
doses in all experiments reviewed in this paper were multiple orders oftategbelow the
thresholds for degradation quoted for Portland cerhaséd mateais in [60]. However, it

may become necessary to be cautious in this regard with future developments-in high

intensity radiation sources, or in cases when very long experiment duratioaglared.
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3. Conclusions

The combination of a variety of beamlbased techniques has been shown to provide
detailed nanoscale information regarding thentis&ry of alkaltactivated binders, which has
not been accessible through laboratbaged analysis. Synchrotron infrared microscopy has
shown the detail of the effects of nanoparticle seeding on geopolymer gel hoityogeae
chemical and microstructurével. In situ neutron pair distribution function analysis shows
the evolution of both bonding environments in framework andfranework species during
the formation of the geopolymer binder.-rXy fluorescence microscopy provides an
understanding of emental distributions on a length scale as fine as tens of nangmétites
tomography provides the opportunity for thidiemensional reconstruction of the distribution
of pore and solid phases. Each of these techniques in isolation is powerful, botligicg

the data available through situ andex situanalysis and across a wide range of length scales,

a more holistic understanding of the binder structure can be obtained.

In developing future work in this area, it is likely that the most important intowmavill be
gained by the combination of various techniques to provide simultaneoustenhhique
characterization of samplesApproachs involving combinationsof complementary
techniquessuchastomography with elemental specificity, or splyiaesolved spectroscopy

(as in the infrared microscopy presented here), are likely to provide the keyceasiva this
area. The ongoing developments in data acquisition [6larg®handlind63, 64]which are
beginning to make available situ analysis of reaction processes by advanced techniques (as
in the PDF work discussed here) will provide powerful analytical capabijldied these data

will then require detailed cweptual and/or kinetic modeling to provide a detailed
understanding of the key features of the data sets. It is becoming inghgasicommon for

a single technique, used in isolation, to provide important new insight into theusgroct
chemistry of acomplex material system such as an alkativated binder; complementary
studies provide unparalleled power and depth of analysis which cannot often be achieved

from a single technique.
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