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ABSTRACT

The development, optimization and application of new geopolymer composite materials must necessarily go
through a precise and accurate physico-chemical and mineralogical characterization down to the micro and
nanoscale. In this regard, SEM-EDS X-ray microanalysis is widely and successfully employed by the scientific
community and industry. However, the nano-to-micrometre sized architecture of many geopolymer composites
introduces many difficulties and issues in SEM-EDS quantification, with potential large sources of error that
should carefully be taken into account and investigated. In this work, a SEM-EDS Monte Carlo approach is
proposed to study the complex physical phenomena at the basis of the quantification issues and errors, through
the investigation of: (i) a not completely reacted sodium-poly(sialate-siloxo) geopolymer, and (ii) a geopolymer
composite with a potassium-poly(sialate-siloxo) matrix and basalt-derived glass fibres reinforcement. The Monte
Carlo simulation evinced a strong influence of the nano-microsized specimen architecture (e.g., basalt fibre size
and shape, different elemental composition between fibre and matrix) on the measured X-ray intensity, with
contributions also depending on the SEM electron beam energy. The proposed approach provided fundamental
indications for selecting optimal operative conditions depending on the type of geopolymer sample, shape, size

with the specific SEM-EDS setup and silicon drift EDS detector here used.

Introduction

Geopolymers are inorganic ceramic-like materials introduced by
Davidovits in 1979 [1]. Their polymeric character is due to the forma-
tion of molecular units linked in chains or networks by covalent bonds
[2]. The typical starting raw materials are rock-forming minerals,
amorphous silica, industrial by-products, whose mineralogical and
crystallo-chemical properties are fundamental key factors [2-4]. For
instance, the use of dehydroxylated kaolinite, known as metakaolin, in
an alkaline synthesis route with (Na,K)-hydroxides and/or soluble
alkali-silicates gives a (Na,K)-poly(sialate-soloxo) geopolymer, in a
3D-framework of SiO4 and AlO4 tetrahedra [2]. The
micro/nano-structure of geopolymers that depends on a variety of fac-
tors, such as lability of silicate species, were observed to be character-
ized by nanoclusters even down to 5 nm in size [2,5-7]. Hence, their
characterization requires advanced microscopy and
micro-nanoanalytical techniques already successfully applied in miner-
alogical sciences and related fields, such as transmission electron mi-
croscopy (TEM), electron energy loss spectroscopy (EELS), scanning
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electron microscopy (SEM) together with energy dispersive X-ray
microanalysis (EDS), nuclear magnetic resonance (NMR) and scanning
probe microscopy [5,8-11]. Geopolymers are attracting the interest of
the scientific community and industry due the potential high perfor-
mance and lower environmental impact with respect to ordinary Port-
land cement [12,13]. Furthermore, new composite materials are
recently investigated based on the combination of geopolymers and
inorganic or natural fibres, with the aim to enhance strength and frac-
ture toughness. The development of fibre-reinforced geopolymer com-
posites for structural applications mostly employs carbon,
basalt-derived or glass fibres, with the recent study of the application
also of alumina, silicon carbide and mullite [12,14-16].

Among the above mentioned characterization techniques, scanning
electron microscopy (SEM) together with energy dispersive X-ray
microanalysis (EDS) is a widely used methodology for the study of
several fundamental properties of the newly synthesized geopolymeric
composites as prepared and after mechanical stress application (e.g.,
micro-to-nano morphology, chemistry and structure of both the parti-
cle/fibre reinforcement and geopolymer matrix), because of the ease of
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application and useful morphological and micro-chemical information
provided [17,18]. This type of investigation can provide fundamental
contributions both on the efficiency of the geopolymeric reaction in
terms of homogeneity of the geopolymer matrix and complete con-
sumption of reagents, and on the preservation or corrosion of the
micro/nano-particles/fibres, their distribution in the matrix, and also
analysis of particle/fibre — matrix interface. All these characteristics of
the geopolymer composite deeply influence the mechanical behaviour of
the final composite product.

However, in the SEM-EDS analysis, the micro-to-nano architecture of
geopolymer composites determines several issues that make it often not
possible to assume the hypothesis of application of the corrections for
matrix effects (e.g, ZAF procedures), since the specimen is neither
“infinitely” thick, nor flat [19]. In fact, the qualitative and quantitative
chemical analysis of micro and even nano-domains (e.g., in-
homogeneities, reaction products, inclusions, particles, fibres) is often a
challenge since several factors may affect the measurement and lead to
incorrect interpretations. As already cited, these factors are: (1) the
small particle/fibre thickness compared to the electron beam penetra-
tion depth; (2) the inelastic and elastic electron scattering inside the
micro/nano-particle/fibre, strongly dependent on the average atomic
number; (3) the path of absorption of X-rays toward the detector,
together with the take-off angle and the contribution of secondary
fluorescence, whose volume of generation could be more than an order
of magnitude greater than that of X-rays generated by electron impact
[20]; and (4) the specimen-to-EDS detector configuration.

In this work, we present an approach based on SEM-EDS Monte Carlo
simulations to investigate the physical phenomena at the base of the
cited issues in the analysis of geopolymer composites. The Monte Carlo
simulation allows to model the electron transport and generation of X-
rays in solids under realistic experimental conditions [21-23], and was
here used to predict systematic errors in SEM-EDS quantitative mea-
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complete understanding of the involved physical phenomena (i.e.,
electrons scattering, and generation, absorption and fluorescence of
X-rays) for a precise and accurate quantitative SEM-EDS X-ray micro-
analysis of geopolymer composites and their micro-/nanosized
substructures.

The SEM-EDS Monte Carlo model considers the 3D trajectories of
electrons as sequences of straight segments, each weighted by the mean
free path and ended by an elastic scattering event. The continuous
slowing down approximation is here employed to take into account the
average energy loss due to inelastic collisions [24]. A basic screened
Rutherford model [25], the Mott scattering cross section of Czyzewski
and co-workers [26], and the Mott cross section of Jablonski and
co-workers [27] model the elastic scattering. The Joy-Luo expression
[28], that is an empirical modification of Bethe energy loss equation
[29], models the energy loss dE with respect to the travelled distance ds
(keV/cm):

dE Zp . (1.166E,
i 10°=E£ —
ds 85 x OAE,-H( T )
. J
S —

1+ (W/E)

k=0.731 4 0.0688log,,Z
J = (9.76Z+58.5Z2""°) x 107*

where A is the atomic weight (g/mole), E; the electron energy (keV) at
any point in the specimen, Z the atomic number, p the density (g/cm®), J
the average loss in energy per event and J* the modified mean ionization
potential.

The parameterized analytical expression of Bote and Salvat is used to
model the ionisation cross-section o; [30,31]:
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surements of geopolymer micro/nano-composite structures and provide
a suitable analytical strategies for a correct nano-analysis. Two cases
were considered for this purpose:

e A not completely reacted sodium-poly(sialate-siloxo) geopolymer
(Na-PSS);

e A geopolymer composite with a potassium-poly(sialate-siloxo) ma-
trix (K-PSS) and basalt-derived glass fibres reinforcement.

Several SEM-EDS operating conditions were simulated to investigate
their effect on the qualitative and quantitative nano-microanalysis and
suggest a strategy for precise and accurate measurements.

Models in SEM-EDS Monte Carlo simulations
Physical models

The Monte Carlo method is a very effective tool to simulate the
trajectory of electrons inside materials, also calculating the generation
and transport of X-rays in complex samples, and towards realistic EDS
detectors, and to simulate the EDS X-ray spectrum [22,23]. Indeed,
geopolymer composites present complex architectures of the constituent
materials which entail not obvious interactions with the energetic
electrons of the SEM-EDS. It is therefore fundamental to achieve a

where U = E/E, is the overvoltage of electrons with kinetic energy E for
ionization of a particular shell with critical ionization energy E,, ay is the
Bohr radius, ay, ay, as, a4, as, b, g1, 82, g3, g4 are parameters characteristic
of each element and electron shell, A; = 0121\/[]-2/2 with a fine-structure
constant and sz squared dipole-matrix element for ionization, g =
v/c with v electron velocity and c speed of light, X = p/(m.c) with p
electron momentum and m, electron mass.

The fluorescence yields tabulated by Perkins and co-workers are
employed to model the relaxation process of core-shell vacancies for the
characteristic X-rays generation, in isotropic conditions and without
considering photon polarization [32]. Seltzer and Berger’s tabulated
partial and total cross-sections for Bremsstrahlung production are used
for primary continuum (Bremsstrahlung) not isotropic emission
[33-36]. X-ray absorption considers the photoelectric component of the
mass absorption coefficients calculated by Chantler and co-workers
[371.

Both Bremsstrahlung and characteristic primary X-ray photons are
propagated in a random direction and are absorbed by photoionization
or escape the materials after a computed mean free path for photoion-
ization. Following the specific probabilities, the relaxation, consequent
upon photoionization, yields secondary X-ray fluorescence of the
absorbing element [20].

A realistic SEM-EDS setup was modelled, considering a modern Sil-
icon Drift Detector (SDD) and an electron probe of 5 nm. The SDD energy
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Fig. 1. Geometrical models of the simulated SEM-EDS set-up. (a) Metakaolin booklet, 2 ym x 2 pm wide and with a variable thickness down to 0.1 pm, embedded in a
sodium-poly(sialate-siloxo) geopolymer, with the electron beam focussed on the centre of the top-surface of the particle. (b) Longitudinal section of a basalt-derived
glass fibre embedded in a potassium-poly(sialate-siloxo) geopolymer matrix, with the long axis of the fibre oriented perpendicularly to the detector, and the electron
beam focussed on the centre of the fibre top-surface. The silicon drift EDS detector was set with an elevation angle of 35° both in (a) and (b). Schematics were

modelled with the POV-Ray software.

Table 1

Oxides mass fraction (weighted percentage) of basalt-derived glass fibre.
SiOy Al,03 Fe,03 CaO MgO
50 15 14 9 6

Na,O K20 TiO, P,Os MnO
2.3 1.7 1.6 0.2 0.2

dispersive X-ray detector was simulated taking into account its resolu-
tion and efficiency, with the following physical and technical parame-
ters: an ultrathin polymer window (Moxtek AP 3.3 film), an Al layer of
30 nm, a dead layer of 10 nm, a detector crystal thickness of 0.45 mm, a
sample-to-detector distance of 57 mm, a detector area of 30 mm?, 2000
channels each of 10 eV and a resolution of 124 eV (FWHM at Mn Ka).
The detector elevation angle was set to 35°. An electron source with a
Gaussian profile (5 nm Gaussian width) and in parallel illumination
(zero beam divergence) was employed.

Geopolymer composites models
Two models were developed:

o The first one considers the case of a not completely reacted sodium-
poly(sialate-siloxo) geopolymer (Na-PSS);

e The second one regards a geopolymer composite with a potassium-
poly(sialate-siloxo) matrix (K-PSS) and basalt-derived glass fibres
as reinforcement.

In details, in the first model a not completely reacted metakaolin
particle (booklet), of composition SipOs5Al50,, embedded in an “infi-
nitely” extended Na-PSS matrix was simulated (Fig. 1a). Metakaolin is a
very common starting raw material for geopolymer synthesis, and can be
produced by a thermal dehydroxilation of natural kaolin, whose struc-
tural properties are also dependent on the microstrain [38]. The meta-
kaolin particle was approximated with a rectangular cuboid 2 ym x 2 pm
wide, with variable thickness (0.1, 0.3, 0.5, 0.75, 1, 3, 5, 7.5, 10 and 20
pm) and mass density of 2.4 g/cm® [39]. The simulated Na-PSS geo-
polymer presented a composition with oxides molar ratios NayO:
Al03:4S102:6H,0, identified and selected as the typical stoichiometric
composition of Na-PSS [2], and mass density of 1.45 g/cm3 [2]. The
energy of the electron beam, E, was varied between 2 and 20 keV (2, 3,

4,5,6,7,8,9,10, 15 and 20 keV) to study its effect on the analysis and
find out the optimal working conditions, with the beam focussed in the
middle of the particle upper surface.

The second simulated model is a fibre-reinforced geopolymer com-
posite. A hemicylindrical basalt-derived glass fibre embedded in a K-PSS
geopolymer matrix, “infinitely” thick compared to the depth of pene-
tration of the electrons, was simulated to study the case of a fibre-
reinforced geopolymer composite sectioned for SEM-EDS microanal-
ysis (Fig. 1b). The radius of the fibre (in our model equal to the thickness
of the hemicylinder) was varied between 0.1 and 20 pm (0.1, 0.3, 0.5,
0.75, 1, 3, 5, 7.5, 10 and 20 pm), with a fibre length of 50 pm, and
investigating the effects of different electron beam energies, Eq: 5, 10, 15
and 20 keV. A characteristic composition of basalt-derived glass fibre
(Table 1) was used [40-42], considering a mass density of 2.66 g/cm®
[40,43,44]. The K-PSS geopolymer presented oxides molar ratios KoO:
Al03:45104:6H,0, identified and selected as the typical stoichiometric
composition of K-PSS [2], and mass density of 1.50 g/cm3 [2]. The fibre
long axis was oriented perpendicularly to the fibre-to-detector direction,
with the electron beam placed on the centre of the fibre (Fig. 1b).

Results and discussion

SEM-EDS quantitative X-ray microanalysis relies on the assumption
that the sample can be considered as a bulk material, defined as a ma-
terial whose volume has a sufficiently large size to contain all the tra-
jectories of the electrons and the generated X-rays. The microanalysis of
composite materials with nano to microsized structures is therefore
often a challenge. In these cases, large errors in the quantification could
arise because of the extended scattering volume of the electrons with
respect to the size of the investigated object, with not negligible effects,
also influenced by shape-dependent factors. A good comprehension of
complex physical phenomena that are at the basis of these issues can be
achieved through a detailed SEM-EDS Monte Carlo investigation
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Fig. 2. (a,b) 2D projection of simulated 3D electron trajectories inside a metakaolin nanoparticle (brown area, 500 nm thick, and 2 um wide) and Na-PSS geopolymer
substrate (black area). Green and blue trajectories represent the electrons moving inside metakaolin and Na-PSS, respectively, whereas the grey ones are electrons
escaping the sample surface. In panel (a) the electron beam energy is 20 keV, whereas in panel (b) it is 6 keV. (c,d) X-ray emission images of Si Ka line generated from

the electron trajectories reported in (a) and (b), respectively.

[21-23].

As illustrated in the introduction, in the present work we simulated
with Monte Carlo approach the SEM-EDS spectra of the two models,
namely an unreacted metakaolin particle and a basalt-derived hemi-
cylindrical glass fibre, both embedded in a specific geopolymer matrix.
We considered realistic experimental conditions to obtain useful in-
dications for a precise and accurate quantitative microanalysis of these
two composite materials.

Unreacted metakaolin particle in Na-PSS geopolymer matrix

In an ideal geopolymerization reaction, it is expected that all the
reagents (metakaolin, sodium silicate, etc.) transform into the desired
geopolymer. However, the rate of reaction is not always 100% due to a
variety of factor, such as, for example, the correct molar ratio between
the reagents. Hence, it may be possible finding unreacted reagents
embedded in the geopolymer matrix, by analysing the morphology and
microchemistry of the geopolymerization products with SEM-EDS. Here,
we modelled this kind of situation, considering a residual metakaolin

nanoparticle, shaped as a simple prism with square base of 2 pm x 2 ym
and a height between 100 nm and 20 um, inside a Na-PSS geopolymer
(Fig. 1a). The electron beam was focussed on the top of the particle in a
centred position, and we investigated the effects of both the thickness of
the prism and the energy of the electron beam (E( between 2 keV and 20
keV) on the microanalysis of the metakaolin nanoparticle.

To show how the choice of the acceleration voltage influences the
SEM-EDS microanalysis, we report as an example the trajectories of
electrons (Figs. 2a,b) and the X-ray emission image of Si Ka (Figs. 2¢,d)
obtained by focussing an electron beam with 20 keV and 6 keV energy
on a metakaolin booklet 500 nm thick. Although the width of the elec-
tron beam is just 5 nm, when using high acceleration voltages (Fig. 2a)
the electrons not only pass through the nanoparticle (green trajectories),
travelling up to about 6 pm inside the geopolymer matrix (blue trajec-
tories), but they are scattered laterally for more than 7 pm (blue tra-
jectories). Hence, the volume of emission of X-rays extends well beyond
the metakaolin volume, as reported for example for the Si Ka emission,
which is mainly confined in a pear-like volume about 4 um depth and
about 3 um wide (Fig. 2c). With these experimental settings, there is a
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Fig. 3. Integrated X-ray intensities of (a) Si Ku line and (b) Al Ku line as a function of the electron beam energy, for different thicknesses of the metakaolin
nanoparticle, including the trend simulated for the bulk-like material. Panels (c) and (d) report the k-ratios as a function of incident beam energy, calculated from the

X-ray intensity data of the Si and Al Ka lines, respectively.

strong contribution of the geopolymer matrix to the SEM-EDS spectrum
of the metakaolin nanoparticle, obviously leading to an erroneous
analysis. The Monte Carlo simulation allowed to identify 6 keV as the
optimal electron beam energy, because both the electron trajectories
and X-ray emission volume are well confined inside the metakaolin
nanoparticle. Hence, for an acceleration voltage of 6 kV, it is expected
that a nanoparticle 500 nm thick behaves as a bulk of metakaolin,
without any contribution from the surrounding matrix. This observation
can also be extended to backscattered BS electrons (grey trajectories)
that selectively come from the metakaolin particle surface when using a
6 keV beam, whereas even from the Na-PSS surface with a 20 keV beam
(meaning a loss of BS signal from the investigated particle).

From the simulations, we obtained SEM-EDS spectra, as acquired
from the specific silicon drift detector and SEM chamber setup here
modelled, for the different particle thicknesses and electron beam en-
ergies. Secondary fluorescence generation and transport from Brems-
strahlung and primary characteristic X-rays were accounted for. Then,
the background was removed and each characteristic X-ray line was
integrated for each SEM-EDS spectrum.

The main results of the elaboration of the Monte Carlo data on the
microanalysis of the embedded metakaolin nanoparticle are reported in
Fig. 3. The first two panels (Fig. 3a,b) show the trend of the integrated X-
ray intensity for the case of Si Ka X-ray line (1.740 keV) and Al Ko X-ray
line (1.487 keV) as a function of the selected electron beam energy. The
thickness of the metakaolin booklet was varied between 100 nm (dashed
blue line with star marker) and 20 um (dashed yellow line with x

marker). Furthermore, we used the same SDD detector and SEM setup to
perform a simulation of analysis on an “infinitely” extended metakaolin
bulk sample chosen as reference standard and graphed the results as a
dotted violet line with x marker. As shown in Fig. 3a,b a great variation
of the X-ray intensity was observed depending on both the metakaolin
thickness and specific beam energy, with Al Ka X-ray line, less energetic
than Si Ko, presenting a more pronounced effect of intensity variation.
To better evaluate and quantify the specific effects, we calculated the k-
ratio, defined as the ratio between the integrated intensity calculated for
a particular X-ray emission line of metakaolin (Mk) nanoparticle and the
integrated intensity of the same X-ray line calculated for the bulk met-
akaolin (Fig. 3c,d). The desired optimal working conditions are there-
fore to be chosen between those operating conditions giving k-ratio close
to 1. In the case of Si Ka X-ray line, as a general observation, a combi-
nation of Eg > 10 keV and Mk thickness < 750 nm gives a loss of X-rays
(k-ratio < 1), whereas Eg > 10 keV and Mk thickness > 750 nm gives an
increase in X-rays (k-ratio > 1). The cause of this peculiar trend must be
sought in the combination of elastic/inelastic scattering of electrons
inside the booklet and Na-PSS geopolymer matrix, X-ray generation,
transport, absorption and fluorescence, together with the booklet
thickness and shape components (also taking into account the lateral
size of 2 ym), silicon wt%, type of chemical elements and density of both
metakaolin and geopolymer. For instance, focussing the attention on the
use of a 15 keV beam, k-ratio < 1 for a thickness < 500 nm due to the
small mass of metakaolin excited by the electrons with respect to a bulk
metakaolin. For thicknesses > 1 pm, (i) an always higher percentage of
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Fig. 4. (a,b) Simulated electron trajectories in the case of a basalt-derived glass fibre (brown area, radius of 500 nm) embedded in a K-PSS geopolymer matrix (black
area). Green and blue trajectories represent the electrons moving inside metakaolin and K-PSS geopolymer, respectively, whereas the backscattered electrons are
represented by grey lines. In panel (a) the electron beam energy is 20 keV, whereas in panel (b) it is 6 keV. (c,d) X-ray emission images of K Ka line generated from the

electron trajectories reported in (a) and (b), respectively.

the detected Si Ko X-rays is generated inside metakaolin, and (ii) these X-
rays undergo a reduced absorption with respect to a bulk metakaolin,
because of the lower mean atomic number and density of the geo-
polymer matrix. The case of the 750 nm thick booklet is a very particular
condition, where the combination of X-ray generation and absorption
gives a k-ratio near to the bulk case. On the contrary, focussing the
attention on the use of a 10 keV beam, the lateral extension of the
detected Si Ka X-rays is about only 1.2 um (well below the metakaolin
lateral size of 2 um; data not showed) and thus the above cited reduced
absorption effect is minimized, with k-ratio < 1.

Independently on Ey and Mk thickness, for Eg < 10 keV and Mk
thickness > 750 nm Si Ka X-rays are comparable with a Mk bulk (k-ratio
~ 1). Differently, Al Ka X-ray line has a bulk-like behaviour (k-ratio ~ 1)
for Eg < 10 keV and Mk thickness > 1 ym, independently on Ey and Mk
thickness, whereas a strong X-ray reduction is observed particularly for
high Eq and/or low thickness, up to more than 60% in the case of Eg = 20
keV and Mk thickness of 20 um.

The curves of k-ratio suggest the optimal working energy (i.e., where
k-ratio ~ 1) for each specific thickness, being a compromise between the

deviation from the bulk counts and the necessity of achieving high X-ray
counts for statistical reasons.

Basalt-derived glass fibre-reinforced K-PSS geopolymer composite

The second case of geopolymer composite was a 3D hemicylindrical
basalt-derived glass fibre, of composition reported in Table 1, embedded
in a K-PSS geopolymer matrix, representing an example of sample spe-
cifically sectioned and polished for SEM-EDS X-ray microanalysis
(Fig. 1b). To study the effects of the sample geometry and of the chosen
electron beam energy Ej on the X-ray microanalysis and to identify the
optimal working settings that should be used to avoid quantification
errors, the radius of the hemicylindrical fibre, here also representing its
maximum thickness, was varied between 100 nm and 20 um, and at the
same time the beam energy was varied between 5 keV and 20 keV.

Figs. 4a,b show two examples of electron trajectory images gener-
ated by the Monte Carlo simulations. They represent a 2D projection (x-z
plane) of the 3D electron trajectories inside a fibre with radius of 500 nm
(coloured in brown) and the surrounding K-PSS matrix (coloured in
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Fig. 5. Integrated X-ray intensities for the Ka lines of (a) Si, (b) Al, (c) Fe, (d) Ca, (e) Mg, (f) Na, (g) K and (h) Ti, as a function of the electron beam energy. Different

(@)

50 SiKa .
)
=7 <~ * . * * ]
ra
40 4
_ 35} -
@
§
330t g
L
Z 251 1
@
5 * * * *
2aop™ 1
g
T 15F 1
<
10F 1
5k ¥ % * * 3
0 . A
0 10 15 20
Fibre radius [um]
(C) 7 FalKu .
~
o
26t * * * 7
*
5F 1
)
=
5
g4f -
2
2
83 % 1
£
>
g *
x2f 1
*
1k ]
*
ri *  * * *
0 . .
0 10 15 20
Fibre radius [um]
© Mg Ko .
< * * 5kev
S * * *  10keV
sl * 15keV | !
*  20keV
war ]
c
3 - * * *
L
*
E *
S
ot 1
;
x *
o x ¥ * *
1 1
b
k
"
0 A .
0 10 15 20
Fibre radius [um]
25 KKa :
<
o
X
b
20h 1
*
é *
315 j
o, *
2
B
c
Q
Z 10} ]
>
e
X
*
5k 1
* * * * *
*
0 e K K ¥ * ¥ X *
0 5 10 15 20

Fibre radius [um]

(b)

Composites Part C: Open Access 6 (2021) 100183

20 . Al Ka :
<+ * 5keV
< 18} 10keV |
= 15 keV
16k * 20 keV | |
w14k * * * * E
€
5
Q
S12t 3
2
2
H 10 ;* 1
£ *
§ 8F ™ x x * * * L
x
6l ]
4r 4
5 Mool % % * * * L
0 5 10 15 20
Fibre radius [um]
10 . CaKa :
< * * * *
% 9T 4
s *
st ]
— T T
@
H
3 6f j
2,
z sf " 1
@
S *
E 47 1
? *
5 3 1
< [,
2 f*w * * * * * E
*
1k 1
0 + % % % \
0 5 10 15 20
Fibre radius [um]
18 . Na Ka . y
+ * . . %
X 16 . j
* * * * *
*
141 1
w12f g
c *
E
[=}
S 1f * 1
2
2
S08F , 1
£ il * *
* *
zost ¥ 1
5 *
X
0.4 M B
*
0.2 i
*
0 A L .
0 5 10 15 20
Fibre radius [um]
12 ; TiKa .
—
o
x*
= gt * * * * 1
*
T08F 1
c
5
Q
R=A
206F ]
7]
c
2
< %
Foar 1
x|
0.2 ':us * * * * * 3
*
*
0 A L A
0 5 10 15 20

Fibre radius [um]

radii of the hemicylindrical fibre were considered, between 100 nm and 20 pm. Legend in (b).



D. Moro et al.

black). Notwithstanding the ideal focussing of the electron beam in the
middle of the fibre and the use of an electron probe of just 5 nm in width
(green vertical beam), a typical acceleration voltage of 20 kV allows
electrons to pass through the fibre (green trajectories) and penetrate the
geopolymer matrix (blue trajectories) for up to about 6 ym in depth and
laterally scattering for about 8 um (Fig. 4a). The resulting SEM-EDS
spectrum will necessarily be a combination of X-rays from the fibre
and form the matrix, with a great contribution from the latter (data not
shown). As an example, Fig. 4c reports the X-ray emission image of K Ko
line generated by the electron trajectories of Fig. 4a, evidencing an X-ray
distribution close to the electron trajectories’ one, widely produced in-
side the geopolymer matrix. By investigating the various configurations
through Monte Carlo simulation, it was determined that the use of an
electron beam of 6 keV, at the specific conditions taken into account in
our model and for a fibre with a radius of 500 nm, strictly confines the
electron trajectories (Fig. 4b) and also the X-ray generation volume (see
Fig. 4d for the case of K Ka line) inside the fibre. In this last case, even the
backscattered electrons (grey trajectories) only escape from the fibre.

In general, the trend of the integrated X-ray intensities as a function
of the hemicylindrical fibre radius showed a pronounced non-linear
reduction at the lowest thicknesses in the case of Si Ka, Fe Ka, Ca Ka,
Mg Ka, Na Ka, Ti Ko, whereas an X-ray increase for Al Ka and K Ka
(because of the contribution from the Al and K rich geopolymer matrix),
with peculiar trends for each beam energy and type of X-ray line
investigated. In particular, the variations in intensity were observed for
radii of the hemifibre lower than 3 pm at 20 keV, 2 ym at 15 keV, 1 pm at
10 keV and 0.3 pm at 5 keV, meaning that below these thickness values
the X-ray generation volume is greater than the fibre radius.

Fig. 5 shows the results of the integration of X-ray peaks from the
simulated EDS spectra for Si Ka, Al Ko, Fe Ko, Ca Ka, Mg Ka, Na Ka, K Ko
and Ti Ko, reported as a function of the basalt-derived fibre radius for the
considered beam energies of 5 keV (blue), 10 keV (red), 15 keV (yellow)
and 20 keV (violet). Decreasing the fibre radius, Si Ka (1.740 keV)
presented a peculiar trend with an initial increase of the integrated in-
tensity below 5 um, more accentuated at 20 keV, followed by a fast
decrease below 2 um. It means that, at 20 keV, the measurement of Si Ko
X-rays from the fibre would be correct for a radius higher than about 5
um, whereas it will be overestimated for a radius between about 5 and 1
um, and underestimated for a radius lower than about 1 pm. This
behaviour can be explained with a prevalence of the reduced X-ray
absorption effect over the finite size (mass) one for 1 pm < radius < 5
um. It should be noted that an electron beam of 5 keV is not enough
energetic to induce Fe Ko and Ti Ko X-ray generation, due to the high K
absorption edges of 7.112 keV and 4.967 keV, respectively. Similarly, Ca
and K atoms are not efficiently excited by a beam of 5 keV, being this
energy close to the respective K absorption edges, 4.038 keV and 3.607
keV.

It is thus clear that a researcher interested in performing a quanti-
tative SEM-EDS X-ray microanalysis of a basalt-derived glass fibre,
employing the experimental conditions modelled in the present work,
would make substantial errors, if he did not carefully consider the
measurement issues here highlighted. For instance, for a fibre with a
radius of 500 nm analysed with a 15 keV beam, an underestimation of
about 5 % for Si Ka, 45 % for Fe Ka, 50 % for Ca Ka, 35 % for Mg Ka, 40
% for Na Ka, 35 % for Ti Ka, and an overestimation of about 25 % for Al
Ka and even 650 % for K Ka, would be obtained.

Conclusions

The present work highlighted that SEM-EDS qualitative and quan-
titative X-ray microanalysis of geopolymer composite materials should
be carefully designed in order to avoid possible errors or mis-
interpretations. The SEM-EDS Monte Carlo approach was demonstrated
to be an effective strategy to predict the several potential issues asso-
ciated with the investigation of the nano-micro sized architecture of the
composite geopolymers. The specific geometry (thickness and shape),
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features, chemistry and electron beam energy could play an important
role in the precision and accuracy of the analysis. Other particular
conditions easily faced during a routine analysis, like for instance a not
ideally centred beam, a fibre not perfectly straight, or uniform in radius,
are expected to further affect the measurement. Errors up to several tens
of percentages in the X-ray intensity measurement were calculated from
the models and specific SEM-EDS set-up here simulated. However, it was
also demonstrated that the Monte Carlo approach can determine the
optimal SEM-EDS instrumental parameters that should be employed for
each specific sample arrangement in order to perform a precise and
accurate qualitative and quantitative analysis.
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