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Abstract

:

The focus of the present study is on fibre-reinforced geopolymer composites, whose optimization and application necessarily need a detailed chemical characterization at the micro-nanoscale. In this regard, many geopolymer composites presenting micro and nanometric architectures pose a challenge for scanning electron microscopy with energy dispersive X-ray microanalysis (SEM-EDS) quantification, because of several potential sources of errors. For this reason, the present work reports a SEM-EDS Monte Carlo approach to carefully investigate the complex physical phenomena related to the cited quantification errors. The model used for this theoretical analysis is a simplified fibre-reinforced geopolymer with basalt-derived glass fibres immersed in a potassium-poly(sialate-siloxo) matrix. The simulated SEM-EDS spectra showed a strong influence on the measured X-ray intensity of (i) the sample nano-to-micro architecture, (ii) the electron beam probing energy and (iii) the electron probe-sample-EDS detector relative position. The results showed that, compared to a bulk material, the X-ray intensity for a nano-micrometric sized specimen may give rise to potential underestimation and/or overestimation of the elemental composition of the sample. The proposed Monte Carlo approach indicated the optimal instrumental setup depending on the sample and on the specific SEM-EDS equipment here considered.
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1. Introduction


There is an urgent need to find an alternative to the ordinary Portland cement (OPC) with new materials with the same, or even improved, performance and lower environmental impact [1,2]. In this context, fibre-reinforced geopolymers, where natural or synthetic fibres are immersed in a geopolymer matrix, are promising materials that can fulfil the requests mentioned above [3,4]. For structural applications, carbon, basalt-derived or glass fibres are commonly employed to enhance strength and fracture toughness of the composite, but also the use of alumina, silicon carbide and mullite is under investigation [5,6,7,8]. The geopolymer matrix is an inorganic ceramic-like material that presents chains or network of covalently bonded molecular units, as described by Davidovits in 1979 [9,10]. Rock-forming minerals, industrial by-products and amorphous silica are used as starting raw materials due to their mineralogical and crystallo-chemical properties, which must be carefully taken into account and investigated [10,11,12]. The most common raw material employed to synthesize geopolymers is metakaolin (MK), i.e., dehydroxylated kaolinite, together with properly selected amounts of alkaline activators such as sodium or potassium hydroxides and/or soluble alkali-silicates (e.g., sodium silicate Na2SiO3). The result of this geopolymerisation reaction is a three-dimensional network of covalently bonded SiO4 and AlO4 tetrahedra, called (Na,K)-poly(sialate-soloxo) geopolymer [10]. Both the reinforcing fibres and the matrix may present micro-nanometric features that, for geopolymers, may be down to 5 nm [10,13,14,15].



Hence, the use of analytical techniques at the micro and nano-scale, such as scanning electron microscopy (SEM) and energy dispersive X-ray microanalysis (EDS), transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS), nuclear magnetic resonance (NMR), micro-computed tomography (µCT) and scanning probe microscopy (SPM), is required to obtain information of these composite materials, which are fundamental to better understand their mechanical performances at the macroscopic scale [13,16,17,18,19,20]. From this perspective, SEM coupled with EDS is a suitable instrumental approach to characterize the micro/nanomorphology, the texture and architecture and the local chemistry of both freshly synthesized geopolymeric composites and mechanically stressed specimens [21,22]. Indeed, the correlation between morphology and local chemistry is of utmost importance to devise fibre-reinforced geopolymeric composites with desired mechanical properties because these are controlled by several factors. For instance, it is expected a deep influence on the quality of the final product from the formulation of the geopolymeric matrix, which in turn affects the rate of the reaction and the homogeneity of the geopolymer, the resistance to corrosion of the geopolymer particles/fibres, the distribution of the fibres, and the interface between the fibres and the matrix.



However, qualitative and quantitative SEM-EDS analyses at the micro/nanoscale are extremely challenging, because typical corrections for matrix effects, such as ZAF procedures (where Z, A and F are the atomic number, absorption and characteristic fluorescence corrections, respectively), cannot be applied since their supporting hypothesis (the specimen is neither “infinitely” thick nor flat) falls in the considered space domain [23]. For this reason, the X-ray microanalysis of features such as inhomogeneities, reaction products, inclusions, particles, fibres at the micro/nanoscale requires particular attention because several effects may affect the measurement, leading to erroneous results and interpretations. Just to cite some examples reported by Ritchie [24] and in recent literature [25,26,27], we can list the following: the specimen-to-EDS detector configuration, the size and penetration depth of the electron probe with respect to the size and shape of the feature (particle/fibre), inelastic and elastic electron scattering, the X-ray adsorption paths toward the EDS detector, and the specimen-to-EDS detector configuration.



To overcome this issue, the use of SEM-EDS Monte Carlo simulations is a powerful approach to better understand the physical phenomena giving rise to measurement errors. By modelling the electron transport and generation of X-rays in solids under realistic experimental conditions [25,26,27], it is possible to devise a suitable and practical analytical protocol for fibre-reinforced geopolymer composites. To this aim, in the present work, we performed SEM-EDS Monte Carlo simulations, considering different instrumental operating conditions for the analysis of a geopolymer composite with a potassium-poly(sialate-siloxo) matrix (K-PSS) and basalt-derived glass fibres reinforcement.




2. Materials and Methods


2.1. SEM-EDS Monte Carlo Method


The Monte Carlo method is an invaluable tool to calculate the electron trajectories inside materials, where realistic EDS detectors and the generation and transport of X-rays can be accounted for in the simulation of the X-ray spectrum [25,27]. Since fibre-reinforced geopolymers are composites with complex micro-/nanosized substructures, a complete understanding of the physical phenomena occurring during SEM-EDS measurements is of the utmost importance for a precise and accurate quantitative X-ray microanalysis.



The SEM-EDS Monte Carlo model considers the three-dimensional trajectories of electrons as sequences of straight segments, each weighted by the mean free path and ended by an elastic scattering event, which is modelled with different methods as described in [28,29,30]. The average energy loss due to inelastic collisions is modelled within the continuous slowing down approximation [31], with the energy loss in the travelled distance described by the Joy-Luo expression [32]. The ionisation cross-section is modelled according to the parameterized analytical expression of Bote and Salvat [33,34]. 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 [35]. To obtain the primary continuum (Bremsstrahlung) non-isotropic emission, the simulations considered the tabulated partial and total cross-sections for Bremsstrahlung production of Seltzer and Berger [36,37,38,39]. X-ray absorption considers the photoelectric component of the mass absorption coefficients calculated by Chantler and co-workers [40].



In the present modelling, both characteristic primary and continuum (Bremsstrahlung) X-ray photons propagate in random directions and could either be absorbed by photoionization or escape the materials. Following the specific probabilities, the relaxation yields secondary X-ray fluorescence of the absorbing element [24].



A realistic SEM-EDS setup was modelled, considering a modern silicon drift detector (SDD) and an electron probe of 5 nm. The SDD energy dispersive X-ray detector was simulated taking into account its resolution and efficiency: 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 mm2, 2000 channels each of 10 eV and a resolution of 124 eV (FWHM at Mn Kα). 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.




2.2. Fibre-Reinforced Geopolymer Model


We considered a geopolymer composite with a potassium-poly(sialate-siloxo) matrix (K-PSS) and basalt-derived glass fibres as reinforcement.



In detail, a 3D cylindrical basalt-derived glass fibre embedded in a K-PSS geopolymer matrix, infinitely thick compared to the depth of penetration of the electrons, was simulated to study the case of a fibre-reinforced geopolymer composite sectioned for SEM-EDS microanalysis, as shown in Figure 1a. In our model, the fibre is perpendicularly oriented with respect to the sample surface; hence, the section of the basalt-derived glass fibre is circular. The radius of the fibre (in our model, the radius of the circular section) was varied between 0.1 and 20 μm (0.1, 0.3, 0.5, 0.75, 1, 3, 5, 7.5, 10 and 20 μm), with a fibre length of 50 μm, investigating the effects of different electron beam energies between 2 keV and 20 keV, which are commonly used in SEM-EDS analysis. The surface roughness of the sample is assumed to be atomic-flat, not influencing the EDS analysis. We employed a typical composition of basalt-derived glass fibre, as reported by [41,42,43], whose chemical composition, expressed as the mass fraction of oxides, is reported in Table 1, with a mass density 2.66 g/cm3 [41,44,45]. Basalt fibres are produced by melting volcanic basalt rocks at 1450–1500 °C at atmospheric pressure into a furnace, and forcing the molten material through platinum/rhodium crucible bushings to create fibres (see [7] for details of the process). The resulting glass fibres are thus expected to retain only the mean elemental chemistry of the starting minerals. A K-PSS geopolymer produced by the reaction of metakaolin and potassium-bearing alkaline activators was considered. Metakaolin is a very common starting raw material that can be obtained by thermal dehydroxilation of natural kaolin, whose structural properties also depend on the microstrain [46]. The K-PSS geopolymer had oxide molar ratios K2O:Al2O3:4SiO2:6H2O, identified as the typical stoichiometric composition of K-PSS [10], and a mass density of 1.50 g/cm3 [10].



The simulations were performed considering both the electron beam focused on the centre of the circular section of the fibre (see Figure 1a) and several focussing points with the distance varying between 250 nm and 100 μm, to investigate the fibre-to-matrix interface (see Figure 1b for the sake of a graphical example).





3. Results and Discussion


The general hypothesis governing the quantitative SEM-EDS microanalysis is that the sample behaves as a bulk material, which in the present work is defined as a material sufficiently large enough to contain all the electron trajectories and the generated X-rays. This assumption is not valid when the features and architectures of the sample are in the micro- or nano-domain, because of the scattering volume of the electrons, which can be larger than the size of the investigated object. Hence, the occurrence of large quantification errors in such cases is expected. In addition, shape-dependent factors may have a non-negligible effect on the microchemical analysis. For these reasons, it is necessary to understand and evaluate the complex physics behind these issues, and a detailed SEM-EDS Monte Carlo investigation is a suitable approach for this purpose [25,26,27].



In the present work, we performed Monte Carlo simulations to obtain the SEM-EDS spectra of a basalt-derived cylindrical glass fibre embedded in a K-PSS geopolymer matrix. The fibre was oriented with its axis perpendicular to the sample surface, resulting in a circular section (see Figure 1a,b). This model was employed to produce two sets of data related to:




	
different combinations of fibre size and electron beam energy (Figure 1a);



	
the position of the electron probe focussing point with respect to the centre of the circular section of the fibre (Figure 1b).








The simulations considered realistic experimental conditions to obtain useful indications for a precise and accurate quantitative microanalysis on this composite material.



3.1. Fiber Core Analysis


In the first case, we considered the electron probe focused on the centre of the circular section of the fibre, investigating how the sample geometry (radius of the fibre) and the chosen electron beam energy influence the X-ray microanalysis. The radius of the basalt-derived glass fibre and the electron beam energy were varied in the range 100 nm–20 µm and 2–20 keV, respectively. The aim is finding the optimal working setting that should be used to avoid quantification errors when using a SEM-EDS instrumental setup as described in Section 2.



To show how the cited parameters (electron beam energy and radius of the fibre) may influence the microchemical quantification, we report in Figure 2a,b an example of the three-dimensional electron trajectory images generated by the Monte Carlo simulations, reported as bidimensional projections on the xz plane. It can be noted that, despite the size of the electron probe is only 5 nm and the beam is focused on the centre of the circular section, when the acceleration voltage is the typically used 20 kV, the electrons are able to pass through a fibre with radius of 300 nm (green trajectories) and penetrate the geopolymer matrix (blue trajectories) for up to about 5 µm in depth and laterally scattering for about 8 µm (Figure 2a). For these measurement conditions, the SEM-EDS spectrum is obviously a combination of X-rays generated from both the fibre and the matrix, with the latter giving a very high contribution. Additionally, the backscattered electrons (grey trajectories) escape mostly from the matrix rather than the fibre.



By varying the instrumental configurations via Monte Carlo simulation, it was observed that the electron trajectories are confined inside the fibre when using an acceleration voltage of 6 kV, or lower, for a fibre with a radius of 300 nm and for the specific conditions considered in our model (Figure 2b). In this case, the backscattered electrons only escape from the fibre.



The SEM-EDS spectra were simulated as if they were acquired from the specific silicon drift detector and SEM chamber setup described in Section 2, as a function of both the glass fibre radii and electron beam energies. All the contribution to the X-ray generation (even secondary fluorescence from primary characteristic X-rays and Bremsstrahlung) were included in the simulated spectra. Before performing the integration of each characteristic X-ray line, the background was subtracted from the SEM-EDS spectra.



The results of the described Monte Carlo approach are reported for the main elements composing the basalt-derived glass fibre and the geopolymer matrix in Figure 3. In detail, Figure 3a–h show how the integrated X-ray intensity varies for the X-ray Kα lines of Si, Al, Fe, Ca, Mg, Na, K, Ti depending on the selected electron beam energy. The figures report the simulated intensities for both a glass fibre with variable radius in the range 100 nm–20 µm (continuous lines for the extreme values) and the reference bulk material (black dashed line). A non-linear reduction of the X-ray intensities of Si Kα, Fe Kα, Ca Kα, Mg Kα, Na Kα, Ti Kα as a function of the radius of the circular section of the fibre can be observed, down to the minimum value of 100 nm.



Conversely, the intensity of the Al Kα and K Kα lines increases because these elements are present also in the Al- and K-rich geopolymer matrix. Furthermore, considering the bulk material as a reference, the intensity deviates for radii of the basalt-derived fibre lower than about 5 μm at 20 keV, 3 μm at 15 keV, 1 μm at 10 keV and 0.3 μm at 5 keV. Hence, below these sizes, the X-ray generation volume is greater than the fibre radius.



More into details, if we consider the variation of the X-ray intensity as a function of the fibre radius (see Figure A1 in the Appendix A), the Si Kα (1.740 keV) presented a very peculiar trend (Figure A1a). In fact, by reducing the radius of the glass fibre, there is an initial increase of the integrated intensity below 5 µm, then the intensity abruptly decreases below 1 µm. Such a trend is more evident at 20 keV, then it gradually decreases by reducing the acceleration voltage. From the point of view of the microchemical analysis of the fibre, these results suggest that the measurement of Si Kα X-rays would be overestimated for fibre with a radius in the range 0.3–5 µm, underestimated when the radius is lower than about 0.3 µm, and correct for fibre radii greater than 5 µm. The origin of this trend for fibre with a radius of 0.3–5 µm resides in the finite-size (mass) effect being lower than the reduced X-ray absorption. The results seem to suggest that an electron beam of 6 keV would produce X-ray intensities for most of the elements in the basalt-derived glass fibre very close to those of the bulk of this material (see Figure 3). However, this beam energy is not enough to induce the generation of the Fe Kα X-ray line, whose K absorption edge is higher than 6 keV (7.112 keV). Furthermore, the K absorption edges of Ti, Ca and K atoms (4.967 keV, 4.038 keV and 3.607 keV, respectively) are too close to the electron probe energy of 6 keV to produce a useful X-ray intensity.



The present Monte Carlo simulations, performed with the considered experimental conditions, clearly show that it is of the utmost relevance accounting for the measurement issues here described; otherwise, performing a quantitative SEM-EDS microanalysis of a basalt-derived glass fibre would result in erroneous determinations and/or interpretations of the local chemistry. For the sake of an example, if a fibre of 500 nm radius is analysed with a 15 keV electron beam, the microchemistry from the Kα lines of Fe, Ca, Mg Na and Ti would be underestimated by about 22, 27, 35, 30 and 32%, respectively, whereas the Si Kα, Al Kα and the K Kα lines would be overestimated by 1, 24 and 320%, respectively.




3.2. Fibre-Geopolymer Interface Analysis


When dealing with a composite material with micro-to-nanometric features and architectures, a major role in determining the properties of the whole composite is played by the chemistry, the structure and the features of the interface between the different components. However, for this kind of investigation, it is of the utmost importance to understand both the potentials and the limits of the SEM-EDS microanalytical technique by accurately considering the underlying physical phenomena. In fact, it is known that the spatial resolution of the secondary electrons can reach the nanometre level, but the spatial resolution of the microanalysis (chemical resolution) is much lower. Hence, the analytical focussing point must be carefully chosen to avoid possible quantification errors.



For this reason, here, we proposed an example consisting of the analysis of the same kind of composite material (basalt-derived fibre embedded in a K-PSS geopolymer matrix), moving the position of the focussing point along the x direction at different distances, as shown in the model of Figure 1b. For these simulations, we set the electron beam energy to 15 keV and the fibre radius to 2 μm, whereas the position of the electron beam probe was varied between −100 μm and 100 μm with respect to the centre of the circular section of the fibre (see Figure 1b).



The results of this analysis are graphically reported in Figure 4, which shows the integrated X-ray intensity of the X-ray Kα lines of Si, Al, Fe, Ca, Mg, Na, K, Ti as a function of the position of the electron probe. For the sake of clearness, the relative position of the silicon-drift detector is, as shown in Figure 1b, on the right part of the axis of the graphs reported in Figure 4. The plots are zoomed between −5 μm and 5 μm, with the position of the basalt-derived fibre highlighted in red.



It is possible to distinguish different effects, trends and features according to the elements present in the fibre and/or in the matrix. The simplest one is given by some elements present only in the fibre (Fe, Ca, Mg, Na, Ti) or also in the geopolymer matrix (K), where the integrated X-ray intensities follow a “hat-/muffin-shaped” curve with its maximum (minimum in the case of potassium) inside the fibre. The results show that, when the point of analysis is on the matrix, for distances lower than about 1 μm from the edge of the fibre, there is a significant contribution from the fibre X-ray lines of Fe, Ca, Mg, Na, Ti and, conversely, a non-linear reduction of the X-ray intensity of potassium. In addition, it can be noted that the “hat/muffin-shaped” curves are symmetric with respect to the origin (zero distance, centre of the circular section of the fibre) for Fe Kα, Ca Kα, Ti Kα and K Kα, but they are asymmetric and show a slight decrease of the X-ray intensities at negative displacements of the focussing point for the lines Mg Kα and Na Kα.



This difference is due to the energy of the characteristic X-rays of magnesium and sodium, which is lower than that of the other, heavier elements, and to the relative position of the focussing point, fibre and EDS detector. In fact, moving the focussing spot in the negative x axis of the graphs reported in Figure 4 means that the generated X-rays must travel a longer path to reach the detector (placed on the positive axis) and/or pass through the fibre that has a mean atomic number and a density higher than the matrix. Since low-energy X-rays have a higher probability of being adsorbed than high-energy ones, this explains the asymmetry and the different shapes of the curves for the light elements (Mg, Na) with respect to heavier ones (Fe, Ca, Ti, K).



A very interesting and relevant behaviour is observed for the Kα lines of Si and Al, basic and important elements present in both the basalt-derived glass fibre and the geopolymer. Monte Carlo simulations resulted fundamental to understand the chemical contribution of the two constituting components. In fact, for these characteristic X-rays, moving from the matrix to the fibre means changing the contributions to the EDS spectra arising from the different components, with a non-linear, asymmetric trend. Using the Si Kα line as an example (Figure 4a), displacing the focussing point from −100 μm to 100 μm resulted in an initial intensity plateau corresponding to the geopolymer matrix (data not shown), which started dropping at about −4 μm from the left fibre’s edge (−2 μm). Then, from about −2.2 μm from the fibre centre, the X-ray intensity rose to a first local maximum at about −0.5 μm. The second (absolute) maximum was found inside the right fibre’s edge (+2 μm), at about +1.5 μm from the centre of the fibre. Finally, the intensity of the Si Kα reaches the same plateau value found on the negative axis at about +4 μm from the right edge of the fibre. This trend can be explained by the geopolymer matrix being less dense and less rich in silicon than the basalt-derived fibre, resulting in the observed lowered X-ray intensities outside the fibre, and by the different paths travelled by the generated characteristic X-ray radiations to reach the detector, as previously discussed. Similar considerations can be extended to the Al Kα line, but for this element, the concentration is higher in the geopolymer matrix than in the fibre.



Finally, the results here obtained for the analysis of the proposed composite material provide further implications for other analytical circumstances, where both the instrumental settings and sample geometry (size, shape) could play an important role. For example, here, a single straight fibre was modelled, but more fibres could be present, with complex geometries, e.g., twisted and/or tangled. Additionally, according to the interest in characterizing the matrix, the fibre and/or their interface, it could be important considering the position of the focussing point for the microanalysis.





4. Conclusions


The present work highlighted that several effects influence both qualitative and quantitative X-ray microanalysis of geopolymer composite materials, with important repercussions on the correct interpretation of the results. In this context, Monte Carlo simulations of the generation of the SEM-EDS spectra are an effective and powerful tool to predict the several potential issues associated with the investigation of the nano-micro sized architecture of the composite materials. In general, the results suggested a necessary compromise between operative parameters of the SEM-EDS instruments because the use of high acceleration voltages, on the one hand, increases the intensity of the X-ray lines and excites heavier elements, but on the other hand, the chemical spatial resolution worsen because of the increased electron penetration and scattering. By taking into account different combinations of the experimental conditions, specific sample geometries (thickness and shape), features, chemistry and electron beam energy, it is possible to obtain “a priori” knowledge that could help the experimentalist in performing a correct SEM-EDS analysis, avoiding errors that may be up to several tens of percentages in the X-ray intensity measurements. Finally, Monte Carlo simulation can be used to devise and assess the correct nano-microanalytical spatially resolved methodology for the specific sample and chemistry involved, for instance, the use of TEM-EDS and EELS instead of SEM-EDS.
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Figure A1. Simulated SEM-EDS integrated X-ray intensities of (a) Si, (b) Al, (c) Fe, (d) Ca, (e) Mg, (f) Na, (g) K and (h) Ti Kα lines, plotted as a function of the fibre radius, for selected electron beam energies and with the analytical point on the centre of the circular section of the fibre. 
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Figure 1. Geometrical models of the simulated SEM-EDS setup. (a) Circular section of a basalt-derived glass fibre embedded in a potassium-poly(sialate-siloxo) geopolymer matrix, with 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°. (b) Example of spots for EDS microanalysis. The surface roughness of the sample is assumed not to influence the EDS analysis. Images created with the POV-Ray software. 
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Figure 2. Bidimensional projections of the three-dimensional electron trajectories simulated inside a basalt-derived glass fibre (orange area, radius of 300 nm, “infinite” height) embedded in a K-PSS geopolymer matrix (black area) for an electron beam energy of (a) 20 keV and (b) 6 keV. When the electrons are moving inside the fibre or the matrix, or when they are escaping the sample surface, the trajectories are coloured in green, blue and grey, respectively. 






Figure 2. Bidimensional projections of the three-dimensional electron trajectories simulated inside a basalt-derived glass fibre (orange area, radius of 300 nm, “infinite” height) embedded in a K-PSS geopolymer matrix (black area) for an electron beam energy of (a) 20 keV and (b) 6 keV. When the electrons are moving inside the fibre or the matrix, or when they are escaping the sample surface, the trajectories are coloured in green, blue and grey, respectively.



[image: Jcs 05 00214 g002]







[image: Jcs 05 00214 g003 550] 





Figure 3. Integrated X-ray intensities of (a) Si, (b) Al, (c) Fe, (d) Ca, (e) Mg, (f) Na, (g) K and (h) Ti Kα lines, plotted as a function of the electron beam energy and for different radii of the basalt-derived glass fibre. The graphs report also the trend simulated for the bulk-like material (black dashed line). Legend in (a). 
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Figure 4. Integrated X-ray intensity calculated from simulated EDS spectra of the composite sample as a function of the distance of the analytical point from the centre of the circular section of the glass fibre (see Figure 1b). The red area in the various plots represents the fibre vertical section, with a radius of 2.0 μm. The reported trends are those calculated for the Kα X-ray emission line of (a) Si, (b) Al, (c) Fe, (d) Ca, (e) Mg, (f) Na, (g) K and (h) Ti. 
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Table 1. Oxides mass fraction (wt%) of basalt-derived glass fibre.
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	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Na2O
	K2O
	TiO2
	P2O5
	MnO





	50
	15
	14
	9
	6
	2.3
	1.7
	1.6
	0.2
	0.2
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