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ABSTRACT

Microstructural and micromechanical investigation of a fly ash-based geopolymer using: (i) synchrotron
x-ray tomography (XRT) to determine the volume fraction and tortuosity of pores that are influential in
fluid transport, (ii) mercury intrusion porosimetry (MIP) to capture the volume fraction of smaller pores,
(iii) scanning electron microscopy (SEM) combined with multi-label thresholding to identify and
characterize the solid phases in the microstructure, and (iv) nanoindentation to determine the
component phase elastic properties using statistical deconvolution, is reported in this paper. The phase
volume fractions and elastic properties are used in multi-step mean field homogenization (Mori-Tanaka
and double inclusion) models to determine the homogenized macroscale elastic modulus of the
composite. The homogenized elastic moduli are in good agreement with the flexural elastic modulus
determined on macroscale paste beams. The combined use of microstructural and micromechanical
characterization tools at multiple scales provides valuable information towards the material design of fly

ash geopolymers.

Keywords: Alkali activated cement (D); Fly ash (D); Backscattered electron imaging (B); Micromechanics
(C); X-ray tomography
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1. INTRODUCTION

Alkali-activated materials provide an environmentally friendly alternative to conventional ordinary
portland cement (OPC)-based binders that are prevalent in building and infrastructure construction. The
use of industrial waste/by-product materials including fly ash, blast furnace slag, and clays can be
activated using alkaline media to produce binders that have comparable or superior properties to those
of OPC-based binders [1-5]. Geopolymers belong to the class of alkali-activated binders and are based
on fly ash or metakaolin, resulting in an alkali aluminosilicate reaction product that is morphologically
and behaviorally different from the calcium (alumino) silicate gels resulting from OPC hydration [6].
Several studies have evaluated the reaction kinetics, microstructure and mechanical properties of

geopolymer systems in detail [4,5,7-9].

Similar to conventional OPC-based binders, geopolymeric systems are also inherently porous and
heterogeneous, and display widely differing mechanical and durability properties depending on the
material’s microstructure. Thus, proper characterization of the pore-and-micro-structure is critical for a
fundamental understanding of material behavior, as well as developing methods for adequate material
design. Recent studies have evaluated the pore structure of fly ash geopolymers using mercury intrusion
porosimetry (MIP) [9,10], which is a common method for conventional cementitious systems. An
empirical approach to evaluate the fluid transport through fly ash geopolymer is reported in [10] where
the Katz- Thompson model is used in conjunction with pore structural information from MIP [11-14].
Scanning electron microscopy (SEM) on two-dimensional images also are used for pore structure
characterization [15,16]. The drawback of these methods (assumption of pore shapes, inconsistencies in
pressurized mercury intrusion, having to deal with a large number of 2D images, inadequacy in
determining phase connectivity information etc.) in probing the pore structure of heterogeneous
materials can be alleviated to a large extent through the use of X-ray microtomographic (XRT or uCT)
techniques. A few studies have evaluated the pore structure of cement-based and alkali-activated
systems using this technique, thus helping to understand several characteristics such as distribution of
air voids [17] spacing of fibers in 3D [18], leaching and sulfate attack in cement pastes [19,20], and pore

network tortuosity [21,22].

While the pore structure of the material is important in dictating the transport behavior and, thus, the

durability characteristics, the mechanical properties of a heterogeneous material are also influenced
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significantly by the individual phase amounts (both solids and pore) and their properties. The individual
phase elastic properties can be obtained through the use of nanoindentation experiments, as has been
well documented for cement-based materials [23—26]. Micromechanical homogenization models are in-
turn necessary to estimate the composite properties at the macro-scale. The response of the
heterogeneous material at the micro-scale is averaged through analytical models, generally based on
Eshelby’s method [27-29], that replace the microscopically inhomogeneous strains and stresses by
homogeneous values. The successful implementation of this approach demands accurate quantification
of the phase volume fractions. The use of empirical models to determine the reaction product and pore
volume fractions in highly heterogeneous systems containing multiple phases such as fly ash-based
geopolymers is unlikely to yield satisfactory results. Moreover, it has been reported elsewhere that the
classification and identification of different solid phases in the fly ash-based geopolymer using
synchrotron XRT is challenging due to the low absorption contrast of different solid phases in the

available x-ray energy range [22].

In this study, we have carried out a comprehensive investigation of a fly ash-based geopolymer based on
3D x-ray synchrotron imaging, nanoindentation of the individual constituents in the geopolymer, and
micromechanics-based modeling of the mechanical properties. Synchrotron XRT is used to interrogate
the pore structure using a pixel size of 0.74 um, which is supplemented by MIP for smaller pore sizes.
The 3D pore structural information from XRT is utilized in a numerical Stoke’s solver [30—-32] to develop
a realistic assessment of the permeability of fly ash geopolymers. We have also conducted quantification
of the microstructure using image segmentation and thresholding techniques. Multiple-phase
guantification was accomplished using a multiple-thresholding image analysis procedure implemented
on several high resolution backscattered SEM images. The quantified solid phase fractions are also
validated through the frequency of occurrences of different solid phases in the statistical
nanoindentation technique. The microscale properties are up-scaled using mean field homogenization
schemes including Mori-Tanaka and double inclusion methods [28,29,33-37] to extract the
homogenized Young’s modulus, which is validated through macro-scale experiments. Linking the
microstructure and micromechanical properties of a heterogeneous material, and using this information
to predict the macroscopic mechanical performance, provides efficient means of optimizing the material

design and mechanical behavior of fly ash-based geopolymers.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

2.1 Materials and Mixture Proportions
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A Class F fly ash conforming to ASTM C 618 was used as the starting material. The chemical composition
of fly ash, determined using x-ray fluorescence is shown in Table 1. 8M NaOH solution was used to
activate the fly ash. The alkaline solution was added to fly ash, and mixed for 4 minutes in a laboratory
mixer. The mixtures were then filled in molds and subjected to heat curing in a laboratory oven at 60°C
for 48 hours, in sealed conditions. This curing process was previously shown to provide a compressive

strength of 25-30 MPa [2], which is commonly adopted for many types of structural concretes.

Table 1: Chemical composition and physical properties of fly ash

S|02 A|203 Fe,03 Cao IVIgO SOz Na,O K,O LOI Median
particle size
58.4% 23.8% | 4.19% | 7.32% 1.11% 0.44% 1.43% 1.02% | 0.5% 19 um

2.2 Synchrotron X-ray Tomography

Synchrotron X-ray tomography (XRT) was performed at the 2-BM beamline of the Advanced Photon
Source (APS) at Argonne National Laboratory. Details of APS beamline 2-BM have been described
elsewhere [38,39]. A monochromatic beam with energy of approximately 27 keV was focused on
samples of approximately 1.5 mm in size. The transmitted x-rays were converted to visible light using a
LuUAG:Ce scintillator screen coupled with an objective lens and CoolSnap K4 CCD camera to achieve a
pixel size of 0.74 um. 2D projections were acquired at angular increments of 0.12° over a range of 180°.
The 2D projections were then reconstructed to 3D using Fast Fourier Transform (FFT)-based Gridrec
algorithm [40-42]. XRT has been employed in the analysis of pore-structure of cementitious materials,
and synchrotron microtomography is considered highly suitable for the evaluation of pore structure that

is influential in dictating the transport properties and material durability [22,43—-45].

2.3 Mercury Intrusion Porosimetry (MIP)

The pore structure of the fly ash-based geopolymer pastes was also evaluated using mercury intrusion
porosimetry (MIP) to examine the pores in the smaller size ranges that was not able to be probed by
XRT. A porosimeter that can detect minimum pore diameter of 0.0036 um was employed for this study.
This test was performed in two steps: (i) evacuation of gasses and filling the sample holder with mercury
in the low-pressure run that increases the pressure from ambient to 345 kPa, and (ii) intrusion of
mercury into the sample at high pressure (maximum pressure of 414 MPa). A solid-liquid (pore wall-
mercury) contact angle of 130° and a mercury surface tension of 485 mN/m were used to interpret the

results using the Washburn equation [14,46,47].
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2.4 Nanoindentation

For nanoindentation, a cylindrical sample of 25 mm in diameter and 75 mm in height was prepared and
heat cured at 60°C for 48 hours. A cubic piece with 4 mm sides was cut and polished to a 0.04 um
colloidal silica finish. The nanoindentation measurements were carried out on the polished sample in a
commercial Nanoindenter (MTS Nanoindenter XP) using a Berkovich tip. Samples were mounted on
aluminum stubs for nanoindentation testing using superglue. Indentations were carried out at initially at
~10 um spacing in a grid on an area approximately 250 um x 250 um in size, which is considered
representative for cementitious materials [22,48]. All the indentation locations were carefully selected
prior to testing to ensure that the pores or cavities are not encountered in the process. Thus, the
indentation experiments were carried out mostly on the solid phases, which resulted in very few
spurious peaks in the modulus frequency distribution curves. The depth of penetration was chosen to be
500 nm which is smaller than the characteristic size of unreacted fly ash inclusions in order to avoid
phase-interactions during penetration. Continuous stiffness measurement (CSM) technique [49-52] was
employed here to measure the contact stiffness. While the traditional Oliver-Pharr methodology [53]
measures the contact stiffness only at the point of unloading, the CSM technique allows measurement
of contact stiffness at any point of the loading curve corresponding to any depth of penetration. CSM is
accomplished by imposing a harmonic excitation of constant amplitude and frequency to the normally
increasing load on the indenter. For any excitation frequency, the displacement response of the indenter
and the phase angle are measured continuously as a function of the penetration depth. The contact
stiffness, as a function of penetration depth, is obtained by solving for the in-phase and out-of phase
portions of the response which are described in detail in [50]. Young’s modulus for an individual
indentation was measured as the average value over a depth range where both modulus and hardness
were independent of depth. A constant Poisson’s ratio of 0.20 was used in elastic modulus calculations
since the effect of variation of Poisson’s ratio in the range 0.18-0.22 has been reported to be

insignificant for similar systems [26,37].

2.5 Scanning Electron Microscopy (SEM)

The plane polished sample was prepared as explained in the section on nanoindentation. The sample
was imaged under a Philips XL30 field emission environmental scanning electron microscope (FESEM) in

the backscattered mode to obtain high resolution micrographs that distinguishes different solid phases.
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Several high resolution Images were obtained at different magnifications so that volume fractions of

different solid phases could be determined using a multi-label segmentation algorithm.

2.6 Flexural Test on Geopolymer Beams

Three-point bend tests were performed on prismatic beams of size 330 mm x 76 mm x 25 mm (span of
305 mm). Six replicate beams were tested. The beams were tested in a mid-span displacement-
controlled mode at a constant displacement rate of 0.004 mm/sec. The mid-span displacement was
measured continuously using a LVDT. The test was terminated at a center-point displacement value of
0.018 mm when the load reaches about 80% of the peak load which was determined previously from

simple flexural strength tests.

3. RESULTS AND DISCUSSION
3.1 Multi-Scale Evaluation of the Pore- and Microstructure of Fly ash-based Geopolymer

This section provides a detailed look into the pore- and micro-structure of the fly ash-based geopolymer
using several techniques to capture the effects at different length scales. It is well known that the pore-
and micro-structural features exert a significant influence on the mechanical and transport properties of
any porous material [14,54]. The pore network features (total and connected volume, critical pore size,
and tortuosity) and the distribution of the pore and solid phases are characterized using X-ray
microtomography (XRT), scanning electron microscopy (SEM), and mercury intrusion porosimetry (MIP).
The pore structural features are used to predict fluid transport through the porous material while the
phase volumes and micromechanical phase properties are employed in the prediction of homogenized

composite properties as elucidated in a later section.

3.1.1 Microstructure of alkali-activated fly ash from backscattered SEM

Figure 1 shows representative backscattered SEM micrographs of the geopolymer paste after 2 days of
sealed heat curing at 60°C. The reaction product in NaOH-activated aluminosilicate materials such as fly
ash and metakaolin is a sodium aluminosilicate (N-A-S-H) gel, the characteristics of which have been
extensively reported [9,55,56]. These micrographs demonstrate the presence of unreacted/partially
reacted fly ash, reaction product (N-A-S-H) and the pore phase in the fly ash-based geopolymer. N-A-S-H
gel (brighter grey phase) is found around the fly ash particles as well as uniformly distributed in the
microstructure. The micrographs also show unreacted rounded fly ash particles and partially reacted fly

ash particles. In addition, the pore phase (darker phase) can also be distinguished, both in the N-A-S-H
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gel as well as within some fly ash particles (cenospheres) [10,22]. While a small fraction of the partially
reacted fly ash particles retain their rounded shape, there are also particles that have undergone non-

uniform dissolution on their surfaces.

3.1.2 3D Characterization and quantification of component phases using Synchrotron X-Ray Tomography
XRT

Synchrotron XRT provides valuable 3D information on the pore structure of random heterogeneous
materials, which is yet unavailable through other commonly adopted methods, enabling the prediction
of transport properties and thus the material durability. In order to facilitate efficient computation,
cubic volumes of interest of sizes ranging from 50° voxels to 400° voxels were extracted from different
areas of the original synchrotron XRT reconstruction corresponding to the sample size used, in order to
determine the influence of the size of the representative volume element (RVE) on the accuracy of the
extracted pore structure features. Representative microstructures for the selected RVE sizes (50°, 100°,
200’ and 300° voxels) are shown in Figures 2(al to d1). The process of quantification of phase volumes
from the representative microstructures requires accurate segmentation. Segmentation involves
selection of threshold greyscale values to distinguish between different phases present in the material.
Phase segmentation in heterogeneous materials such as cementitious systems with minimal greyscale
contrast between the component phases is a difficult problem, and is an area of ongoing research [22].
For fly ash-based geopolymers, the difficulty is exacerbated by the presence of partially
reacted/unreacted fly ash particles, compositional aspects of fly ash particles that make some appear
brighter and some less so, and the relative densities of the N-A-S-H gel based on its location of
formation in the microstructure (closer to the fly ash or diffused away from it). A comprehensive

discussion on such aspects can be found in [22].

In this study, the phase segmentation process was implemented in Avizo Fire™ software package that
employs advanced filters and operators for image processing and analysis®. First, a transition point (in
the grey scale histogram) where a small increment in the threshold value causes a sharp change in the
detected phase quantities, which has traditionally been used for phase identification [22,44], is
employed. However, this global thresholding method alone was found not completely reliable for the fly
ash-based geopolymer systems by virtue of a wide range of greyscale intensities and the presence of
pores within some of the fly ash particles. Similar observations are reported elsewhere [22]. Therefore,

the transition point-based thresholding is augmented with the application of appropriate discrete

* This does not imply an endorsement of the software package.
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thresholding in the microstructure to obtain the most realistic representation of known microstructural
features such as rounded unreacted fly ash particles, cenospheres, and N-A-S-H gel around partially
reacted fly ash particles. The discrete operations were carried out for 2D images in the 3D stack using
routines implemented in the analysis software. Figures 2(a2-d2) show the thresholded microstructures
corresponding to the different RVE sizes, where the segmentation algorithm described above has been

implemented to separate the pore and solid phases.

Figure 3 depicts the influence of the RVE size on porosity and tortuosity of the fly ash-based
geopolymer. A number of RVEs of different sizes were extracted from different regions of the original 3D
XRT image. For the RVE sizes of 50°, 100°, 200°, 300° and 400° voxels, the number of 3D images analyzed
were 40, 20, 10, 5 and 4 respectively. Here, segmented porosity refers to the extracted porosity
obtained after segmentation and it includes all the connected and isolated pores (e.g., fly ash
cenospheres) in the microstructure. On the other hand, connected porosity is the pore cluster that
percolates in all three orthogonal directions. While the total volumetric porosity influences the
mechanical properties of the material, the connected porosity significantly influences the durability
characteristics of the material such as its resistance to moisture and ionic transport. The percolated
porosity and tortuosity is calculated using a pore-centroidal algorithm implemented in Avizo Fire™. The
algorithm involves determination of the pore-network centroids within each slice, and then tracking its
movement between each slice in all three directions. The tortuosity is calculated by dividing the
cumulative centroidal lengths by the edge length of the RVE in the corresponding directions [57]. The
summation of total volume of such connected pathways is divided by the total sample volume to obtain

the connected porosity.

Figure 3(a) shows the influence of the RVE size on the segmented and connected porosities of the
geopolymer paste. The average segmented porosity remains relatively invariant of the RVE size even
though the variability is much larger, as expected, when smaller RVEs are used. The average connected
porosity decreases slightly as the RVE size is increased from 50° to 200% voxels; however no further
change is observed with increasing size. For RVE sizes of 300° and 400° voxels, the variability in the
segmented and connected porosities is very low, signifying the applicability of such RVE sizes for phase
guantification and property estimation. It is also noted from Figure 3(a) that the connected porosity is
significantly lower than the segmented (overall) porosity, attributed to the hollow fly ash particles.
Figure 3(b) depicts the influence of RVE size on tortuosity. The tortuosity is observed to increase with an

increase in the RVE size, showing that it is much more sensitive to the RVE size than the porosity. For
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smaller RVEs, the connected paths are shorter and are not representative of the intricacies of the pore
structure. A certain threshold size appears to be necessary (~300° voxels in this case) to capture the
accurate tortuosity of the pore structure. The values of tortuosity obtained here are lower than those
reported for fly ash-based geopolymers in other studies [22], likely attributable to the differences in
processing and curing parameters, and the algorithms implemented. Here also, variability in
determined tortuosity decreases with increase in RVE size. Results of this comprehensive evaluation of
size-dependence establishes that, for the fly ash-based geopolymers, an RVE size of 300°-400° voxels is
sufficient to eliminate finite-size error, in line with what is reported in [22]. A RVE of 300° voxels (222°
um?) has been chosen here for further quantification of permeability as a compromise between

accuracy and computational demand.

Figure 4 demonstrates the application of the segmentation procedure that employs discrete
thresholding based on known microstructural features for multiple phases. Figure 4(a) is the original
300° voxel image from XRT, while Figure 4(b) shows the pore (red) and solid (grey) phases segmented
using the procedure similar to the one described in the discussion relating to Figure 2. Figure 4(c)
exhibits the 3D XRT image after multiple thresholding. Here three phases (pores in red, fly ash in yellow,
and the reaction product in grey) are shown. The unreacted and partially reacted fly ash phases could
not be separated due to indistinguishable greyscale intensities. While the sequential thresholding
method could provide an indication of the relative quantities of these phases, a closer observation to
compare several random thresholded 2D slices with the actual XRT images showed that some fly ash
particles were labeled as N-A-S-H gel while the actual gel around the fly ash particles in some images
were labeled as part of fly ash. Thus the classification and identification of such phases using method of
edge detection in synchrotron XRT images is challenging due to low absorption contrast in available x-
ray energy range. Hence the use of synchrotron XRT data is limited to quantification of 3D pore structure
in this study. A quantification of volume fractions of distinct solid phases, towards mechanical property
prediction, is carried out using several high resolution backscattered SEM images on plane polished

samples which are presented in detail in a forthcoming section.

3.1.3 Pore structure evaluation using MIP and comparison with XRT results

As described earlier, XRT reconstruction allows observation and quantification of features using a voxel
size of 0.74 um. However, it is well known that there is a significant fraction of pores smaller than this
size in cementitious and geopolymeric systems. Thus, mercury intrusion porosimetry (MIP) is used to

evaluate the pore structure in the pore size range of 0.0036 um-to-10 um to complement the XRT

10
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studies that interrogated sizes in the range of 0.74 um-to-50 um. Figure 5(a) shows cumulative mercury
intrusion curve for the alkali-activated fly ash. Even though the MIP porosity obtained here (~32%) and
the segmented volumetric porosity quantified using reconstructed XRT images (Figure 3a) are similar, it
is nothing more than a coincidence because both these techniques operate at different pore size ranges.
Figure 5(a) shows dominant contribution of pores of sub-micron size (0.0036 um-to-1 um) to the overall
porosity of the material. Figures 5(b) and (c) segregates the pore size distribution quantified by XRT
using a 300° voxel RVE at lower (0.75 pm-to-25 pm) and upper (25 pm-to-50 pum) ranges of XRT
detection. The frequency distribution figures reveal that the number of smaller pores, especially in the
range of 4 um-to-12 um, are significantly higher than the larger pores. While a significant amount of
smaller pores (0.74 um-to-12 um) are most likely to contribute to the connected/percolated porosity,
the bigger pores are mostly observed to be isolated and a significant fraction of those are attributed to
the hollow fly ash particles. Figure 5(d) shows a comparison of the two pore quantification approaches
in terms of the contribution of different pore size ranges to the overall porosity of the material. There is
a zone of convergence in the range of 0.74 um-to-5 um where both the methods quantify similar pore
volume fractions. Pores in the size range of 0.0036 um-to-0.05 um are found to be the dominant
contributors to the overall MIP porosity (40% of the overall porosity). These small pores can be safely
considered as the fine gel pores belonging to the N-A-S-H structure. XRT dataset shows that pores in the
size range of 5 um-to-24 um contribute the most to the overall segmented porosity. From a viewpoint of
material durability, it is the larger pores that contribute to the rapid transport of moisture and ionic
species, a significant portion of which can be quantified using XRT. The inherent disadvantages of MIP
with respect to identification of pore size distributions in cementitious systems, which is well-

documented [58,59] should also be accounted for.

3.2 Predicting Permeability from XRT Reconstructed 3D Microstructures

The intrinsic permeability is a measure of relative ease with which a fluid can be transported through a
porous media under a potential gradient. Models have been developed to predict the permeability of
porous materials from their pore structure features [11-14,30-32]. Among them, the Navier-Stoke’s
[30-32] and Katz-Thompson models [11-13] are widely used and are employed here to evaluate the
intrinsic permeability of the fly ash-based geopolymer from the pore structure features. The Navier-
Stoke’s model is applied on the XRT data and a variant of the Katz-Thompson model on the MIP data
[13,14]. A pressure gradient of one unit per voxel is employed in the direction desired (X, Y, or Z) to

induce the flow through the RVE. A finite volume method to solve the simplified Navier-Stoke's

11
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equations for the velocity and pressure fields (Equation 1) is used along with an artificial compressibility
relaxation algorithm [30-32].
Ou=0
2 (1]
MIu-0P=0
In the above equation, P is the pressure (Pa), u is velocity (m/s), and p is the viscosity (Pa.s). The intrinsic
permeability (k) is calculated by volume averaging the local fluid velocity and applying the Darcy’s
equation:
_ k AP
n L

Here, AP is the pressure difference and L is the specimen length. The permeability is calculated in all

(2]

three directions in an RVE of size 300° voxels (222° um?®) using Stoke’s solver. Five different RVEs of size
300° voxels are sampled from different regions of the original XRT data for permeability prediction.
Figure 6 reports the computed permeability in three orthogonal directions, which are very close to each
other. The predicted permeability is approximately 5 x 10™ m? While experimental intrinsic
permeability data for fly ash geopolymers are not readily available, the results reported for conventional
cementitious systems span a wide range [60]. The use of Stokes solver on 3D reconstructed structure of
transmission X-ray microscopic images of a cement paste having a porosity of 23% provided
permeability in the range of 10™ to 10" m? while values in the same range are reported for low
porosity (~¥10%) cement paste specimens in [61]. For 3D cement paste microstructures simulated using
two different methods, at 1 um pixel size and having a porosity of 27%, a permeability of 7-to-8 x 10™
m’ has been obtained through the use of Lattice-Boltzmann method and Navier-Stoke’s equation
[48,60]. Thus, it appears that the permeability of 5 x 10" m? obtained for the fly ash-based geopolymer
in this study is reasonable, considering that the porosity of the system, as obtained from XRT is about
32%. It also needs to be mentioned that the computed permeability is highly dependent on the pore
tortuosity. For the system considered, the tortuosity is relatively low (~2.5), likely due to the low levels
of fly ash reaction.

It is also instructive to use the Katz-Thompson (K-T) model to determine the permeability based on a
characteristic length of the pore structure that can be obtained from MIP [11-14]. In contrast to the
widely used K-T model that employs the normalized electrical conductivity and a characteristic length
(usually, the percolating pore size), a simplified K-T model includes only the characteristic length terms

extractable from MIP to predict the permeability, which is given as [14]:
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89( max) L )ES(L,)
Here, L. is characteristic length or the pore diameter corresponding to threshold pressure (the pressure
corresponding to point of inflection in the rapidly rising range of the cumulative mercury intrusion

curve), Ly is the pore diameter at which the hydraulic conductance is maximum, @ is the porosity, and
S(Lmax) is the fraction of volume of connected pore space composed of pores of size L., or larger. The

permeability predicted by the modified K-T model is 5.2 x 10™® m?, which is similar to that of a plain
cement paste at 50% hydration [61]. The application of a similar method on alkali activated fly ash
pastes of similar porosity predicted an intrinsic permeability in the range of 10" m? [10], thus
corroborating the results reported here. The MIP-based permeability is about two orders of magnitude
lower than that computed from the XRT based 3D structure, which is not surprising considering the

lower range of pore sizes accessed through MIP.

3.3 Micromechanical Behavior of the Fly Ash-Based Geopolymer and Modeling

The previous section examined the microstructure of alkali activated fly ash at different length scales
using XRT, SEM, and MIP, and employed microstructure-based predictive tools for transport properties.
In this section, the mechanical performance of the individual phases in the geopolymer system is
evaluated using nanoindentation. The individual phase responses are homogenized using established
micromechanical theories to obtain predictions of elastic properties of the geopolymer, which is then

validated through macroscale tests.

3.3.1 Nanoindentation for component phase elastic properties

For the classification of different phases present in alkali-activated fly ash paste and a quantification of
Young’s modulus of different phases, a statistically significant number of indentations were performed
on carefully chosen solid regions in the paste (based on a 250 pm x 250 um grid) through microscopic
observation of the indentation locations. This ensures that the material microstructure within each
interaction volume can be estimated with a high degree of confidence, and the validity of isotropicity
and homogeneity within the interaction volume can be ensured, which is absolutely important in
interpreting indentation results of heterogeneous materials [62]. Penetration depths of up to 500 nm
were employed to ensure that the measured elastic properties are not influenced by the sample
preparation process that could introduce surface effects. Representative load-penetration depth plots

to identify the phases of differing stiffness (the methodology to assign phases is explained below) are
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presented in Figure 7(a). The elastic modulus values as a function of penetration depth were calculated
using the CSM technique described in the experimental program section and representative curves are
shown in Figure 7(b). For all the measurements, average elastic modulus in a penetration depth range of
100-to-200 nm is computed (since the E is invariant of depth in this range) and used for further analysis.
The mean Young’s modulus, along with a phase quantification procedure described later, is used in a

homogenization scheme for quantification of bulk Young’s modulus of the fly ash-based geopolymer.

The experimental probability density functions (PDFs) are obtained from experimental measurements by
employing a bin size (b) of 1 GPa which is presented in Figure 8(a) (symbols). Four characteristic peaks
are observed in the histogram. Statistical deconvolution [37,63,64] is applied to the elastic modulus
histogram to obtain individual phase elastic properties. Assuming Gaussian distribution for all the four
phases (which is a reasonable assumption based on the data points in Figure 8(a)), the theoretical

probability distribution function (pdf) is given as:

C(x) :i f \/2;2 eXp_(Xz_sfr) [4]

In Equation 4, x represents the elastic modulus, f, is the volume fraction of the rth phase, and [, and s,
are the mean and standard deviation of the r'™ phase. The deconvolution algorithm involves random
seeding using a Monte Carlo simulation and minimization of quadratic deviations between the
experimental and theoretical PDFs to find the relevant parameters for the Gaussian distribution
functions. More details on the deconvolution algorithms can be found in [37,63,64]. The sum of the

deconvoluted peaks is identified using the solid line in Figure 8(a).

Figure 8(b) shows the deconvoluted PDFs for the four different phases. SEM observation of the
microstructure at the indented locations, along with an understanding of the phases present in fly ash-
based geopolymers based on past studies, was used for the assignment of the deconvoluted peaks to
the individual peaks. The solid phase with the highest elastic modulus can be attributed to the
unreacted fly ash present in the matrix, while the phase with the lowest elastic modulus can be
attributed to the N-A-S-H gel that is formed through diffusion of the ionic species and gel precipitation in
the empty spaces in the microstructure. This gel is intrinsically nanoporous, but since an estimation of
the gel porosity is tedious, the measured elastic modulus is considered to be the value for the N-A-S-H
gel considered virtually to be a “solid”. Similar values of elastic moduli for these phases have been

reported in previous studies [64,65]. A comprehensive evaluation of the microstructure was carried out
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towards attributing the component microstructural phases to the two remaining deconvoluted peaks of
the elastic modulus distribution. The peak corresponding to the lower among the two peaks
corresponds to the fly ash particles that have reacted partially, and the reaction products are retained
around or close to the particles, thus providing them with a higher elastic modulus than the N-A-S-H gel
that has diffused away from the particles. These phases are referred to as partially reacted fly ash.
Similar values for this phase have been reported in [64,65]. The identification of the other peak was
somewhat difficult. The indentation locations were mostly on fly ash particles and it is hypothesized
here that the peak could be attributed to particles with some reaction products on the surface, or to
unreacted fly ash particles with cavities, many of which are observed in the micrographs. Image analysis
on backscattered SEM to quantify these phases have been reported in a forthcoming section. The

deconvolution results are presented in Table 2.

Table 2: Elastic properties of individual solid phases and their frequency of occurrence in the
microstructure as determined by nanoindentation

Partially activated

N-A-S-H Partiall
S artially fly ash or flyash  Unreacted fly
gel (Phase activated fly with cavities (Phase  ash (Phase 4)
1) ash (Phase 2) 3)
Elastic modulus [GPa] 16.3+4.1 324+5.1 43.7+2.8 72.0+6.8

Frequency of
occurrence (in the 60.4% 22% 8.2% 9.4%
solid phases)

3.3.2 Mean-field homogenization methods for elastic property prediction

Homogenization procedures are applied to heterogeneous materials such as cementitious systems to
determine the homogenized elastic properties using individual phase properties (e.g., determined from
nanoindentation) and phase amounts (e.g., determined from XRT or SEM) to be used in material design.
Mean field homogenization techniques are based on Eshelby’s tensors [27] to determine the average
stresses and strains in inclusions embedded in an elastic matrix. Two homogenization methods are
employed in this study: (1) Mori-Tanaka scheme [28] and (2) double inclusion model [29]. The analytical

schemes of these models have been well documented [28,29,33-37].

Mori-Tanaka method has been used for determination of effective properties in cement-based materials

[26,36,37]. It considers a discrete spherical inclusion embedded in an infinitely extended homogeneous
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reference medium (matrix). In this method, the homogenized bulk and shear moduli for two-phase
materials can be quantified from the individual phase properties as given in Equation 5. The individual

phase shear and bulk moduli are obtained from their elastic modulus and Poisson’s ratio.

K _pys
fk@+a.. -1
K@ra, 6 -D)

ef

Keom = k [5a]
fA+a.y. (-1
(1+a, (kr )

ef

fi/ui(l"'ﬂref (/7' _1))_1
/uhom = ul [Sb]

f L+ By (L -1)?

ref

Here i is the number of inclusions; f; is the volume fraction of i inclusion; k; and ki are the bulk moduli
for the i™ inclusion and reference medium respectively; W and W are shear moduli for the i™ inclusion
and reference medium respectively and 0. and B.s are given in Equation 6 [37,63]. A detailed

methodology to extract the component volume fractions is presented in the following section.

B 3K,
Qg =———— [6a]
3K + AL
ok , +12
B = Koes Y (6b]
15Kk, +204

From homogenized bulk and shear modulus, the homogenized Young’s modulus can be calculated as

[37,63]:

_ 9khom ':uhom

= (7]
3khom + :uhom

hom
A three-step homogenization is performed as shown in Figure 9(a). In Step |, unreacted fly ash is the
inclusion in a homogeneous N-A-S-H matrix, and these two phases are homogenized. In Step I, partly
reacted fly ash is incorporated into the homogenized medium. In Step lll, pores are added as inclusions

to the homogenized medium from Step Il.
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While the Mori-Tanaka model consists of an ellipsoidal inclusion in an infinitely extended homogeneous
reference medium, a modification implemented in the double inclusion model consists of an ellipsoidal
S S, -2, which is further

inclusion of stiffness ~1-1 embedded in another ellipsoidal matrix of stiffness

~

S
embedded in an infinitely extended homogeneous medium of stiffness [35,36] as shown in Figure
9(b). This method accounts for the inclusion-inclusion interaction in addition to matrix-inclusion
interactions considered in the Mori-Tanaka approach [29]. The average elastic moduli can be calculated
as:

S=[S*+fa+f,[™" (8]

In the above equation, f; and f, are volume fractions of two inclusion phases, and a and 3 are functions

~

S S

of f; and f, and the Eshelby’s tensors S , -1, and ~1-2. Detailed derivation and analysis procedure are
described in [29,35,36]. In line with microstructural observations, here unreacted fly ash is considered to
be embedded in partially reacted fly ash, and the double inclusion of unreacted and partially reacted fly
ash particle is embedded in an infinitely extended N-A-S-H gel. The obtained homogeneous property of
the solid phase is homogenized with the pore phase using the Mori-Tanaka scheme to obtain the overall

homogenized Young’s modulus, as shown in Figure 9(b).

3.3.3 Determination of volume fractions to be used in the homogenization schemes

The mean-field homogenization schemes that are used for the estimation of macro-level properties
requires precise input in terms of phase volume fractions. It was mentioned earlier that synchrotron XRT
delivers good contrast between the solid and the pore phases (at the resolution considered), which
makes it an attractive tool for 3D characterization of the pore structure. Thus, the overall pore volume
determined from XRT is directly used in the homogenization schemes for elastic property prediction.
However, identification and quantification of different solid phases in the fly ash-based geopolymer
systems (especially distinguishing partially reacted and unreacted fly ash phases) is challenging for
reasons described earlier in this paper. Hence, the XRT information is supplemented in this study
through the determination of volume fractions of different solid phases using two approaches: (i)
frequency of occurrences of different phases using statistical nanoindentation technique (Figure 8b,
where the integrated intensities correspond to the volume fraction of the phase assigned to that peak),

and (ii) multi-label thresholding (combination of global thresholding using a transition point approach
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and discrete thresholding considering known microstructural features of fly ash-based geopolymers) of
several high resolution backscattered SEM images. The multi-label thresholding was selected based on
global thresholding and/or based on known microstructural features such as: (a) unreacted fly ash
particles which are rounded and without any reaction products surrounding them, (b) partially (in some
cases, almost fully) reacted fly ash where the particles have reacted to form the gel and the reaction
products are retained around or close to the particles, (c) pores both in the matrix as well as part of the
fly ash particles (cenospheres) which are generally distinguishable easily through global thresholding
method using a transition point approach, and (d) N-A-S-H gel which is the remaining solid phase after
considering (a) and (b). Figures 10 (a) and (b) show a representative micrograph and its color

thresholded version respectively, showing all the distinct phases.

The nanoindentation-based approach does not quantify the volume fraction of pores since the pores
were avoided while selecting the indentation locations prior to testing. Thus the porosity obtained from
3D synchrotron XRT using the analysis scheme described earlier was used to infer the volume fraction of
pores in the bulk material. It needs to be noted that the smaller peak in the deconvoluted spectrum of
the nanoindentation results that was attributed to partly reacted fly ash/hollow fly ash particles (Figure
8b) could not be isolated with a desirable degree of confidence based on careful observation of
micrographs. Hence the corresponding volume fraction obtained for this phase was attributed
completely either to the partly reacted fly ash, or to the hollow fly ash particles during the analysis. In
other words, in the micromechanical homogenization scheme, this volume was added to that of partially
reacted fly ash or to that of unreacted fly ash for convenience, thereby effectively reducing a four-phase
solid to a three-phase solid as shown in Figures 9(a) and (b). It was found that attributing this phase to
the unreacted fly ash provided better predictions of the elastic modulus of the geopolymer paste even
though the differences were not large. The volume fraction of pores, quantified by several 2D high-
resolution SEM images, is found to be similar to the volume fraction quantified using image analysis on
reconstructed XRT images, which is not surprising because the SEM resolution is also limited to < 1 um.
Thus, the smaller gel pores, which will be a part of N-A-S-H gel is not considered. Figure 10(c) shows the
phase volume fractions extracted, demonstrating a good agreement between both the methods. The
adequacy of supplementing 3D XRT data with a nanoindentation-based approach or a microstructure-
based discrete multi-label thresholding approach in quantifying volume fractions of component phases

in heterogeneous porous materials is evident from this figure.

3.3.4 Homogenized elastic modulus and comparison with macro scale experiments
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Table 3 shows the homogenized Young’s modulus for fly ash-based geopolymer pastes computed using
the Mori-Tanaka approach and the double inclusion method. A comparison of homogenized elastic
moduli based on phase volume fractions predicted by the SEM and nanoindentation-based approaches
are also provided. Table 3 also shows the macroscale flexural elastic modulus of the pastes determined
from three-point bend tests on geopolymer pastes. The tensile elastic modulus was extracted from the
flexural load-deflection data using a moment-curvature-based inverse analysis methodology described

in detail in [66,67], which is also shown in Table 3.

The macro-scale estimates of elastic modulus are in good agreement with those predicted using mean
field microstructural homogenization. Mori-Tanaka approach provides a higher value of Young’s
modulus as compared to double inclusion method, because of the inter-inclusion interactions not being
considered. The double inclusion model captures the heterogeneity of fly ash-based geopolymer more
accurately, especially with its capability to consider reaction products around fly ash particles. Results of
this comprehensive study establish the material property-microstructure link for fly ash-based
geopolymers using a combination of synchrotron XRT, statistical nanoindentation and mean-field

homogenization models.

Table 3: Homogenized elastic modulus and the experimental values from flexural test on bulk

specimens.
Homogenized elastic modulus (GPa) Macro-scale
i Young's modulus from
Volume fractions from SEM Volume fractlgns & .
nanoindentation experiments (GPa)
Mori-Tanaka Double inclusion | Mori-Tanaka | Double inclusion Flexural Tensile
16.7 £2.9 15.1 +2.1 17.5 15.6 14.7 +£0.7 149 +0.7

4. CONCLUSIONS

A comprehensive characterization of the pore- and micro-structure of a fly ash-based geopolymer has
been reported here. Pore structure-based fluid transport prediction, determination of the elastic
properties of solid microstructural phases using nanoindentation, and the use of homogenization
models to predict the bulk elastic properties were detailed. Synchrotron XRT was used to extract the 3D
information of the pore structure (total and percolated pore volume and tortuosity). The influence of
the size of the RVE on the total pore volume and tortuosity have been brought out. The XRT data
showed that pores in the size range 10 um-to-20 pum contributes the most to the total porosity. A

detailed comparison of pore structure features extracted using XRT and mercury intrusion porosimetry
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(MIP) showed that the two methods determine comparable pore volumes only in the 0.75 um-to-5 um
size range. The combination of MIP and XRT facilitates a complete characterization of the pore structure
of fly ash-based geopolymers. The 3D microstructure was used in a computational implementation of

Navier-Stoke’s model to predict the permeability of the fly ash-based geopolymer.

A multi-label thresholding method was implemented on several high resolution SEM images for
identification and quantification of solid phase volume fractions. The phase volumes thus calculated
were also validated through frequency of occurrences of different solid phases from statistical
nanoindentation. The individual phase elastic properties determined using nanoindentation along with
the pore and solid phase volume fractions were used in multi-step micromechanical mean-field
homogenization models to determine the homogenized Young’s modulus of the composite. The
homogenized Young’s modulus, especially the one determined using the double inclusion method, was
found to be in good agreement with the experimental macro-scale Young’s modulus. This was attributed
to the capability of the double inclusion method to accurately capture the microstructural intricacies of
fly ash-based geopolymer pastes. This study, linking the microstructure and properties of a highly
heterogeneous material (at the microscale), and the use of up-scaling models to predict the bulk elastic
response, is expected to lead to better material design of fly ash-based geopolymers, which currently

relies greatly on experimentally obtained bulk mechanical response only.
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Figure 1: Backscattered scanning electron micrographs of 8M NaOH activated fly ash after 2 days of heat
curing at 60 °C: (a) lower (800X) and (b) higher (1200X) magpnification. The scale bars correspond to 20

um.
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730 Figure 2: Representative microstructures of different sizes. Figures al-d1 shows cubical volumes of
731 interest extracted from the XRT dataset corresponding to 50%, 100°, 200, and 300% voxels respectively.
732 Figures a2-d2 shows the segmented 3D pore structure corresponding to the above mentioned RVE sizes.

733 Please refer to the online version of the paper for color images.
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Figure 4: (a) Sequential, discrete thresholding implemented on a 300% voxel RVE obtained from XRT: (a)
original XRT image, (b) 3D image after pore segmentation (two-phase; pore and solid), and (c) 3D image
after further segmentation for two different solid phases (fly ash and N-A-S-H gel). Please refer to the
online version of the paper for color images.

26



AETTITT EEERTITY EEPERTIT EETERT MR EEPEPRTTT EEEETTIT T
3345 | 14000 4755 F @ o :
30 G—© Cum. porosity (MIP) T 12000 :_ 7—; :_
] i ] XRT Image analysis 6] XRT Image analysis F
£257 [ 10000 Range I: Fo 3 Range II: a2
> ] F 2 - Diameter: 0.74-25um [ 259m Diameter: 26 -50 ym [
20 - 2 8000 = E
2 [ $ ] [ 2,4 o
= ] L S 4 sS4
o 7 [ & ] F o 1 t
215 [ & 6000 [ & 1 r
£ ] | W ] I W3 L
=3 E L ] - 3 -
o105 [ 4000 L, r
5 L 2000 E 4 e
1 ] m _ L ] . [
0 0 rrrirrp e 0 i
0.001 0.01 0.1 1 10 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Pore diameter (um) Bin pore diameter (um) Bin pore diameter (um)
25
1(d) E mip
4 - XRT Image analysis
e - -------- - ----- oo ee-----
20 - Captured by MIP * Captured®  Captured by
] N by ' synchrotronXRT
1 \ both . Image analysis
15 : :
=
2] 8 .
o 4 ~J 5 x '
S 10 \ 158 '
o 1 \ |U>E .
N \ l2 = [}
] § ‘ N |g‘: ]
] ‘G '
TNNNE
1 N § § ; .
- L} L}
o 1
&
& EN S
S QY AR AT 97 oY (07 (07
3 < AN 4 0] D 407
GQ & "v’c Q,\ ,VQ e"y 0:1' N
°°6, Y o o0 0¥ e
o

Pore diameter (um)

745

746 Figure 5: (a) Cumulative porosity-pore diameter relationship from MIP, (b) and (c) pore size distribution
747 from 3D XRT in the range 0.74 pum-to-25 pum and 25 pm-to-50 um respectively, and (d) comparison of

748 pore sizes obtained using MIP and XRT techniques. For Figures (b) and (c), note that the Y-axes are
749 different.
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752 solver.
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765 Figure 9: Schematic illustration of the homogenization process according to: (a) Mori-Tanaka method,
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and (b) double inclusion method
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768 Figure 10: (a) Representative backscattered SEM of a fly ash-based geopolymer paste, (b) multi-phase
769 threshold applied to the SEM image for phase identification and quantification, and (c) quantified
770 volume fractions of different phases from SEM and the nanoindentation-based method. The scale bar in
771 the SEM corresponds to 20 pum. Please refer to the online version of the paper for color images.
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