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Three-dimensional (3D) Monte Carlo simulation was used to study the variation of backscattered electron (BSE)
signal across pore-solid boundaries in cement-based materials in order to enhance quantitative analysis of pore
structure. The effects of pore size, depth and boundary inclination angle were investigated. It is found that pores
down to 1 nm can generate sufficient contrast to be detected. Visibility improves with larger pore size, smaller

beam probe size and lower acceleration voltage. However, pixels in shallow pores or near pore boundaries dis-
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play higher grey values (brightness) than expected due to sampling sub-surface or neighbouring solid material.
Thus, cement-based materials may appear less porous or the pores appear smaller than they actually are in BSE
images. Simulated BSE images were used to test the accuracy of the Overflow pore segmentation method. Results
show the method is generally valid and gives low errors for pores that are 1 um and greater.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The microstructure of cement-based materials plays a critical role in
controlling the performance of concrete structures. In particular, the
pores (and cracks) inherent in the microstructure influences the dura-
bility of concrete structures as they provide channels for ingress of del-
eterious species (such as chloride ions, carbon dioxide, and sulphate
ions) causing a range of degradation mechanisms. The pore structure,
which ranges over six orders of magnitude from nanometre to
millimetre, also controls strength, elasticity and other important engi-
neering properties such as creep and shrinkage. As such, there is a
huge interest in characterising the pore structure of concrete.

Backscattered electron (BSE) microscopy has long been established
as a versatile technique for quantitative characterisation of concrete mi-
crostructure. This is because the technique is capable of providing actual
images of the microstructure at very high resolution and allows differ-
ent phases to be distinguished based on their brightness [1]. Phase
brightness is a function of the collected BSE coefficient, which increases
monotonically with mean atomic number of the phase. Hence, in a BSE
image of epoxy-impregnated polished cement paste, the unreacted ce-
ment particles appear the brightest, followed by hydration products
such as calcium hydroxide (CH) and calcium silicate hydrate (C-S-H),
while the epoxy-filled pores and cracks appear the darkest. Some appli-
cations of quantitative BSE imaging in cement and concrete research in-
clude measuring reaction degrees, estimating mix composition and
assessing deterioration. Quantitative BSE microscopy has also been
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used to characterise many other types of porous materials including
bone [2], rocks [3] and alloys [4].

Two critical aspects of quantitative microscopy are the accuracy of
feature segmentation and resolution, i.e. the smallest feature that can
be reliably measured. Segmentation is usually carried out by selecting
the appropriate upper and lower grey level threshold values from the
brightness histogram that correspond to the phase of interest. However,
the process can be ambiguous and prone to error [5]. This is partly be-
cause pixels near boundaries tend to exhibit gradual transition in grey
values due to mixing of signals from neighbouring phases. As a result,
different phases may share similar grey values making it very difficult
to define the thresholds that can satisfy all boundary conditions. In
quantitative microscopy, it also important to know the size of the
smallest feature that can be reliably imaged and measured. This not
only defines the capability of a particular instrument/technique, but
also the accuracy and potential errors of the measurement. Further-
more, understanding factors that influence resolution helps optimisa-
tion of the imaging technique for a particular application.

Monte Carlo simulation of electron-solid interactions offers a unique
means to study signal transition across phase boundaries [6,7] where
experiments would not be possible. Such simulations could help im-
prove image segmentation and establish the theoretical resolution for
a particular phase of interest. The Monte Carlo technique uses a stochas-
tic process to simulate the elastic and inelastic scattering of electrons in
any solids and across any boundary types. Each electron trajectory is
monitored in a stepwise manner from its entry point until the electron
is either absorbed by the sample or backscattered. This technique has
been developed over the last five decades to provide a theoretical foun-
dation underpinning electron microscopy and X-ray microanalysis, and
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to assist quantitative interpretation of SEM images. Details of the phys-
ics behind the technique can be found in [8,9].

In cement and concrete research, Wong and Buenfeld [10] have car-
ried out Monte Carlo simulations to study the shape and size of the in-
teraction volume, spatial and energy distribution of backscattered
electrons and characteristic X-rays in cement-based materials. Howev-
er, the study was limited to two-dimensional simulations of single
phases and to tungsten thermionic emitters that have now been
surpassed by field emitters. In this paper, we present three-
dimensional Monte Carlo simulations to investigate how BSE signal
varies across pore-solid boundaries in cement-based materials. A
range of pore size, depth and orientation were simulated. Other vari-
ables included emitter type, beam accelerating voltage and probe diam-
eter. The aim of the work was to better understand signal transition
across pore-solid boundaries in order to enhance quantitative analysis
of pore structure. Results were used to establish the resolution of BSE
microscopy for pore analysis and to test accuracy of the Overflow pore
segmentation method [11].

2. Simulation
2.1. 3D Monte Carlo simulation

3D CASINO (Version 3.2) was used to perform the simulations
throughout this study. The Monte Carlo simulation software is an up-
date of the 2D version developed by [12,13]. A comprehensive descrip-
tion of the software is given in [14]. In the current version, electron
trajectories can be traced in three-dimensions in complicated models
built from basic shapes and planes. This allows pore structure of differ-
ent configurations to be investigated. Another important feature is the
ability to perform areal scanning to generate realistic BSE images. This
is particularly useful for testing and verifying quantitative image analy-
sis. The software allows users to choose various simulation settings in-
cluding the physical model, number of electrons, angle of incident
beam, accelerating voltage, probe diameter etc. Furthermore, the accu-
racy of the software has been validated by [14] based on a comparison
between simulated and measured backscattered coefficients of a silicon
sample at beam energies below 5 keV.

In this study, the Mott model and the modified Bethe equation were
adopted for modelling elastic scattering, and deceleration and energy
loss of electrons respectively. In order to ensure that the obtained re-
sults were statistically significant, a large number of electrons was sim-
ulated per analysis. Unless otherwise stated, 4 x 10> electrons were
simulated per spot for point and line scans. This yields a relative error
of 0.16% (=~1/n%°, where n is the number of electrons). For areal
scans, the number of electrons was halved to 2 x 10° per spot to reduce
computation time, but still keeping a small relative error of 0.22%. The
computational time for a typical simulation consisting of 124 points
using 4 x 10° electrons at 10 keV was approximately 5.5 h on a worksta-
tion (Intel® Xeon® CPU E5-1650, 3.2 GHz processor). The angle of the
incident beam was set perpendicular to the sample surface since this
is the most common configuration for quantitative BSE imaging. The
trajectory of each electron was traced until its energy fell below 50 eV
or until it left the sample surface. The probe diameters used and their
corresponding accelerating voltages are presented in the following
Section.

2.2. Probe diameter

Four different types of emitter were simulated in this investigation
to cover the range of emitters available in practice. These were tungsten
and lanthanum hexaboride thermionic, Schottky and cold field emitters.
The probe diameter for each emitter was derived based on the method
proposed by [15]. The method uses practical brightness, which deter-
mines the actual amount of current in the probe, to calculate the source
image size (d;). The total probe diameter (d,) was obtained by adding d,

together with other contributions including diffraction (d,), chromatic
(dc) and spherical (ds) aberrations using the root-power-sum (RPS)
method as shown in Eq. (1). In order to eliminate assumptions
concerning the electron probe profile, the full width median (FW50)
values were adopted for all contributions. Further explanations of this
are given by [15].
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Table 1 shows the calculated probe diameters for all emitters at in-
creasing beam energies of 5, 10, 15, 20, 25 and 30 keV. The calculated
probe diameters ranged between 1 and 150 nm, and decreased with in-
creasing beam energy as expected. Field emitters produced the
brightest source and smallest probe diameters. Detailed calculations
and assumptions involved are presented in Appendix L.

2.3. 3D models of pore-solid boundaries in cement-based materials

A total of 119 simulations representing a range of pore sizes and ge-
ometries were carried out. The pores were assumed to be filled with a
low viscosity araldite resin (C;oH1504) of 1.14 g/cm? specific gravity.
This is because samples are usually impregnated with resin to preserve
the delicate microstructure and produce atomic contrast for BSE imag-
ing. Calcium silicate hydrate (C-S-H) was taken to represent the solid
since this is the main binding phase and hydration product forming in
the originally water-filled spaces during cement hydration. However,
simulating the C-S-H phase is challenging because it has variable com-
position and disordered structure [16-19]. For simplicity, the general
formula xCaO- SiO, - yH,0 was used. The Ca/Si ratio of C-S-H in hardened
cement pastes generally range between 1.2 and 2.3, with the mean
value close to 1.75 [17]. The H,0/SiO, ratio and C-S-H density depend
on moisture state. However, high-resolution BSE imaging is usually per-
formed on dried samples in vacuum. For C-S-H with a monolayer of
water at 11% relative humidity, an approximated chemical composition
of 1.7Ca0-Si0,-2.1H,0 and specific gravity of 2.47 g/cm> have been
suggested [19]. These values were used throughout the study and it is

Table 1

Calculated practical brightness (Bp,c), diameter of source image (d;), contributions from
chromatic (dc) and spherical (ds) aberrations and diffraction (d,4), and resulting total probe
diameter (d,) for different emitters at increasing accelerating voltages (E). W, LaBg and ZrO
represent tungsten, lanthanum hexaboride and zirconium oxide respectively.

E Bpract dl dc ds d,q dp
(keV) (A/m?sr) (nm) (nm) (nm) (nm) (nm)
5 3.44E+08 153.54 680 045 1.87 154.07

10 6.88E+08 108.57 3.40 045 132 108.89
15 1.03E+09 8865 227 045 108 88.90
20 1.38E+09 76.77 170 045 093 7698
25 1.72E+09 6866 136 045 0.83 68.85
30 2.06E+09 6268 1.13 045 076 62.85
5 4.17E+09 44.09 340 045 187 4478
10 834E+09 31.18 170 045 132 31.62
15 1.25E+10 2546 113 045 1.08 2580
20 167E+10 22.05 0.85 045 093 2234
25 2.08E+10 19.72 068 045 0.83 19.98
30 2.50E+10 18.00 057 045 0.76 18.24
5 235E+11 5.88 055 0.07 187 6.89
10 469E+11 4.16 028 0.07 132 487
Schottky Field Emitter 15 7.04E+11 3.39 0.18 0.07 1.08 3.97
(Zro/w) 20 938E+11 294 0.14 0.07 093 344
25 1.17E+12 263 0.11 0.07 083 3.08
30 141E+12 240 009 0.07 076 281
5 341E+12 154 0.18 0.05 187 291
10 6.83E+12 1.09 009 0.05 132 2.06
15 1.02E+13 0.89 006 0.05 1.08 1.68
20 1.37E+13 0.77 005 0.05 093 145
25 1.71E+13 0.69 004 0.05 083 130
30 2.05E+13 0.63 003 0.05 076 1.19

Thermionic (W)

Thermionic (LaBg)

Cold field emitter (W)
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