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(FIB) system for examination of newly developed concrete repair material under Scanning 

Transmission Electron Holography Microscopy (STEHM). This study is expected to be of 

significant value in the investigation of the repair materials’ nanostructure and the composition of 
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of these construction materials. 
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Editor

No. Comments Response

1

I can accept the revised manuscript for 
publication in Micron if you will kindly 
change the reference style to that required 
by the journal, which is of the form: 
(Smith, 2000; Jones et al., 1995) within 
the text and an alphabetical (by first 
author surname) list at the end, including 
the TITLE and PAGE RANGE of each 
article.

All references within text as well as the list at the end 
were modified to the journal reference style.  

Reviewer 1

No. Comments Response

1

The overall contribution of this 
manuscript is much less than its length. 
The authors should more focus on 
STEHM study. The authors should delete 
some of the details of some 
characterization techniques.

The authors thank the reviewer for the detailed review 
provided on the paper with very valuable comments.

To reduce the manuscript length and keep the focus on 
STEHM study while not to mention the details of some 
characterization techniques, the following modifications 
have been done in the text:

 Figure 4 was removed.
 Details of the characterization technique have 

been removed: “The characteristic X-ray 
typically used in EDS are created when high-
energy electrons of the beam eject inner shell 
electrons from atoms in the sample, and the 
ionized atoms return to their lowest energy states 
by replacing the missing inner shell electrons by 
electrons from the outer shells. This process 
results in either the emission of an X-ray or an 
Auger electron, whose energy of emission is 
characteristic of the difference in energy of the 
two electron shells involved, thereby providing a 
unique signature to identify the type of atoms 
present. In a EDS spectrum, sharp peaks related 
to the characteristic X-ray emitted by the atoms 
of the different elements present in the sample.”

 Figure 7 was removed.
 Details of the characterization technique have 

been removed: “λ is a function of the beam 
energy and of the specimen thickness.”

 Details of the characterization technique have 
been removed: “An electron will typically 
undergo repeated energy losses upon traversing 
the sample. The scattering follows Poisson 
statistics, so the probability of n-fold scattering 
is (Ghosh et al., 2015): 
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  and probability of no-𝑃𝑛 =
(𝑡

𝜆)
𝑛
𝑒𝑥𝑝 ( ‒ 𝑡

𝜆)
𝑛!

scattering, .𝑃0 = 𝑒𝑥𝑝 ( ‒ 𝑡
𝜆) =

𝐼0
𝐼𝑡

Therefore, thickness, , where 𝑡 = 𝜆 × 𝑙𝑛 (𝐼0
𝐼𝑡)

total spectrum integral, zero-loss 𝐼𝑡 =  𝐼0 =  
peak integral. The “Thickness Map” provides 
the relative thickness ( ) map of a specimen 𝑡

𝜆
in the form of an image based on the above 
formula.”

 Details of the characterization technique have 
been removed: “To view the diffraction pattern 
from a specimen, the imaging-system lenses of 
the microscope were adjusted such that the back 
focal plane of the objective lenses act as the 
object plane for the intermediate lenses. This 
causes the diffraction pattern to be projected 
onto the viewing screen.”

2

Authors should give chemical 
composition of the CRM as it is available. 
It is important to know the amount of 
polymeric materials if any. Individual 
particles like (CaO)3. Al2O3, (CaO)2. 
SiO2, (CaO)3.SiO2 are present or not. The 
presence of Mg is noticeable, then its 
chemical nature is also important.

This comment has been addressed.

As mentioned in the text, the chemical compositions of 
this product are proprietary and not available, however 
authors added some details in the text to provide a wider 
insight about this product. 
“This is referred to as a modified synthetic CRM 
which contains Portland cement, reactive silica, 
calcium and aluminum salts of organic acids and 
bases, and some crystalline catalysts (Kumar et al., 
2009).”

Also, authors referenced two published articles in the text 
that describe the chemical compositions and IR spectra of 
similar product. 
“The chemical compositions and IR spectra of similar 
product have been reported in (Kumar et al., 2009; 
Sisomphon et al., 2012).”

To keep the focus of the paper on the characterisation 
techniques using sub-micron images, authors added at 
various places within the text what would be useful for 
the readers to know. These details include details of EDS 
analysis, but the focus has only been on conceivable 
techniques to visualize the x-ray analysis data and how to 
obtain information about hydration products and not to 
draw any conclusions about the CRM materials. Also, in 
the paper the usefulness of the x-ray analysis to find 
proper specimens prior to micro fabrication using FIB 
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and later for STEHM study is included. Here are 
examples of what have been added in the revised text.
“As one of the preparation steps, the x-ray analysis 
has only been done to select proper location for 
thinning procedure as well as STEHM investigation 
and not to draw any conclusions about CRM chemical 
compositions.”

“Although more sampling from the CRM and its 
chemical compositions are needed for comprehensive 
conclusions, the plot of Si/Ca vs Al/Ca in Figure 6-(a) 
shows that calcium hydroxide (Ca(OH)2) was the 
main product of selected regions in 7-days hydrated 
CRM.”

“However, the goal of this work was to establish an 
experimental methodology as opposed to determining 
the absolute proportions of various elements.”

“Moreover, EDS analyses for un- and hydrated CRM 
for 7-days are plotted as atomic percentage, another 
way of data representation, normalized to 100%, in 
Ca-Si-(Al+Mg) ternary diagram in Figure 7.”

“Generally, preliminary experiments have shown that 
determination of specimen’s composition by EDS 
combined with STEHM is feasible, however, the 
variability of Ca and Si was too severe to allow fully 
quantitative results to be presented from these initial 
experiments.”

3

The particles size is 40-150 µm, however, 
from Fig. 1 it seems more than 1 mm.

Authors agree with the reviewer and modified the text as 
follows:
“Although the anhydrous particles’ size reported by 
its supplier is about 40-150 μm, it should be noted that 
the particles’ size measured from SEM images turned 
out to be above 20 μm and less than 1.5 mm. Hence, 
picking a suitable particle size for thinning procedure 
was quite a challenging task.”

4

The author should provide a simple XRD 
study of the hydrated CRM as an evidence 
of noncrystalinity from the STEHM 
study.

As a well-known reliable characterization technique, 
authors used SAED patterns from STEHM to obtain 
crystallographical information and determine whether the 
observed CRM particle has crystalline or amorphous 
structure. 
At this point, authors are not able to conduct XRD study 
to identify nanocrystalinity of CRM particle due to lack 
of available resources. In any case, the authors are in 
agreement with the reviewer and have added the 
following text:
“As an additional characterization technique, a 
simple XRD examination can be also performed to 
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identify non-crystalinity of the hydrated CRM 
particle.”

5

The presence of Ga makes the EDS of 
TEM less interesting. 

Authors agree with the reviewer completely.
The possible sources of specimen’s damage have been 
discussed in the paper. An operator should also be aware 
that contamination from electron beam may occur during 
imaging. To provide more clarity on this, the following 
sentence is now included in the text:
“Evidence of Gallium (Ga), most likely sputtered 
from electron beam, was also observed in different 
spots which cautiously needs to be prevented during 
sample preparation as it makes EDS analysis of 
investigated sample less appealing.”

6

The most important thing is the sampling 
of CRM for TEM study. It would be 
wonderful to have several TEM samples 
from hydrous CRM compact for fact 
finding.

Authors agree with the reviewer's point about need of 
more samples to draw more precise conclusions; 
however, the specimen was divided into five different 
regions to increase the reliability of the proposed method. 
Also, the STEHM microscope used in this study is one of 
the most stable and high-resolution microscopes in the 
world which provides reliable results and best quality 
images, but the cost and resources associated with 
microscope are quite high and as such preparation of 
more samples needs more funding resources which was 
not available to the authors. Authors believe the proposed 
experimental methodology itself, is a quite novel and 
well-documented technique that will add enough value to 
current state of knowledge in the study of cement-based 
materials.    
Authors are in agreement with the reviewer and hence the 
following sentences were also added to the text: 
“It should be noted that even though one sample was 
mounted on the stub, the sample was divided into five 
areas, thus increasing the reliability of the results.”
“Overall, the safe statement that can be made at this 
point is that SAED patterns of observed CRM particle 
show amorphous structure; however, more samples 
are required to be prepared for a comprehensive 
conclusion.”

Reviewer 2

No. Comments Response

1

How do you think the presence of 
minerals in tap water could affect the 
formation of hydration products?
In addition, the presence of carbon 
dioxide in tap water as well as the carbon 
dioxide from air can result in the 
carbonation of the hydration products? 
How did you eliminate this? (In general, 

The authors appreciate the time taken by the reviewer in 
providing very valuable comments. 

Since the focus of this study is to fabricate specimen in 
compliance with: (i) concrete construction standards such 
as ASTM and CSA, (ii) according to the supplier 
recommendations, and (iii) considering practical real-
world situation, tap (potable) water was used. Authors 
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one of the critical steps in the preparation 
of relatively small specimens for nano-
scale surface-based studies in cement-
based hydrates is to eliminate the risk of 
carbonation when handling the specimens 
in the ambient conditions. Any slight 
exposure to carbon dioxide in the air 
could results in the surface carbonation in 
the cement-based hydration products and 
affect the results of experiments dealing 
with surface properties. This level of 
carbonation may not necessarily be 
detected by methods such as TGA or 
XRD as they deal with bulk properties).

have included the following sentences in the text to 
incorporate the reviewer’s comment to address possible 
effects of using tap water instead of distilled (pure) water.
“It is reported that there can be some negative effects 
of using tap water instead of distilled water. Negative 
effects reported include: decrease in initial and final 
setting time mainly due to flocculation process on 
setting and reduction in pH level of the paste due to 
presence of bicarbonate (HCO3

-) and carbonate (CO3
-

) ions in the tap water which cause an increase in the 
solubility of CO2 and acidity of water (Ersoy et al., 
2013). Also, according to this study, more portlandite 
[Ca(OH)2] content may be observed in hydrated 
pastes having tap water than those mixed with pure 
water. However, to simulate casting of practical 
concrete mixtures used in construction and in 
accordance with ASTM and Canadian Standards, tap 
water was chosen as the type of mixing water in this 
study. Authors also suggest that future research could 
focus on studying the effect of tap water vs. pure 
(distilled) water on carbonation and resulting 
hydration products.”

With regards to carbon dioxide in the air, the specimen 
was kept in a clean room inside a pin stub storage box 
during a 7-day curing period to remove any chance of 
contamination and exposure to carbon dioxide in the air; 
and to eliminate the risk of carbonation in the ambient 
conditions. In addition, authors expect that thinning 
process also helps to remove enough thickness from 
possible carbonated surface layer which carbonation can 
be neglected in the prepared sample for nano-scale 
investigation.
The following statement was also included in the text to 
address this comment from the reviewer:  
“The specimen was kept in a clean room inside pin 
stub storage box during 7-day curing period to 
remove chance of contamination and exposure to 
carbon dioxide in the air; thus, eliminate the risk of 
carbonation in the ambient conditions.”

2

Without knowing the chemical 
composition of the CRM system, the 
detailed discussions on the chemical 
compositions would not bring any value 
to the reader. It is discussed that the focus 
of the article is on presenting the details 
and consideration when utilizing sub-
micron imaging methods to study the 
nature of cement-based systems. So, it is 
suggested to maintain this focus 
throughout the manuscript and avoid 

This comment has been addressed.

As mentioned in the text, the chemical compositions of 
this product are proprietary and not available, however 
authors added some details in the text to provide a wider 
insight about this product. 
“This is referred to as a modified synthetic CRM 
which contains Portland cement, reactive silica, 
calcium and aluminum salts of organic acids and 
bases, and some crystalline catalysts (Kumar et al., 
2009).”
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getting into the details of the chemical 
analysis unless authors can share the 
chemical composition of the base 
materials.

Also, authors referenced two published articles in the text 
that describe the chemical compositions and IR spectra of 
similar product. 
“The chemical compositions and IR spectra of similar 
product have been reported in (Kumar et al., 2009; 
Sisomphon et al., 2012).”

To keep the focus of the paper on the characterisation 
techniques using sub-micron images, authors added at 
various places within the text what would be useful for 
the readers to know. These details include details of EDS 
analysis, but the focus has only been on conceivable 
techniques to visualize the x-ray analysis data and how to 
obtain information about hydration products and not to 
draw any conclusions about the CRM materials. Also, in 
the paper the usefulness of the x-ray analysis to find 
proper specimens prior to micro fabrication using FIB 
and later for STEHM study is included. Here are 
examples of what have been added in the revised text.
“As one of the preparation steps, the x-ray analysis 
has only been done to select proper location for 
thinning procedure as well as STEHM investigation 
and not to draw any conclusions about CRM chemical 
compositions.”

“Although more sampling from the CRM and its 
chemical compositions are needed for comprehensive 
conclusions, the plot of Si/Ca vs Al/Ca in Figure 6-(a) 
shows that calcium hydroxide (Ca(OH)2) was the 
main product of selected regions in 7-days hydrated 
CRM.”

“However, the goal of this work was to establish an 
experimental methodology as opposed to determining 
the absolute proportions of various elements.”

“Moreover, EDS analyses for un- and hydrated CRM 
for 7-days are plotted as atomic percentage, another 
way of data representation, normalized to 100%, in 
Ca-Si-(Al+Mg) ternary diagram in Figure 7.”

“Generally, preliminary experiments have shown that 
determination of specimen’s composition by EDS 
combined with STEHM is feasible, however, the 
variability of Ca and Si was too severe to allow fully 
quantitative results to be presented from these initial 
experiments.”

3
Since the goal of the manuscript is to 
establish experimental methodology, it is 
essential to have several samples prepared 

Authors would like to thank the reviewer for such 
valuable point and agree with the reviewer's point about 
need of more samples to draw more precise conclusions; 
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for each experiment to address the 
‘consistency’ and ‘repeatability’ issues 
inherent to analytical methods. This is 
even more critical for the case of cement-
based materials known to have a very low 
degree of homogeneity (due to the 
presence of independent and separate 
phases in the hydration products) and can 
cause variable observations when looking 
at different spots within the same 
specimen. 
It is also suggested to prepare samples 
with varied parameters (e.g. thickness) 
and study their characteristics using 
different variables adjusted in the utilized 
techniques such beam energy level and 
magnification to draw more precise 
conclusions on the applicability of these 
experimental methods in the study of 
cement-based materials.

however, the specimen was divided into five different 
regions to increase the reliability of the proposed method. 
Also, the STEHM microscope used in this study is one of 
the most stable and high-resolution microscopes in the 
world which provides reliable results and best quality 
images, but the cost and resources associated with 
microscope are quite high and as such preparation of 
more samples needs more funding resources which was 
not available to the authors. Authors believe the proposed 
experimental methodology itself, is a quite novel and 
well-documented technique that will add enough value to 
current state of knowledge in the study of cement-based 
materials.    
Authors are in agreement with the reviewer and hence the 
following sentences were also added to the text: 
“It should be noted that even though one sample was 
mounted on the stub, the sample was divided into five 
areas, thus increasing the reliability of the results.”
“Overall, the safe statement that can be made at this 
point is that SAED patterns of observed CRM particle 
show amorphous structure; however, more samples 
are required to be prepared for a comprehensive 
conclusion.”



Highlights
 Developmental changes in the morphology and internal structures of a concrete repair material 

used for waterproofing cementitious materials were observed.
 Step-by-step practical procedures for fabrication, analytical examination, wide-field microscopic 

imaging and nano-scale engineering of cementitious repair materials are provided.
 Hydration products, chemical elements and electron diffraction patterns of waterproofing 

cementitious repair material were evaluated.
 Scanning Electron Microscopy (SEM), Focused Ion Beam (FIM) system, and Scanning 

Transmission Electron Holography Microscopy (STEHM) were used as tools for qualitative and 
quantitative analysis of the repair material.
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2 Abstract
3 Cementitious Repair Materials (CRMs) in the construction industry have been used for many decades now 
4 and has become a very important part of activities in cement world. The performance of some of these 
5 CRMs when applied to retrofitting concrete structural elements is also well documented.  However, the 
6 characterization of some of the CRMs at the micro- and nano level is not fully documented. The first step 
7 to studying materials at the microscopic level is to be able to fabricate proper specimens for microscopy. 
8 In this study, a special and newly developed class of CRM was selected and fabricated by Focused Ion 
9 Beam (FIB) using well-known “Lift-out” technique. The prepared specimen was later examined using 

10 various analytical techniques such as energy dispersive x-ray analysis using one of the highest and most 
11 stable Scanning Transmission Electron Holography Microscopy (STEHM) around the world. This process 
12 enabled understanding of the composition, morphology, and spatial distribution of various phases of the 
13 CRM. It was observed that the microstructure consisted of a very fine, compact, and homogenous 
14 amorphous structure. X-ray analysis indicated that there was considerable deviation between the Si/Ca 
15 ratios for the hydrated product.

16 Keywords
17 Specimen Preparation, Focused Ion Beam, Cementitious Materials, Scanning Transmission Electron Holography 
18 Microscopy (STEHM), Electron Diffraction Pattern

19 1 Introduction
20 Understanding the material structure of new materials at sub-micro scale, can lead to improved development 
21 of such materials for the construction and building industries. In order to examine properties of these 
22 materials at micro (or Nano) scale, it is essential to observe their morphology, particle size, chemical 
23 compositions, and physical characteristics (Sharif, 2016). Nowadays, nano characterization of novel 
24 construction materials has become a significant field of research (Sharif, 2016). In particular, the nanoscopy 
25 techniques utilizing electron microscopes are the most commonly used methods for cement-based materials.   

26 The electron microscope is a microscope that uses a beam of high voltage electron to create an image of 
27 the sample. Electron microscopes are typically used to examine the micro-structure of a wide range of 
28 biological, inorganic, metallic, crystals, polymers, or cementitious materials. By utilizing electromagnetic 
29 and/or electrostatic lenses to control path of the electrons, they enable the observation of much smaller 
30 objects in finer details. For research related to cement-based building materials, currently, SEM has been 
31 heavily used instrument for better understanding of the materials’ composition, morphology, topography, 
32 and also for obtaining crystallographic information. Despite the fact that combination of higher 
33 magnification, larger depth of field, and greater resolution makes SEM one of the most powerful tools in 
34 research areas and industries dealing with construction materials (Sharif, 2016), yet there are certain 
35 limitations in using SEM for investigating materials’ properties especially at the atomic level when 
36 compared to TEM, which allows an evaluation of the internal structure and spatial distribution of the various 
37 phases. In high resolution, the TEM imaging capability allows the instrument’s operator to observe fine 
38 details (Sharif, 2016). The current TEM systems can inspect in atomic level, which is in the range of 1nm 
39 or less as compared to the resolution of SEM which is about tens of nm for common materials. Also, TEM 
40 can identify many characteristics of the sample, such as morphology, crystallization, stress, or even 
41 magnetic domains (holography) but common SEM only scan a specimen surface which mainly provides 
42 information about its morphology. 

43 In contrast to TEM, the specimen preparation of SEM is much simpler. Many materials can be directly 
44 loaded in SEM for inspection and some insulating materials require an additional coating. On the other 
45 hand, TEM sample preparation is a challenging task as specimens need to be thinned to thickness of 100 
46 nm or less. However, the complex multiphase nature of hydration products in cementitious materials makes 



47 the preparation of specimens thin enough, for electron penetration and TEM examination, far from trivial 
48 (Richardson and Groves, 1993). The thinning procedure is very time consuming and it can be done by 
49 mechanical breakup and dispersion of the solid (Grudemo, 1964; Lachowski and Diamond, 1983; 
50 Lachowski et al., 1980, 1981), replication of fracture surface (Ciach et al., 1971), mechanical thinning 
51 (Jennings and Pratt, 1980; Taylor et al., 1985) or abrasive and ion-beam milling (Card et al., 1980; Dalgleish 
52 and Ibe, 1981; Dalgleish et al., 1980; Groves and Rodger, 1989; Groves et al., 1986; Jennings et al., 1981; 
53 Tiegs, 1975). In the past few years, there has been an upward trend in the use of the Focused Ion Beam 
54 (FIB) system which is also adopted in the present work to fabricate a specimen with consistent thickness 
55 for TEM examination. By utilizing ion-beam thinning, among other techniques, Jennings et al (Jennings et 
56 al., 1981) could obtain information on the morphology of hydrated Tri-calcium Silicate (C3S) pastes. 
57 Dalgleish and Ibe (Dalgleish and Ibe, 1981) also performed some qualitative analyses of Portland cement 
58 pastes thinned by ion-beam milling tool. Groves and co-workers (Groves and Rodger, 1989; Groves et al., 
59 1986) have obtained the thinning procedure of hardened cement pastes using ion-beam milling. Through 
60 ion-beam thinning process, the possibility of developing artificial defects during the specimen preparation 
61 stage must be wisely considered. The drying impact of the vacuum of the ion-beam thinning apparatus and 
62 carbon evaporation chamber is inevitable, as the microscope also operates at high vacuum, it must be 
63 realized that any observed morphologies relate to a dry state (Richardson and Groves, 1993).   

64 In previous studies, TEM has been used to observe structures of Di-calcium Silicate (C2S) and Tri-calcium 
65 Silicate (C3S) at sub-micro scale and examine cement hydration products in the form of dispersed particles 
66 or crushed specimens (Card et al., 1980; Grudemo, 1964; Grutzeck and Roy, 1969; Lachowski et al., 1980, 
67 1981). TEM has also been operated to identify both inner and outer product regions of the C-S-H phase. 
68 The hydration of dispersed cement fragments has been imaged in an environmental cell by high-voltage 
69 TEM (Double et al., 1978), but all these previous studies have not considered the fact that the cement 
70 particle is typically too thick to enable its internal structures to be fully observed under TEM. As mentioned 
71 by Jennings et al. (Jennings et al., 1981), the abovementioned  techniques have limitations in terms of loss 
72 of spatial relationships and limitation to a fracture path, respectively. This drawback was overcome with 
73 ion-beam milling by Javelas et al. (Javelas et al., 1974) on mature mortars and later by Dalgeish et al. 
74 (Dalgleish and Ibe, 1981) on mature cement pastes. Furthermore, TEM has been extensively used by Groves 
75 (Groves, 1986; Groves et al., 1986), Henderson (Henderson and Bailey, 1988), Rodger (Rodger and Groves, 
76 1989) and Richardson (Richardson, 1999, 2002, 2004, Richardson and Groves, 1992, 1993). These studies 
77 have generally focused on both fresh and mature cementitious materials, hydrated for 2 hours or more. 
78 Many of the main features and hydration products in a mature ordinary Portland cement (OPC) paste were 
79 identified by Rodger and Groves using TEM with microanalysis (Rodger and Groves, 1989). Over a range 
80 of Ground Granulated Blast-furnace Slag (GGBS) incorporated with OPCGGBS/OPC, a linear relationship 
81 has been observed between an increase in the R/Ca ratio (where R is a trivalent cation, mainly Al3) and an 
82 increase in the Si/Ca ratio (Richardson and Groves, 1992, 1993). Through TEM, early age hydration product 
83 shells around cement grains were also studied by Gallucci et al. (Gallucci et al., 2010). In their results, the 
84 Ca/Si ratio of C-S-H gel was determined to be 2.8-3.5, which is contrary to findings of other previous 
85 studies. Plank et al. (Plank et al., 2006) investigated the intercalation product, composed of AFt and AFm 
86 with organic polycarboxylate (PC) polymers using TEM. Its raw material was pure mineral and the 
87 intercalation product was synthesized in specified condition.

88 The size distributions, as a factor to be considered for nanomaterials, can be envisaged with TEM (Borchert 
89 et al., 2005; Lin et al., 2008; Sun et al., 2005; Zhang et al., 2004; Ziel et al., 2008). Hou et al. (Hou et al., 
90 2015) studied the effects of colloidal nano-SiO2 (CNS) with a mean particle size of 20 nm and its precursor, 
91 tetraethoxysilane (TEOS), on the transport properties of hardened cement pastes with various w/c ratios. 
92 TEM morphology micrograph in this study indicated that CNS particles are generally round in shape and 
93 well-dispersed, however, agglomeration are also observed. Monitoring the interaction between various 
94 components of a mixture can be also clearly achieved by TEM. For instance, the microstructure of fly ash 
95 binders incorporated by cement kiln dust (CKD), a by-product of the cement industry, was investigated 



96 under a TEM (Chaunsali and Peethamparan, 2013). Through TEM work, the morphology of calcium 
97 alumino-silicate hydrate (C-A-S-H) gel present in the CKD-based fly ash binders, was evidently observed 
98 to be fibrillar type. To identify crystalline phases for cement paste at an age of 90 days, Ramezanianpour et 
99 al. (Ramezanianpour et al., 2014) used TEM in bright field mode. In their TEM micrographs, hexagonal 

100 portlandite (Ca(OH)2) crystalline cubes and aragonite (CaCO3) was observed. Recently, there is an upward 
101 trend among physical and biological science disciplines to use TEM for real-time observations of materials 
102 interactions in their native fluid environment (Xin et al., 2013). For the in-situ transformation observation, 
103 Xin et al. (Xin et al., 2013) embedded their sample inside a micro-fabricated cell with electron transparent 
104 membranes in order to contain the fluid in the high vacuum environment of the microscope.    

105 With the development of SEM and TEM, the associate technique of Scanning Transmission Electron 
106 Microscopy (STEM) was first described in 1938 by Manfred von Ardenne and later re-investigated at 
107 University of Chicago by Crewe et al. (Crewe et al., 1969) with advancement of the field emission gun and 
108 adding a high-quality objective lens. Using annular dark-field imaging, Crewe was able to image single 
109 heavy atoms on thin carbon substrates (Crewe et al., 1970). Later, the first attempt on cementitious materials 
110 at early age was made using STEM to observe the formation of separated shells around reacting cement 
111 grains in samples as young as 5h (Scrivener, 1984; Scrivener and Pratt, 1983). Mixtures of mono-phased 
112 grains of C3S, C3A and hemi-hydrate were also studied using STEM in Scrivener and Pratt’s work 
113 (Scrivener and Pratt, 1984). At 1-day of hydration, they noticed gaps of up to 10 μm between C3A grains 
114 and their hydration shells while there was a close contact between the C3S grains and hydration products. 
115 This difference in behavior between cement and mixtures of pure phases indicates that the hydration process 
116 is influenced by the anhydrous phases within the cement grains (Scrivener and Pratt, 1984). Although, 
117 STEM and SEM have been widely used to examine and review the micro-level structure of cement-based 
118 materials for building and construction industries, the manufacturing procedures and quantitative 
119 techniques for microscopic level investigation using STEM have not been reported in detail in any present-
120 day literature. Hence, the authors have attempted to investigate the microstructure of CRM that contribute 
121 to bond cracks together to identify its morphology, chemical compositions, and obtain crystallographic 
122 information of this material. 

123 The objectives of the current study are to provide better understanding about fabrication and examination 
124 of a cement-based repair material at sub-micro scale as well as detailed characterization of its morphology, 
125 composition and structure using one of the highest resolution STEHM in the world as the main tool of 
126 investigation. Through this paper, the fabrication process and STEHM analyses of ion-thinned CRM 
127 sample, cured and activated for 7-days by spraying water, are also explained in Section 2, followed by 
128 obtained results and discussion presented in Section 3. This study is expected to be of significant value in 
129 the investigation of the CRMs’ nanostructure and the composition of hydration product, and thus may 
130 provide a valuable tool in understanding and further development of these construction materials.



131 2 Experimental Program
132 2.1 Materials
133 A Cementitious Repair Material (CRM) has been selected in this study for STEHM examination. This is 
134 referred to as a modified synthetic CRM which contains Portland cement, reactive silica, calcium and 
135 aluminum salts of organic acids and bases, and some crystalline catalysts (Kumar et al., 2009); a special 
136 category of repair material commercially produced and used for waterproofing cementitious materials. 
137 However, the chemistry of this product is proprietary and available. The chemical compositions and IR 
138 spectra of similar product have been reported in (Kumar et al., 2009; Sisomphon et al., 2012). Some of the 
139 physical properties of the material, reported by its manufacturer and used in this study, are given in Table 
140 1. It should be noted that the focus of this paper is to further develop the specimen fabrication technique 
141 and not so much to characterize one particular type of CRM.

Table 1: Physical properties of CRM
Color Gray
Texture Powder
Particle size 40-150 µm
Bulk density 1.2~1.5 g/cm3

pH 13 (when mixed with water)
Solids 100%

142 2.2 Specimen preparation 
143 Any specimen for STEHM analysis must be of an appropriate size with thickness less than 50-100 nm in 
144 order to allow passage of electrons for imaging sample’s internal structure. As noted in Table 1, the average 
145 particle size of anhydrous CRM powder is reported by its supplier to be about 40-150 μm. Hence, the main 
146 obstacle was to prepare an appropriate size specimen that can easily fit inside the STEHM chamber. This 
147 requires CRM particles to be cut and thinned. Prior to the thinning procedure, anhydrous particles were 
148 dispersed and mounted on aluminum stub covered with carbon paste (Figure 1). Although the anhydrous 
149 particles’ size reported by its supplier is about 40-150 μm, it should be noted that the particles’ size 
150 measured from SEM images turned out to be above 20 μm and less than 1.5 mm. Hence, picking a suitable 
151 particle size for thinning procedure was quite a challenging task. The SEM and X-ray analyses of dispersed 
152 particles were later performed on raw material using Hitachi S-4800 SEM equipped with Burker Quantax 
153 EDS system for X-ray spectroscopy.

154



155   Figure 1: SEM micrograph of anhydrous CRM particles (Magnification: x25)

156 For investigation of hydration products, the specimen was prepared by spraying with tap water for a period 
157 of 7 days (three times per day) to activate the hydration of the CRM crystals. It is reported that there can be 
158 some negative effects of using tap water instead of distilled water. Negative effects reported include: 
159 decrease in initial and final setting time mainly due to flocculation process on setting and reduction in pH 
160 level of the paste due to presence of bicarbonate (HCO3

-) and carbonate (CO3
-) ions in the tap water which 

161 cause an increase in the solubility of CO2 and acidity of water (Ersoy et al., 2013). Also, according to this 
162 study, more portlandite [Ca(OH)2] content may be observed in hydrated pastes having tap water than those 
163 mixed with pure water. However, to simulate casting of practical concrete mixtures used in construction 
164 and in accordance with ASTM and Canadian Standards, tap water was chosen as the type of mixing water 
165 in this study. Authors also suggest that future research could focus on studying the effect of tap water vs. 
166 pure (distilled) water on carbonation and resulting hydration products. The specimen was kept in a clean 
167 room inside pin stub storage box during 7-day curing period to remove chance of contamination and 
168 exposure to carbon dioxide in the air; thus, eliminate the risk of carbonation in the ambient conditions. The 
169 hydrated particles were again imaged by SEM to identify morphology and various phases after 7-days 
170 hydration, shown in Figure 2. The enlargement of particles and formation of needle-shape crystals were 
171 observed through SEM investigation. 

172
173 Figure 2: SEM micrograph of 7-days hydrated CRM (Magnification on the image in the center: x1.00k)

174 Thinning processes were conducted by Hitachi FB-2100 FIB system for making micrometer- and 
175 nanometer-sized cut in the CRM powder. A well-known sample preparation technique called “lift-out” 
176 technique was used to fabricate proper sample size for STEHM imaging. The only requirement for the lift-
177 out technique is that the bulk sample must fit inside the FIB specimen chamber, this condition could easily 
178 be satisfied with obtained hydration products. After platinum deposition on sample surface was completed 
179 (Figure 3-(a)), a large stair-step FIB trench was cut on one side of the Region of Interest (ROI) and a 
180 rectangular FIB trench was cut on the other side of ROI (Figure 3-(b) & -(c)), following similar procedures 
181 as reported in (Giannuzzi and Stevie, 1999; Giannuzzi et al., 2005). Before final thinning, the specimen 
182 was tilted to >45◦ and then the bottom, left side, and a portion of the right side of the specimen was cut free. 
183 A solid glass rod pulled to a sharp tip (~20–30 µm) was inserted into the arm of a hydraulic 
184 micromanipulator. Using the micromanipulator, the membrane was “lift-out” of the bulk sample and was 
185 then positioned onto a coated copper (Cu) FIB lift-out TEM grid which is designed for in-situ lift to attach 
186 the TEM lamellae milled out by FIB systems. Electrostatic forces allow the membrane to be lifted out by 
187 means of the glass rod. TEM grids, with typical thickness of 35 μm/-5 μm, fit all standards TEM holders 
188 and provide a full view of the thin section attached to the posts.  A grid with three narrow flat posts has 
189 been used with identification letters (A-C) were etched into it as schematically shown in Figure 3-(e) & (f). 
190 Later, sample was tilted back to its starting position and thinned to electron transparency. A final FIB cut 



191 was performed ~1-2◦ with respect to the plane of the specimen surface. In this manner, the thinnest portion 
192 of the specimen lies in the ROI. The remaining right side of the specimen was milled free leaving the 
193 electron transparent membrane lying in the cut trenches. After completing the above-mentioned steps, the 
194 specimen was ready for STEHM analysis. It should be mentioned that two individual particles were initially 
195 attempted to be mounted on the grid; however, the second attempt for picking and welding the particle to 
196 the grid failed. So, only one particle could successfully be welded to the Cu grid. This indicates some of 
197 the challenges still encountered during this process.

198

199



200
201 Figure 3: Schematic and real view of “lifted-out” technique used to manufacture CRM sample

202 2.3 Scanning Transmission Electron Holography Microscopy (STEHM) 
203 Structure of the CRM was examined by imaging and diffraction techniques using Hitachi HF-3300v 
204 STEHM having spherical + Coma correction of its TEM mode. The STEHM, used through this work, has 
205 proven to be the most stable microscope in the world as well as one of the highest resolution microscopes. 
206 The operating voltage was 200 kV and the current at the sample surface was estimated to be about 1 nA. 
207 STEHM makes it easier to obtain high magnification images without beam damage. Some images were 
208 acquired in the dark-field mode, with a high angle annular detector fitted in the microscope; this improves 
209 contrast for low atomic weight materials such as cement-based materials. For elemental analysis, STEHM 
210 is also equipped with Bruker EDS analyzer at a high take off angle for efficient collection of the X-rays. 
211 This enabled analysis to be made without tilting the specimen. 

212 3 Results and Discussion
213 3.1 EDS analysis using SEM
214 Prior to FIB fabrication process and imaging with STEHM, the CRM (before and after 7-days hydration) 
215 were analyzed using SEM/EDS to identify its morphology, elements inside and hydration products. The x-
216 rays generated can be collected using Energy Dispersive X-ray Spectroscopy (EDS) detector and used to 
217 form high spatial resolution elemental maps. Through this study, EDS analysis spots were chosen carefully 
218 depending on the morphology of the un- and hydrated phases probed, so that results could be attributed as 
219 accurately as possible to pure phases. In this paper, the distribution of different elements of CRM using 
220 both SEM and STEHM were identified. 

221 EDS analysis of CRM in selected regions indicated mostly typical elements of cement (calcium, oxygen, 
222 and silicon in major amounts, in addition to iron, aluminum, magnesium). SEM photograph and EDS 
223 elemental mapping were acquired for anhydrous CRM, shown in Figure 4. The figure provides direct 
224 visualization (Figure 4-(a)), elemental mapping (Figure 4-(c) & -(d)) and quantification of elements in raw 
225 specimen (Figure 4-(b)). Multi-elemental mapping performed by raster scanning of area marked in SEM 
226 image, and taking a spectrum at each point to build up an areal distribution of the elements, indicates very 
227 high concentration of Calcium (Ca), Silicon (Si) and relatively high Magnesium (Mg) content, revealing 
228 that there is a considerable amount of Mg present in the examined sample. This observation was also 
229 confirmed from spectrum in Figure 4-(b) which provides information about what elements are present and 
230 the quantities of each. The obtained information from EDS was later used to identify hydration products 
231 and attain atomic ratio of the elements. Similar micrograph was obtained for the CRM, hydrated for 7-days 
232 (Figure 5).



233

234 Figure 4: EDS spectrum, multiple and individual elemental mapping of anhydrous CRM

235 After spraying water for 7 days, it was observed with naked-eye that particles swelled on the stub and 
236 expanded in size due to the reaction process. Three selected locations in SEM image (Figure 5), where 
237 needle-shape crystals were formed, indicate that high amount of Ca exists predominantly compare to other 
238 elements. Elemental mapping also reaffirmed these crystals were consisted of mostly Ca. The EDS analysis 
239 of hydration product did not show any significant elemental differences with that of un-hydrated one in 
240 Figure 4 except only high content of Ca and less amount of Si or Mg; this suggests that in spite of the 
241 different morphology of hydrated CRM (e.g. formation of needle-shape crystals, shown in Figure 5), the 
242 reaction products are the results of growth in particle size. As one of the preparation steps, the x-ray analysis 
243 has only been done to select proper location for thinning procedure as well as STEHM investigation and 
244 not to draw any conclusions about CRM chemical compositions. Authors also believe that spraying water 
245 for 7-days period might not be enough time and good curing method to get fully hydration product. Hence, 
246 authors recommend that CRM needs to be cautiously hydrated by suitable wet-curing method before its 
247 intended application since curing is a critical step and plays an important role in obtaining fully performance 
248 of cement-based materials. Further investigation on this material is required to understand the effect of 
249 various curing methods on morphology and hydration products. 



250

251 Figure 5: EDS spectrum, multiple and individual elemental mapping of 7-days hydrated CRM

252 One of the ways to present and further analyze the data, and thus hydrated compositions, is graphically, in 
253 the form of atomic ratio plot. The plots in Figure 6-(a) & -(b) were obtained from EDS spectra of hydration 
254 products by calculating each element’s atomic percent from its mass percent for all selected spots, and then 
255 presented in the form of a graph after deriving atomic ratios for particular elements. To derive 
256 comprehensive analysis, more than 10 different spots were selected and all data points, collected from EDS 
257 analysis spectrums, represent a point for Si/Ca vs Al/Ca in one plot Figure 6-(a) and Al/Ca vs S/Ca in Figure 
258 6-(b). It is important to appreciate that the plots quantify the compositions of the hydration product; 
259 however, the proportion of each composition present in the paste cannot be quantified. 

260 Although more sampling from the CRM and its chemical compositions are needed for comprehensive 
261 conclusions, the plot of Si/Ca vs Al/Ca in Figure 6-(a) shows that calcium hydroxide (Ca(OH)2) was the 
262 main product of selected regions in 7-days hydrated CRM. It also indicates that Si/Ca ratio of the sample is 
263 approximately between 0.01~0.1 while the Al/Ca ratio is 0.02~0.04. The typical Si/Ca ratio of the inner 
264 product C-S-H in neat Portland cement have been widely reported from several characterization techniques, 
265 with values ranging from approximately 0.45 to 0.6 while the Al/Ca ratio is 0.04~0.06. Hence, the cluster 
266 near origin in Figure 6-(a) & -(b) corresponds to largely CH crystals and rarely C-S-H gel. The plot 



267 demonstrates that no AFt (a group of calcium sulfoaluminate hydrates) and AFm (a group of calcium 
268 aluminate hydrates) phases were detected. As the most common and important member of AFt group, 
269 Ettringite also forms needle-shape crystals similar to the ones imaged in CRM; however, through authors 
270 analyses, the CRM crystals have not been identified to be Ettringite.  Figure 6-(b) clarifies the picture 
271 considerably. No pure gypsum, a hydrated calcium sulfate in chemical form that helps in compensating the 
272 rate of hardening of the cement, is identified. 

273 It is hypothesized that dominant presence of pure CH in hydration products can be rooted in random data 
274 collection from various locations. Hence, it is strongly recommended to not collect data from random 
275 locations before seeking out visually different hydration phases from SEM micrograph. Furthermore, more 
276 spectra for hydrated compositions is required to be collected in order to systematically identify single or 
277 more than one phases of hydration product since different forms of these phases can intergrow on a scale 
278 smaller than the X-ray excitation volume. However, the goal of this work was to establish an experimental 
279 methodology as opposed to determining the absolute proportions of various elements. 
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284 Figure 6: 7-days hydrated CRM atomic ratio plot of (a) Si/Ca vs Al/Ca (b) Al/Ca vs S/Ca 



285 Moreover, EDS analyses for un- and hydrated CRM for 7-days are plotted as atomic percentage, another 
286 way of data representation, normalized to 100%, in Ca-Si-(Al+Mg) ternary diagram in Figure 7. The 
287 analyses of hydration product resulted in identification of dominant phase of CH, similar to data represented 
288 in Figure 6. While most data points of hydration products in Figure 7-(b) are located close to the cluster of 
289 analyses plotted in Figure 6, the un-hydrated CRM collected spots in Figure 7-(a) are scattered in random 
290 directions which makes the conclusion about its phases difficult, and thus requires more data to be collected. 
291 For comparison purposes, Portland cement hydration product range is also plotted on the graph.
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296 Figure 7: (a) Un- and (b) hydrated CRM Ca-Si-(Mg+Al) ternary diagrams 



297 3.2 STEHM Micrographs
298 A CRM with a mean particle size of 80 μm was thinned down into 1~2 μm size using FIB and further 
299 magnified in STEHM in order to investigate morphology, element distribution, and structural order of its 
300 nano structure. Using STEHM, a highly-focused electron probe was raster-scanned across the prepared 
301 specimen to acquire various types of scattering. Figure 8-(a) exhibits a bright-field micrograph, taken in 
302 TEM mode from 7-day hydrated CRM specimen, indicating compact, fine-scale, homogenous morphology. 
303 Many regions are free of obvious defects and dislocation (dislocation will of course be introduced when the 
304 bulk sample is ground to make powder). For further investigation of sample’s morphology, it was divided 
305 into 5 different color-coded regions (ROI: A-E in Figure 8-(a)) where TEM micrographs were obtained and 
306 are explained in section 3.4. In addition, mapping the intensity of high-angle scattered electrons of the CRM 
307 using STEHM resulted in formation of Z-contrast micrograph which is incoherent (Figure 8-(b)). Since the 
308 image was formed from high-angle scattering of atomic nuclei, the scattering cross section relates to atomic 
309 number (Z2). In Figure 8-(b), areas that appear bright in the specimen correspond to higher atomic weight 
310 elements. For example, on the right brighter region of the specimen (illustrated in Figure 8-b by yellow 
311 boundary), there are more elements with higher atomic weight like Fe or Al, although, for further element 
312 identification, EDS examination was required. Later, EDS analysis on thinned particle using STEHM have 
313 been performed to identify elements inside and acquire X-ray spectrum (3.6). Thickness map and 
314 crystallographic information were additionally obtained as characterization techniques for further 
315 investigation of the CRM structure, and reported in the sections 3.3 and 3.5. It should be noted even though 
316 one sample was mounted on the stub, the sample was divided into five areas, thus increasing the reliability 
317 of the results.

318
319 Figure 8: Seven-days hydrated CRM (a) TEM micrograph (bright-field image) (b) Z-contrast micrograph

320 3.3 Relative Thickness Map
321 It is necessary to check the thickness of fabricated specimen to ensure passage of electrons through the 
322 sample. A reliable indicator to overlook is the Mean Free Path (MFP) value, λ, which represents the average 



323 distance a beam electron will travel inside the samples between electron energy loss scattering events for 
324 inelastic scattering which contributes to significant details at the atomic level to high resolution images 
325 particularly in high voltage instruments. For a specimen of thickness t, the average number of times, an 
326 electron beam will scatter in-elastically, is t/λ. 

327 To obtain thickness map for the CRM particle, two images, one unfiltered image without introducing an 
328 energy-selection slit that is inserted into the energy dispersive plane of an energy filter, which selects 
329 electrons having specific energies and another filtered (zero-loss) image by introducing the energy selecting 
330 slit around the zero-loss energy (with slit width 10 eV) were acquired. Then, the relative thickness map 
331 obtained from these two images using the log-ratio method in Gatan Digital Micrograph provided the local 
332 sample thickness in units of inelastic mean free path (λ). The relative thickness map and corresponding 
333 average intensity profile were obtained for ROIs (A-E) of the particle at 200 keV incident energy, shown 
334 in Figure 9. The MFP values for most of ROIs A-C and E are in the range between 0.4-0.7. Knowing the λ 
335 values for 7-days hydrated CRM, the sample thickness, t, was measured to be 50-80 nm. The obtained  𝑡

𝜆
336 value indicates the suitability for the ROI area for transmitting electrons through specimen and performing 
337 Electron Energy Loss Spectroscopy (EELS) studies since its value provides a direct indication of the degree 
338 of signal degradation by plural scattering independent of the sample composition. Similar approach can be 
339 performed in Energy Filtered TEM (EFTEM) to generate a two-dimensional  map. 𝑡

𝜆

340
341 Figure 9: Relative thickness map of selected CRM particle regions 

342 3.4 Morphological aspects of hydration products
343 The morphological characteristics of hydrated CRM were acquired for five color-coded (500×500 nm2 
344 square) ROIs (Regions: A-E) under STEHM. All ROIs were nearly devoid in the TEM micrograph except 



345 ROI-A that has double holes with 150-200 nm size.  No quantitative significance can be attached to the 
346 hole sizes seen on the micrograph since the holes’ structure were initially observed to exist and coarsen as 
347 a result of electron beam damage. The amount of damage suffered in a very short time, due to electron 
348 beam, was sharply evident in the ROI-B micrograph, appearing brighter in Figure 10; however, we were 
349 still able to get clear satisfactory images. Also, no morphology other than a fine structure is seen within 
350 ROI-C of TEM micrograph. It is hypothesized that large quantities of crystals, observed in Figure 2, which 
351 were highly hydrated, might have readily decomposed during FIB fabrication and specimen preparation.  
352 In the region D, evidence of contamination from electron beam was observed as well. It must be noted that 
353 the morphology of prepared specimen just brought into field of view may have sustained preventable 
354 damage, not only from sample preparation technique, but how the beam had been manipulated over the 
355 sample. For instance, if the beam current is initially turned up at low magnification with a large spot size 
356 and poorly defocused electron beam, then an extensive area can be damaged (Richardson and Groves, 
357 1993). Hence, an operator who implements the proposed sample preparation technique and nano-scale 
358 investigation, needs to consider sufficient cautious in all steps to avoid any damages to the sample.

359
360 Figure 10: TEM micrograph of color-coded selected regions of CRM specimen

361 3.5 Selected Area Electron Diffraction (SAED) Pattern
362 Selected Area Electron Diffraction (SAED) patterns can be obtained from localized regions of the sample 
363 by inserting a selected area diffraction aperture into the image plane of the objective lenses. SAED patterns 
364 help to determine whether a specimen is single crystal, polycrystalline, or amorphous. The sampled 7-days 
365 hydrated particle was studied using SAED to ensure the presence or absence of crystalline phases.  SAED 
366 patterns were obtained from five various selected regions (ROI: I-V) within the boundary and inner-body 
367 of the particle, shown in Figure 11. The area covered by a SAED aperture was 100-120 nm in diameter. 
368 Inspection of these patterns led to some very interesting findings. In spite of the complex appearance of this 
369 microstructure, SAED patterns of all regions show that most of the diffracting material has amorphous 



370 structures. This observation is also confirmed by intensity profile of SAED patterns, as illustrated in Figure 
371 11. As an additional characterization technique, a simple XRD examination can be also performed to 
372 identify non-crystalinity of the hydrated CRM particle. Part of difficulty in the reliability of the SAED 
373 investigations may relate to amorphization of the specimen by the ion beam milling process and/or beam 
374 damage in the microscope (Viehland et al., 1996). Groves et al. (Groves et al., 1986) successfully achieved 
375 the thinning of Hardened Cement Paste (HCP) specimens by ion-beam methods, using a liquid-nitrogen-
376 cooled stage-to minimize thermal damage- and a slow thinning rate. They were able to obtain reproducible 
377 results in their investigations. They also noted that the possibility of thermal damage during preparation is 
378 more serious than beam damage in the microscope, because the damage accumulated in the microscope can 
379 be monitored in situ.

380 Diffuse rings, evidence for short-range structural order and sub-crystalline region in specimen were 
381 observed in region I, IV and V using SAED (indicated by yellow arrows); however, further investigation 
382 of the hydration product, as also performed by Viehland et al. (Viehland et al., 1996) for the C-S-H gel 
383 phase, require to be conducted to better understand the midscale structural units that result in short-range 
384 ordering, seen in the marked areas with arrows in the SAED patterns. Presence of nanocrystallinity region 
385 can be indicated in sample’s structure through High Resolution Electron Microscope (HREM) studies and 
386 its development inside specimen may occur very rapidly at short times, slowing down, as sample ages. 
387 Similar results have been reported for C-S-H gels for freshly cured and aged gels (Viehland et al., 1996). 
388 Their results supported the arguments that system becomes metastably trapped in a sequence of near-
389 degenerate states because of the inability to undergo long-term diffusion. Overall, the safe statement that 
390 can be made at this point is that SAED patterns of observed CRM particle show amorphous structure; 
391 however, more samples are required to be prepared for comprehensive conclusion. 
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392 Figure 11: Selected Area Electron Diffraction (SAED) pattern of CRM particle and its intensity profile 

393 3.6 EDS analysis using STEHM
394 EDS analysis was performed by STEHM on fabricated specimen to investigate the elemental distribution, 
395 confirm observations from SEM/EDS analysis and calculate Ca/Si ratio of examined particle. The size of 
396 the mapping area was chosen to be about 2×2 μm2 (Figure 12-(a)) and the X-ray mapping involved the 
397 simultaneous analysis of eight elements (O, Ca, Si, Mg, Fe, Al, Ga, W) (Figure 12-(c)). EDS elemental 
398 maps show that the specified region of the specimen mainly contains silicon and calcium together with 
399 small amounts of aluminum and iron, shown in Figure 12-(d). It should be mentioned that calcium was not 
400 detected by EDS on the right side of specimen area. Iron (Fe) was also present throughout the selected 
401 region, but did not appear to be particularly associated with either aluminum or magnesium. Iron contents 
402 occurred in the right area were higher. Additionally, the amount of magnesium, originally presents in the 
403 anhydrous sample, was not significant in EDS elemental map. In Figure 12-b, the spectra, acquired from 
404 the investigated particle, shows high peak for Si and Ca. Evidence of Gallium (Ga), most likely sputtered 
405 from electron beam, was also observed in different spots which cautiously needs to be prevented during 
406 sample preparation as it makes EDS analysis of investigated sample less appealing. The Ca/Si ratio of the 
407 particle was calculated to be about 0.4–0.6. In reviewing previous TEM work by the authors (unpublished), 
408 it was noted that no similar cement hydration products contain substantial silicon content. The low Ca/Si 
409 ratio measured was interpreted as being due to one or more of the following: (a) the fine intermixing of 
410 Wollastonite (CaSiO3), Quartz (SiO4), or Silica (SiO2), (b) residual undissolved silicon calcium particles, 
411 or (c) the less coexistence of tobermorite (T2) and jennite (J2) like structures (Gallucci et al., 2010). Also, 
412 the Ca/Si ratio has been reported previously to depend on the beam acceleration voltage, indicating the 
413 influence of beam-spreading effects (Taylor, 1997). Generally, preliminary experiments have shown that 



414 determination of specimen’s composition by EDS combined with STEHM is feasible, however, the 
415 variability of Ca and Si was too severe to allow fully quantitative results to be presented from these initial 
416 experiments.

417

418 Figure 12: EDS analysis and elemental mapping of CRM particle

419 4 Conclusion
420 Through this study, a cementitious repair material has been fabricated by FIB system and studied 
421 analytically by STEHM. No previous studies documenting the nanostructure of this material when studied 
422 using STEHM (one of the highest resolution in the world) have been reported. After activating the CRM 
423 by water-spray, lift-out technique has been used in FIB system to manufacture appropriate size specimen 
424 (50~100 nm thickness) for STEHM analyses. Hydrated specimen revealed fine, compact, homogenous 
425 morphology and its diffraction pattern after water-activation indicated nearly amorphous structure, 
426 however, evidence of short-range structural was observed which requires further investigation. The relative 
427 thickness map, attained from hydrated particle under STEHM, indicated that measured specimen thickness, 
428 thinned through FIB processing, was about 40-70 nm which allows sufficient electrons to transfer inside 
429 sample. This preliminary investigation leaves many questions unanswered but demonstrates the feasibility 
430 of a powerful technique for examining the nanostructure of the cement-based material, and the effects of 



431 its microstructure and solution compositions on the stage of hydration. Great care should be exercised when 
432 manipulating ion-thinned specimens in the STEHM because it is quite possible for an operator to be 
433 unaware about the damage that has occurred. This report provides new insights in the fabrication and 
434 examination of the microstructural development of cement-based products at the nano-scale.
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