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Standardless Energy dispersive spectroscopy (EDS) on polished samples of Portland cement clinker is routinely
performed both for unhydrated phases as well as in cement pastes. Typically, the calcium to silica ratio is
investigated. EDS analyses are highly dependent on the polishing quality of the sample. It is thus worth studying
the Ca/Si ratios of cement phases in a clinker since they can be used as a reference. Indeed, alite (Ca3SiOs or C3S
in cement chemistry notation) and belite (CapSiO4 or CsS) should have an atomic Ca/Si ratio of 3 and 2,
respectively. EDS carried out under the scanning electron microscope (SEM) is routinely used on polished
samples to assess the composition of such phases. In the present study, Ca/Si ratios are investigated on a

commercial clinker polished at various steps (6, 3, 1 and 0.25 um diamond pastes, 0.05 um alumina). All along
the polishing process, ratios are coherent with theoretical ones and with the reference ones obtained by electron
probe microanalysis (EMPA) in the present study.

1. Introduction
1.1. Cementitious materials: microstructure and polishing

The microstructural study of cementitious materials is most of the
time carried out with a scanning electron microscope (SEM) using flat
polished samples or fractures (Famy et al., 2002; Scrivener, 2004;
Stutzman, 2012, 2004). Flat-polished samples offer a cross-section
through the sample and allow microanalysis, typically energy disper-
sive spectroscopy (EDS), which is the most commonly used analytic
technique for cement and concrete (Pacheco and Copuroglu, 2016;
Richardson and Groves, 1993; Wong and Buenfeld, 2006), but also
supplemented in some cases by wavelength dispersive spectroscopy
(WDS), commonly known as electron microprobe analyser or EMPA
(Ghose et al., 1983; Ghose and Barnes, 1979; Rayment, 1986; Sarkar and
Roy, 1985; Stanék and Sulovsky, 2015, 2012).

Samples to be studied as polished cross-sections are prepared by
epoxy impregnation (Kjellsen et al., 2003; Marusin, 1995) followed by
several steps of polishing. The mechanisms of polishing, consisting of a
removal of matter in order to suppress surface imperfections, are

complex (Evans et al., 2003), depend on the type of material to be
polished and have an influence on the result of microanalysis (Newbury
and Ritchie, 2015; Rémond et al., 2006).

There is no normative, well-defined procedure for the polishing of
cement-based materials, but only common practice. This one is some-
times contradictory between papers and is totally user dependent.
Nowadays, most publications mention the use of diamond-based prod-
ucts, but some works refer to alumina (Ahmed, 1983) or cerium oxide
(Jupe et al., 2012) for example.

EDS microanalysis is strongly dependent on the flatness of the ana-
lysed surface, the slightest angle between the place analysed and the
electron beam will have a strong effect on results — this matter has
already been extensively studied (Newbury and Ritchie, 2015, 2013;
Yakowitz, 1968). EDS is not a surface science technology, the size of the
electron-matter interaction zone exceeding a diameter of 1 um, even
sometimes more in the case of porous cementitious materials (Kjellsen
and Helsing Atlassi, 1998; Wong and Buenfeld, 2006). However, since
polishing can leave surface imperfections, the accuracy of analyses is
questionable. Indeed, considering the presence of scratches, the X-ray
path resulting from the interaction between the incident electron beam

* Corresponding author at: IMT Nord Europe, Institut Mines-Télécom, Centre for Materials and Processes, F-59000 Lille, France.

E-mail address: vincent.thiery@imt-nord-europe.fr (V. Thiery).

https://doi.org/10.1016/j.micron.2022.103266

Received 7 November 2021; Received in revised form 12 March 2022; Accepted 26 March 2022

Available online 30 March 2022
0968-4328/© 2022 Elsevier Ltd. All rights reserved.


mailto:vincent.thiery@imt-nord-europe.fr
www.sciencedirect.com/science/journal/09684328
https://www.elsevier.com/locate/micron
https://doi.org/10.1016/j.micron.2022.103266
https://doi.org/10.1016/j.micron.2022.103266
https://doi.org/10.1016/j.micron.2022.103266
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micron.2022.103266&domain=pdf

V. Thiery et al.

Incident
beam

i

Fig. 1. Redrawn after Newbury and Ritchie (2013): schematic cross section
through a sample showing the topographic effect of the X-ray path and thus on
microanalysis. 1: flat area with a correct geometry, yielding accurate results. 2:
extra absorption due to ridge. 3: reduced absorption due to scratch wall. 4:
extra absorption path due to scratch depth.

and the sample is likely to be affected (Fig. 1).

Even though calcium silicate in Portland cement clinker has been
well known for decades, their microanalysis is still of interest nowadays.
EDS can be performed for example as an educational tool in order to
illustrate Ca/Si ratios or in routine quality control as well as when
incorporating various foreign elements in belite (Stanek and Sulovsky,
2012).

Moreover, the quantitative microstructural study of cement paste,
and more specifically the pore structure, is likely to be affected by
nanometric changes in surface inclination (Yio et al., 2016). This is
typically what happens on a poorly polished surface.

1.2. Chemistry of calcium silicates

Being important phases in both cement and ceramic sciences, the
chemistry and crystallography of CaySiO4 (“calcium orthosilicate™) and
CagSiOs (tricalcium silicate) is described in a large amount of papers
(Ghosh et al., 1979; Maki, 2006a, 2006b; Taylor and Aldridge, 1993;
Yamnova et al., 2011). Published data concerns both the naturally
occurring minerals (larnite and hatrurite) as well as their synthetic
counterparts (Table 1).

The present study provides analyses of Portland cement clinker’s
calcium silicates, alite (Ca3SiOs or C3S) and belite (CasSiO4 or C3S) on
polished samples at each fine polishing step. In order to have a reference
for phase composition of clinker samples from the present study, di- and
tri-calcium silicates compositions have been also investigated by

Table 1
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electron probe microanalysis (EPMA). The microstructure is investi-
gated using common techniques (optical microscopy — OM - and scan-
ning electron microscopy — SEM) completed by optical profilometry to
obtain a quantitative image of surface defects. The reason for this choice
is that the Ca/Si atomic ratio for those two components can be used as a
basis for comparison between the successive steps of polishing. Finally,
to go further, a brief study on a pure cement paste is also presented since
its EDS microanalysis under the SEM is routinely done by plotting Ca/Si
ratios (Georget et al., 2021; Sargam and Wang, 2021).

1.3. Surface metrology

The arithmetic mean roughness, R, along a line is defined as
(equation 1):

1 n
R, :’; ;‘%'

Arithmetic mean roughness.

It can be viewed as the measurement of n points of height y;, the
spacing being the spatial sampling used for the measurement. With a
nanometric resolution, this device is typically used to study defects on
highly polished surfaces for example (Awasthi et al., 2021), to quantify
micro grinding tools roughness (Setti et al., 2019) as well as enamel

®

Table 2

Summary of all polishing steps for the samples analysed in this study. See text for
details regarding lubricants. All steps have been carried out at 150 rpm with a
25 N load except for lapping which was carried out slower.

Abrasize Type Duration
size
Coarse 80 grit Resin-embedded diamond Until sample
polishing crops out
220 grit Resin-embedded diamond 10s
600 grit Resin-embedded diamond 30s
1200 grit Resin-embedded diamond 60s
Lapping 800 grit SiC suspension in ethanol on a 6 min
pig iron plate
Fine 6 um Diamond paste on cloth 5 min
polishing (Struers DP Dac)
3 um Diamond paste on cloth 5 min
(Struers DP Dac)
1 um Diamond paste on cloth 5 min
(Struers DP Dac)
0.25 um Diamond paste on cloth 5 min
(Struers DP Dac)
0.05 um Alumina slurry on cloth 20s

(Struers DP Dac)

Chemistry of calcium silicates. (1) Theoretical Ca,SiOy4, (2) after (Midgley and Bennet, 1971), (3) after (Sarkar and Roy, 1985), (4) theoretical Ca3SiOs, (5) after (Gross,
1977), (6) after (Sarkar and Roy, 1985). (2), (3), (5) and (6) are electron microprobe (WDS) analysis.

Larnite — Ca,SiO4 or C,S

Hatrurite — Ca3SiOs or C3S

(€))] (@)

Ca0 65.12 65.5 64.45
Si0, 34.88 34 29.03
MgO 0.05 0.70
ALO; 0.03 1.85
K0 0.037 0.79
Na,O 0.25 0.78
TiO, 0.029 0.1
MnO 0.074

MnO, 0.25
Fe,03 0.011 1.65
P,0s 0.48 0.52
S0, 0.057

S0; 0.23
Cry05 0.13
Total 100 100.52 100.49

®3)

[©)] 5) 6)
73.69 72.8 71.80
26.31 26.1 23.17

Traces 0.39

0.4 1.48

0.79

0.70

0.3 0.40
0.2

0.13

1.24

0.24

0.36

0.15

100 99.8 100.84
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Table 3
Specifications of optical profilometer objectives used in the present study.

Objective Lateral resolution Vertical resolution
x 10 0.9 um < 0.1 nm
x 50 0.5 ym < 0.1 nm

demineralization (Cross et al., 2009). This versatile tool is thus of in-
terest to study the polishing of cement-based materials in cases where a
sub-micrometric information is needed.

2. Materials and methods
2.1. Sample embedding and polishing
In scanning electron microscopy, it is well established that a correct

sample preparation is the key to relevant observations (Kjellsen et al.,
2003; Scrivener et al., 2016). A commercial Portland clinker (courtesy of

Micron 158 (2022) 103266

Lafarge-Holcim) was used for this study. Centimetre sized nodules were
halved prior to impregnation in order to obtain the largest possible
surface of observation. Impregnation was carried out under vacuum at
ambient temperature using epoxy resin (K2020, Huntsman). A summary
of all polishing steps is given in Table 2. A mixed alcohol-oil lubricant
(DP Brown, Struers) was used for all steps except for the coarse polishing
and lapping carried out with ethanol only.

2.2. Imaging, scanning electronic microscopy and microanalysis

Optical images were acquired with a Leica DMRXP microscope
coupled with the Leica LAS software. Scanning electron microscopy was
carried out using a Hitachi S-4300SE/N SEM working in high vacuum
mode, coupled to a Thermoscientific Ultradry EDX SDD detector. The
beam current was set to 15 kV with a time constant of 8 ps in order to
keep a deadtime in the 10-20% range. Data were processed using Noran
System Six software, choosing a standardless method with ZAF

3 um diamond paste

1 pm diamond paste

Fig. 2. Optical (a-c) and SEM-BSE (f-h) micrographs illustrating the evolution of the polishing at successive steps Optical (d-e) and SEM-BSE (i-j) micrographs

illustrating the evolution of the polishing at successive steps.
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0.05 um alumina slurry

Fig. 2. (continued).

correction.

2.3. Electron probe microanalysis

A Cameca SX100 electron probe microanalyser (EPMA) was used to
perform quantitative elemental analysis. Quantifications were carried
out at 15 kV, 15 nA. The acquisition time was set at 20 s per element. A
LLiF crystal was used to detect the Fe Ka X-rays, a LPET crystal to detect
the Ca, P, S and K Ka X-rays and a TAP crystal to detect the Si, Al, Na and
Mg Ka X-rays. The standards used to quantify Si, Ca, AL, K, Fe, P, S, K, Na
and Mg were, respectively, wollastonite, orthose, Fe203, apatite, ZnS,
albite and MgO.

2.4. Optical profilometry

A Bruker Contour GT-X optical profiler, working in vertical scanning
interferometry (VSI) mode under white light, was used on polished
samples to obtain their surface topography. The main characteristics of
the objectives used in the present study are presented in Table 3.

3. Results
3.1. Microstructure

3.1.1. Polishing - 6 um step

From this step, the microstructure is optically revealed (Fig. 2a).
Under the SEM-BSE, it is clear but not perfect. The surface of calcium
silicates is rough, and the interstitial phase is not differentiated.
Scratches are numerous. It is worth noting that the inner structure of the
C5S, the so-called “striation” or lamellae (Chromy, 1967; Fukuda and
Maki, 1989), is not decipherable. It even appears overprinted by
scratches on SEM images.

3.1.2. Polishing - 3 um and subsequent steps

Since the microstructure has been revealed from the 6 um step, no
deep changes are expected from this point. The main improvement
concerns the scratches, which are not visible under the optical micro-
scope, but they are still present at some places as revealed by the SEM
(Figure b and c). The changes after the 1 pm step are not easily seen on
micrographs but rather under optical microscopy since the sample is
more reflective.

3.1.3. EMPA microanalysis (standard-based)

In mineralogical studies, especially in geosciences, EMPA, based on
the measurement of the wavelength of the emitted X-rays (WDS:
wavelength dispersive spectroscopy) is usually preferred to EDS (energy
dispersive spectroscopy) for its lower limits of detection and higher
spectral resolution (Reed, 2005). While EDS has proved to be as effective
as WDS in some cases (Gauvin, 2012), the latter remains a reference in
microanalysis of minerals. It had been however poorly used to charac-
terize clinker phases (Rayment and Majumdar, 1994; Sarkar and Roy,
1985; Stanék and Sulovsky, 2015).

Within the present study, alite (tricalcium silicate) and belite
(dicalcium silicate) have been analyzed by EPMA (WDS) as a comple-
ment to EDS analysis, which is presented below. The measurement has
been done on optically polished samples as described above. Table 4
presents the data expressed in wr.% and as calculations of structural
formula.

Disregarding all impurities, belite has a structural formula of
Cay,04Si0,0404 (mean over ten analyses), which gives a Ca/Si ratio of
2,06 and alite Cay 7Si,9O5 (mean over ten analyses), which gives a Ca/Si
ratio of 3. Both are in good agreement with theoretical valued for pure
phases and the amount and nature of foreign ions are also coherent with
what has been described elsewhere (Maki, 2006a, 2006b; Taylor, 1997).
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Table 4
EPMA (WDS) microanalysis for belite (C,S) and alite (C3S) of the studied clinker.

Micron 158 (2022) 103266

CaySi04 — Belite — wt%

NayO MgO SiOy Al,03 CaO P,05 SO4 K0 FeO Total
0,31 0,53 32,24 0,72 59,54 0,12 0,08 0,64 0,52 94,70
0,47 0,63 31,24 1,40 61,54 0,12 0,19 0,64 0,99 97,23
0,37 0,65 31,14 2,03 60,40 0,13 0,22 0,63 1,02 96,59
0,67 0,45 28,79 1,23 60,37 3,71 0,11 1,29 0,66 97,29
0,34 0,50 31,74 1,21 61,04 0,13 0,26 0,62 0,77 96,61
0,34 0,55 31,56 1,35 61,31 0,08 0,28 0,57 0,89 96,92
0,56 0,75 31,44 1,78 58,95 0,14 0,29 0,76 0,88 95,55
0,57 0,72 31,84 1,21 61,11 0,11 0,25 0,68 0,88 97,38
0,20 0,48 33,59 0,32 62,11 0,20 0,03 0,45 0,45 97,82
0,22 0,53 33,44 0,48 61,95 0,08 0,03 0,52 0,66 97,90

Atoms per formula unit based on 4 oxygen

Na Mg Si Al Ca P S K Fe
0,02 0,02 0,98 0,03 1,93 0,00 0,00 0,02 0,01
0,03 0,03 0,93 0,05 1,97 0,00 0,01 0,02 0,02
0,02 0,03 0,93 0,07 1,93 0,00 0,01 0,02 0,03
0,04 0,02 0,85 0,04 1,91 0,09 0,00 0,05 0,02
0,02 0,02 0,95 0,04 1,95 0,00 0,01 0,02 0,02
0,02 0,02 0,94 0,05 1,96 0,00 0,01 0,02 0,02
0,03 0,03 0,95 0,06 1,90 0,00 0,01 0,03 0,02
0,03 0,03 0,94 0,04 1,94 0,00 0,01 0,03 0,02
0,01 0,02 0,99 0,01 1,95 0,00 0,00 0,02 0,01
0,01 0,02 0,98 0,02 1,95 0,00 0,00 0,02 0,02

Ca3SiOs - Alite - wt%

Al,0; MgO Si0, Al,03 Ca0 P,0s SO, K0 FeO
0,08 1,35 24,99 0,73 69,05 0,11 0,01 0,05 0,58 96,95
0,07 1,40 24,32 1,09 69,24 0,14 0,04 0,09 0,64 97,04
0,08 1,35 24,95 0,79 69,58 0,15 0,01 0,06 0,60 97,58
0,10 1,43 24,41 1,24 69,28 0,07 0,04 0,08 0,83 97,46
0,11 1,27 25,57 1,03 68,61 0,11 0,04 0,13 0,72 97,58
0,09 1,35 24,63 0,85 69,08 0,13 0,01 0,06 0,59 96,79
0,08 1,40 24,56 0,82 68,81 0,28 0,01 0,09 0,65 96,69
0,09 1,45 24,31 1,15 68,16 0,14 0,02 0,06 0,80 96,18
0,11 1,33 24,81 0,77 68,37 0,19 0,02 0,06 0,54 96,20
0,09 1,43 24,00 1,30 68,05 0,17 0,04 0,12 0,79 96,00

Atoms per formula unit based on 5 oxygen

Na Mg Si Al Ca P S K Fe
0,01 0,07 0,92 0,03 2,71 0,00 0,00 0,00 0,02
0,01 0,08 0,89 0,05 2,72 0,00 0,00 0,00 0,02
0,01 0,07 0,92 0,03 2,73 0,00 0,00 0,00 0,02
0,01 0,08 0,90 0,05 2,72 0,00 0,00 0,00 0,03
0,01 0,07 0,94 0,04 2,70 0,00 0,00 0,01 0,02
0,01 0,07 0,90 0,04 2,71 0,00 0,00 0,00 0,02
0,01 0,08 0,90 0,04 2,70 0,01 0,00 0,00 0,02
0,01 0,08 0,89 0,05 2,68 0,00 0,00 0,00 0,02
0,01 0,07 0,91 0,03 2,69 0,01 0,00 0,00 0,02
0,01 0,08 0,88 0,06 2,67 0,01 0,00 0,01 0,02

3.2. EDS standardless microanalysis

3.2.1. Effect of X-rays counts amount on the quality of the data

Counting time is a useless parameter; the analysis had to be moni-
tored as the amount of X-rays detected. Typically, 10 000 counts above
the background level is recommended (Newbury and Ritchie, 2013). It
can be seen in Fig. 3 that the overall spectra shape as well as the Ca/Si
ratio (Table 4) are obtained as early as 100 counts only are reached. EDS
spectra become smoother when more counts are recorded but there is no
significant change in the analytical results (Table 2 for alite, Table 3 for
belite) — however, it must be stated that the associated error is divided
by ten when the amount of counts increases.(Tables 5 and 6).

3.2.2. Semiquantitative results

For each sample, i.e., a clinker at various polishing steps, 50 points of
analysis were taken randomly on the two types of calcium silicates. The
results are summarized in Fig. 4 and Table 7. Analytical values are given
as supplementary materials. Some dubious points (e.g. Ca/Si ratio of 8)
have been removed manually.

The graphical representation is helpful to see the variations. For
belite (CyS), the theoretical Ca/Si ratio of 2 is constantly a bit

overestimated (2.1-2.2) except after the 0.25 um step (2.05). For the
C3S, the tendency is opposed as the Ca/Si value of 3 is reached as early as
the 6 um step and has a significant change only after the 0.25 um step.
The Ca/Al ratio is plotted only to have a basis for comparison, the
scattering is due to compositional effect, i.e. a variation in Al content,
noticeable especially in CS, which has already been described (Har-
risson et al., 1985).

In order to check the statistical relevance of those observations, a
preliminary analysis of variance (anova test) was carried out for both
C,S and C3S Ca/Si ratios at various steps of polishing. The results for CoS
reveals that the F factor (25,24) is superior to F (2.41) thus the null
hypothesis (all means are equal) is false. This is the same for C3S where F
(62.64)>Fit (2.41). Hence, a t-test has to be carried out (Table 8). The
global trend is that t-factors are low and tend to drastically diminish
with the polishing, indicating that this one has no significant effect on
the data. There is one noticeable exception, which has no explanation:
for CyS at the 1 to 0,25 um step the t-factor is several orders of magni-
tude greater that for CsS.
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Fig. 3. Effect of the amount of X-rays count on di- and tri-calcium silicates EDS spectra.

Table 5

Influence on the amount of counts (Ca Kal) on the Ca/Si ratio of alite (C3S) and corresponding error.

Numbre of counts (6] O error Na Na error Mg Mg error Al Al error Si Si error Ca/Si Ca/Si error (20)
100 39 12,1 0,5 0,9 1 0,7 0,4 0,5 14,3 1,8 3,08 0,64
1,00E+ 03 47,1 2,9 1 0,2 1,2 0,2 0,9 0,1 12,1 0,4 3,04 0,16
1,00E+ 04 48 1 0,5 0,1 1,1 0,1 0,9 0 12 0,1 3,08 0,05
1,00E+ 05 48 0,5 0,6 0 1,4 0 1,1 0 12 0,1 3,01 0,04

P P error S S error K K error Ca Ca error Fe Fe error

0,1 0,7 0,4 0,6 0,1 0,6 44,1 3,4 0,2 1,6

0,4 0,1 0,1 0,1 0,3 0,1 36,8 0,7 0,1 0,1

0,2 0 0,2 0 0,2 0 36,9 0,3 0 0,1

0,4 0 0,2 0 0,2 0 36,1 0,2 0 0

3.3. Optical profilometry

Even though the microstructure is revealed and analytical values for
Ca/Si atomic ratios are coherent with theoretical values, it is of interest
to characterize the smoothness of a polished surface. Optical profilom-
etry allows measurement of surface irregularities with a nanometric

resolution (Fig. 5 and Table 9) and provides a 3D reconstruction to
highlight them.

The surface after the 6 um step does not show any polishing reliefs
between phases. The only differences are porosities which are poorly
filled with resin and numerous scratches. This is in good agreement with
what has been observed with both OM and SEM. Holes are up to 4 ym
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Table 6
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Influence on the amount of counts (Ca Kal) on the Ca/Si ratio of belite (C,S) and corresponding error (2 ¢).

Number of counts o O error Na Na error Mg Mg error Al Al error Si Si error Ca/Si Ca/Si error
100 45,4 8,5 1 0,7 0,8 0,4 1,6 0,5 16 1,3 2,14 0,31
1,00E+ 03 46,9 2,6 1 0,2 0,9 0,1 1,5 0,1 15,2 0,4 2,16 0,10
1,00E+ 04 49,1 0,9 0,8 0,1 0,7 0 1,2 0 14,9 0,2 2,16 0,05
1,00E+ 05 47,1 0,5 1,5 0 1 0 1,6 0 15,1 0,1 2,11 0,03
P P error S S error K K error Ca Ca error Fe Fe error
0,4 0,3 0,3 0,3 0,1 0,3 34,3 2,1 0,1 0,8
0,4 0,1 0,3 0,1 0,6 0,1 32,9 0,6 0,3 0,2
0,1 0 0,3 0 0,6 0 32,2 0,3 0,2 0,1
0,5 0 0,5 0 0,7 0 31,8 0,2 0,3 0
0,18
0,16 ® C35 0,05 alumina
0,14 ® C25 0,05 alumina
0,12 0.25 diamond paste C2S
< 01 . .
= 1 micron diamond paste C2S
o 0,08 °
0,06 ® 9 @® 1 micron diamond paste C3S
% o Y ) .
0,04 ® 3 microns diamond paste C2S
0,02 e @ 3 microns diamond paste C3S
0 . .
@ 6 microns diamond paste C2S
1,75 2 225 25 2,75 3 3,25 35
Ca/Si (atomic) @ 6 microns diamond paste C3S
Fig. 4. Ca/Al vs. Ca/Si atomic plots at the various steps of polishing.
resistant to abrasion.
Table 7 This irregularity is even more marked after the 0.05 um polishing

Evolution of the Ca/Si ratio of belite (CS) and alite (C3S) and corresponding
error (2 o).

Polishing Step

6 3 1 0.25 0.05
CoS 2.13+0.08 2.21 £ 0.08 2.15 £+ 0.08 2.06 + 0.08 2.25 +0.08
CsS 3.01 £0.11 3.06 +0.12 3.04 £0.14 2,88 £0.11 3.08 £0.13

Table 8
Results of the t-test for Ca/Si ratios during the evolution of polishing.

Ca/Si from 6 Ca/Si from 3 Ca/Si from Ca/Si from 0.25 to
to3 tol 1-0.25 0.05

CsS 1,5 E-03 1,0 E-03 9,0 E-03 5,2 E-19

C3S  3,5E-04 4.6 E-02 7,8 E-16 1,7 E-19

deep, maybe even more but they have not been investigated since they
are not likely to be places of analyses. Regarding scratches, they are
present almost everywhere on the surface. They are typically
100-200 nm deep according to the profiles obtained (Fig. 5).

After the 3 um polishing step, the surface is remarkably smooth,
confirming what has been observed in OM and SEM while no scratches
are to be seen. Surface irregularities are of a few tenth of nanometers. It
is worth noting that there are no polishing irregularities between phases,
namely, the two types of silicates and the interstitial phase. The same
observation can be done after the 1 pm polishing step which is even
smoother, without any polishing irregularities at phase boundaries.

An interesting phenomenon occurs once the 0.25 um step is reached.
While the interstitial phase was previously undecipherable between
silicate grains, it appears a bit above them, meaning that it is more

step. In both cases, those steps between phases are not exceeding
100 nm in height.

4. Perspectives towards cement paste

Since SEM-EDS statistical studies on the composition of cement
pastes are classically done (Georget et al., 2021), the application of the
previous steps of the present study are relevant to ensure data quality.
Thus, in order to have also an insight on the polishing quality of a
cement paste, a pure paste with a water/cement ratio of 0.5 (see pro-
tocol for paste preparation in Maimouni et al., 2018) optically correctly
polished, has been characterized by optical profilometry (Fig. 7).

While the microstructure seems optically correctly polished and its
appearance under the SEM corresponds to what is expected from a
cementitious microstructure, the optical profilometer reveals the extent
to which extent surface defects are present. As it can be expected, the
zones with the highest polishing elevation are the ones corresponding to
anhydrous clinker remnants within the hydrated paste. The R, param-
eter is of 91.3 nm, which is in the same order of magnitude as the results
obtained on pure clinker phases.

5. Discussion and perspectives
5.1. Monitoring the polishing quality with optical profilometry

The use of optical profilometry is an interesting complement to op-
tical or electron micrographs when it comes to the fine study of micro-
structure. While SEM alone can be used to perform topographic
characterization (Ersoy et al., 2008; Limandri et al., 2016), there are
some uncertainties, especially at low magnifications (Kang et al., 2012).
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Fig. 5. Height maps (left) and associated topographic profiles (right) for 6 (a), 3 (b) and 1 (c) um polishing steps, obtained by optical profilometry without levelling
due to surface tilt. The black squares indicate the zones where the Ra parameter has been calculated. The profile presented in c is inclined because of a lack of

parallelism between the faces of the polished section.

Table 9

Ra parameter for polished surface of clinker at various polishing

steps.

Abrasive size (in pm)

Ra (nm)

6
3
1
0.25
0.05

53.2 (inside a C,S)
103
160
140 (inside a C,S)
181 (inside a C,S)

Based on height maps and topographical profiles (Figs. 5 and 6) and
micrographs (Fig. 2), it appears that surface defects of some tenth, even
100-200 nm, have no significant influence on the EDS results. Indeed,
Ca/Si ratios for C,S and C3S are close to theoretical values from the
moment the microstructure is revealed (i.e. after the 6 um polishing

step).
It must be reminded that calcium silicates from Portland cement

clinker are not pure phases since many substitutions are possible.
Indeed, Taylor (1997) proposed the following structural formulas:

Belite or C>S (Ko,01NagoosCape7sMgo,01)2(Feo,02Al0,06510,00P0,0150,01)03,96
which gives a Ca/Si atomic ratio of 2,16,
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Alite or C3S (Ca()’ggMg(),o1A10067FCQ,0033)3(Si0,97A10’03)05 which giVCS a Ca/Si
atomic ratio of 3,03-

The new data of the present study (Table 4) is in good agreement
with those values.

Here, only diamond-based abrasives have been used, except for the
last polishing step (0.05 pm alumina). Some authors have illustrated
(Newbury and Ritchie, 2015) up to 0.8 wt% of difference in analyses for
some elements (Mg in their case). It does not seem that this abrasive has
a significant impact on the analysis of calcium silicates.

Flat polished samples are not used only for optical microscopy or
SEM-EDS characterization. They are also of tremendous importance in
nanoindentation studies (Velez et al., 2001), for which surface re-
quirements are high and polishing steps are likely to be very long,
reaching several hours (Miller et al., 2008). Thus, a sample polished for
SEM-EDS is likely to yield accurate results easily since the polishing
steps presented here (Table 2) can be performed in less than one hour
but might be useless for a correct indentation study.

It has been shown that EDS analysis can be influenced by the crys-
tallographic orientation of the material analyzed (Bourdillon et al.,
1981). In a clinker nodule, crystal orientation is not obvious (RoBler

et al., 2017), nor in clinker relics of aged cementitious materials (Secco
et al., 2014), as revealed by electron backscattered diffraction (EBSD).
Hence, since the material is crystallographically heterogeneous, it is
likely that random EDS analysis on a wide amount of crystals is likely to
display some changes but it remains to be demonstrated. It is worth
noting that EBSD is also dependent on the good quality of the polishing,
the interaction between the electron beam and the sample occurring at
depths in the 50-100 nm range (Nowell et al., 2005).

5.2. Standard vs. standardless analysis

The debate about quantitative analysis using EDS under the SEM
(instead of WDS) is almost settled (Gauvin, 2012; Newbury and Ritchie,
2015, 2013; Ritchie et al., 2012). However, there does not seem to be
any published data relative to the use of standard-based analysis on
cementitious materials (exception made of the aforementioned WDS
characterization of calcium silicates), and most of the published work
does not provide enough details regarding analytical conditions. Studies
based on large EDS sets of data are typically based on ratios (Famy et al.,
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2003; Georget et al., 2021).

Data obtained by WDS (EMPA) give a Ca/Si mean ratio of 2,06 for
belite and 3,00 for alite (10 analysis for both silicates), which are almost
as identical as theoretical ratios and very close to the ones obtained by
standardless EDS.

6. Conclusion

As a conclusion, it can be stated that once the microstructure is
revealed, providing that EDS analyses are not performed in polishing
pits, wide scratches or porosities, semi-quantitative results are likely to
be correct. However, the slightest defect in polishing can result in mis-
conceptions during the study of the microstructure by tools such as
nanoindentation or EBSD.
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