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Abstract (less than 200 words)

This contribution couples (1) Small Angle X-ray Scattering (SAXS) experiments of a High
Performance Concrete (HPC) at the millimetric scale, and (2) Focused Ion Beam/Scanning
Electron Microscopy (FIB/SEM) of the cement paste of the HPC, with 10-20 nm voxel
size. The aim is to improve the understanding of the 3D pore network of the HPC at
the mesoscale (tens of nm), which is relevant for fluid transport. The mature HPC is
an industrial concrete, based on pure Portland CEMI cement, and planned for use as
structural elements for deep underground nuclear waste storage.

SAXS patterns are computed from the 3D pore images given by FIB/SEM (volumes of
61-118 um?). They are positively correlated to SAXS measurements (volumes of 5 mm?).
Apart from correlations with FIB/SEM data, experimental SAXS allows to investigate a
wider range of effects on the pore structure. These are mainly the HPC drying state, the
presence of aggregates (by analyzing data on cement paste alone), and the use of PMMA

resin impregnation.

Keywords High Performance Concrete (HPC); Focused Ion Beam/Scanning Electron

Microscopy (FIB/SEM); Small Angle X-ray Scattering; mesoscale pore network
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1 Introduction

1.1 Industrial context

In France, the long term repository of Intermediate Level or High Level and Long Lived
nuclear waste (IL- or HL-LLW) is planned within a Callovo-Oxfordian (COx) claystone
host rock, combined with an Engineered Barrier (EB). The structural elements of the EB
are High Performance Concretes (HPCs), based on pure and composed Portland cements,
coupled to a number of additional systems. For the safety assessment of the site, it is
essential to understand the potential fluid transport through both the EB and the host
rock. This requires a sufficient knowledge of the 3D pore network and of the microstructure
of all materials and interfaces present in the EB. Whereas information about the host
rock is currently increasing [1, 2, 3|, to our knowledge, much less is known regarding the
characterization of the 3D pore network of HPCs. This is likely due to the following
reasons.

Similarly to the host rock, the pore size distribution (PSD) of HPCs spans a wide range,
from a few nanometers to tens of microns, with significant amounts in the nm to tens of
nm range [4, 5, 6]. Generally, concrete is composed of non porous aggregates, assembled
by a finely porous cement paste, whereas the so-called Interfacial Transition Zone (ITZ)
is present between cement paste and aggregates. I'TZ has a typical pore size on the order
of microns to hundreds of microns [7, 8]. However, these significant pore sizes alone do
not explain either (1) the pore size distributions of HPC measured indirectly by Mercury
Intrusion Porosimetry (with a diameter at 50% of the cumulative distribution ds, on the
order of 10-30 nm), or (2) the typically low permeability of the HPC (on the order of
107 m? with gas [9] and 107 m? with ethanol [6]). It is inferred that fluid flow through
HPC is rather driven by the continuous paste volume surrounding the aggregates.

Comparatively to I'TZ, and apart from isolated capillary pores with typical sizes of



hundreds of nm, cement paste has a much finer porosity [10]. Cement hydrates (i.e. the so-
called Calcium Aluminate and Silicate Hydrates C-A /S-H !) are the main solid components
of cement paste, with variable phase properties [11]. The C-A/S-H exhibit inter-cluster
pores with dimensions of 14-30 nm diameter, whereas intra-cluster pores are of 2-5 nm

diameter [12]. These are thus all defined as mesopores by IUPAC [13].

1.2 Characterization of the pore network relevant to fluid trans-

port

In such context, in order to characterize spatially the pore network of HPC, a number
of methods exists, which are either indirect, or direct (imaging). The interest of indirect
techniques is that they may be applied at the pluri-centimetric scale. The latter is con-
sidered a macroscopic scale, where the aggregates, the ITZ and the paste are present in
sufficiently statistically representative amounts, when aiming to understand fluid transport
[9]. Representativeness is generally considered achieved when the concrete sample size is

at least three to five times that of the biggest concrete aggregate size.

1.2.1 Usual indirect techniques

Among indirect techniques available at the macroscopic scale, the use of sorption/desorption
isotherms coupled to various models allows investigating bulk pluricentimetric concrete
samples [14]. As a routine experiment, Mercury Intrusion Porosimetry (M.L.P.) is com-
monly used to assess a wide range of pores, from microns down to 4-6 nm, depending
on the maximum applied mercury pressure. However, this method is relevant at the cen-
timetric scale, which is generally too small for concrete, but adequate for cement paste.

Moreover, M.I.P. gives only a partial view of the pore structure [15], and relies on highly

'We use the standard cement abbreviations, where C stands for CaO, S for SiOs, A for Al,O3 and F
for Fe;O3.



simplifying assumptions regarding the material pore morphology. In particular, the pore
network is assumed adequately represented by a set of independent circular cylindrical
traversing pores of varying diameter. A similar problem is encountered with nitrogen ad-
sorption, which provides indirect information on the pore system from hundreds of nm
down to 0.35 nm [2]. This method also relies on simplified assumptions about the geom-
etry of the pore network. Furthermore, the sample is ground to powder before analysis,

which makes its macroscopic representativeness questionable.

1.2.2 Direct imaging techniques

Direct imaging techniques provide a 2D or a 3D characterization of the solids and of the
pore network, but the smaller the imaged pore size, the smaller the sample size.

For typical aggregate sizes of tens of mm [5], imaging can only be representative of
macroscopic fluid transport if several volumes of tens of mm? are considered. This can
be achieved using either X-Ray micro-Computed Tomography (micro-CT) or 3D confocal
microscopy [16], for voxel sizes of a few microns (down to a few hundreds of nm) [17].
Macroscopic representativeness is achieved in a statistical sense by multiplying the imaged
sample volumes. However, these voxel sizes are not adapted to imaging the typical pore
sizes of cement pastes.

Much smaller features (nm to tens of nm) are analyzed using electron microscopy
techniques, e.g. Focused Ion Beam/Scanning Electron Microscopy (FIB/SEM) [18, 19, 20]
or Scanning Transmission Electron Microscopy (STEM) [21], and X Ray ptychography [22].
Representativeness is only achieved at the scale of the cement paste or of the C-A/S-H [4],
owing to significantly smaller samples sizes.

Cement paste imaging has a number of peculiarities, such as its fragility under the
electron beam [23], the limited contrast between pores and solids (particularly with X-ray

micro-CT) [17, 20], and its great sensitivity to carbonation, particularly under moisture.



Adequate strategies are generally devised to avoid these potential issues (e.g. freeze drying,
an inert gas atmosphere above the samples, solvent replacement and /or resin impregnation )

(6, 23, 24, 25, 26].

1.2.3 Small-Angle X-ray Scattering (SAXS)

SAXS is an indirect experimental technique, which has been widely used to characterize
particulate systems such as colloidal suspensions [27, 28, 29, 30]. It is also well suited to
probe the solid-pore interface of porous media, as well as the pores themselves, down to
the sub nanometric scale [30, 31, 32, 33, 34, 35, 36].

SAXS probes the spatial correlations of the electron density through the interactions
of an incident X-ray beam with the sample. The measured SAXS pattern /(q) relates the
intensity I of the scattered X-rays to the norm ¢ of the scattering vector (g is generally
expressed in nm~!, or A~!). Mathematically speaking, I(q) is the Fourier transform of the
autocorrelation function of the electron density [37].

For many systems, I(q) follows a power-law in a limited g-range. The exponent and
scaling coefficient of this power law can deliver valuable microstructural information. For
instance, in the case of smooth pore/solid interfaces, e.g. at high ¢ (i.e. for ¢ ranging
between 107'-1 nm™!), a so-called Porod regime is obtained, whereby I(q) is proportional
to ¢~* [31]. For mass fractal systems (e.g. for suspensions and small ¢), I(q) is proportional
to ¢~ where d is the fractal dimension [27]. For surface, interface or self-similar fractal
systems (e.g. for porous solids, and higher ¢) [38], the scattered intensity /(q) behaves as
(—6—ds

q ), where d, is the surface fractal dimension.

1.3 Aims and scopes

Our aim is to correlate the 3D pore structure of the cement paste of a HPC derived from

FIB/SEM (volumes of 61-118um?), with SAXS measurements obtained at a larger scale
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(samples of 5 mm3). Correlation is performed on I(q) plots from SAXS experiments and
from computations of the 3D FIB/SEM pore structure (i.e. from stacked and segmented
binary images ?).

Apart from providing data averaged on large volumes, experimental SAXS allows to
investigate a wider range of effects on the mesocale pore structure than FIB/SEM. These
are in particular the HPC drying state, the presence of aggregates, and the use of PMMA
resin impregnation. SAXS experiments are also carried out on the sole mature cement
paste, of identical pure Portland CEMI cement and water-to-cement W/C' ratio as the
HPC, in order to determine the effect of the presence of aggregates on I(gq) plots.

For FIB/SEM imaging, resin impregnation of HPC is performed using Poly Methyl
MethAcrylate (PMMA) resin, which has high affinity for hydrophilic materials and a vis-
cosity smaller than water prior to polymerization [1, 2, 3, 39]. PMMA impregnation allows
to image actual sections of the HPC (i.e. without parasitic effects of the imaged depth of

the pores), and preserves the sample from carbonation.

2 Experimental

2.1 DMaterials

All mature concrete samples are taken from the same HPC as that studied in [5, 9, 40, 41].
Its formulation is given in Table 3, with the calculation of the relative aggregate and paste
volumes. After manufacturing and conditioning into pluricentimetric samples, the HPC is
first matured for six months under water, and then either dried at 20°C and stepwisely
down to 30% Relative Humidity (RH), or at 80°C and stepwisely down to 12% RH, for

about five years. Sample mass is stable by less than 1% after this experiment. During

2In this contribution, 3D FIB/SEM binary image stacks are also called segmented images or segmented
binary images.



the drying process, carbonation is avoided by placing nitrogen gas regularly in the climatic

chamber, mainly from 70% RH and below, where this phenomenon is reputed predominant.

Vpores
Vapc

6 months maturation (by drying at 105°C and water saturation) is of 10.1% [5]. At the

As shown in Table 1, the average porosity at the HPC scale ¢ = measured after
scale of the cement paste alone, porosity ¢ : = % represents 45.7% (i.e. 10.1% over a
paste volume Vs representing 22.2% of the concrete volume Viype).

One sample of each sort (HPC stewisely dried at 80 or 20°C) are used for SAXS exper-
iments, see 2.3 for their preparation technique. For FIB/SEM imaging, one HPC sample
dried at 80°C and stepwisely down to 12% RH is impregnated with liquid MMA. PMMA
is obtained by a thermal polymerization technique (using Benzoyle PerOxide -BPO- as a
precursor to avoid forming nitrogen gas, and a temperature of 80°C), used previously on
COx claystone [1, 2, 3].

Further, for SAXS experiments, cement paste samples are made using the same cement
as the CEMI HPC, with the same W /C ratio of 0.43, and the same superplasticizer dosage
[5]. The pastes are matured for at least six months under water, and gently dried at a
constant temperature T of 20°C and 43% RH. Such RH is obtained in the atmosphere
above a salt saturated solution, unlike the 30% RH. The latter was made available by using
a dedicated climatic chamber [5, 41], which could not be accessed for the present study.
During this drying process, carbonation is limited to the paste surface, hence samples for

SAXS have been taken at a minimum distance of 5mm from this surface.

2.2 FIB/SEM Imaging

Slice and View™ is a software package of our FEI Strata DB 235 instrument (FEI Com-
pany). It allows automatic cutting of slices with the FIB and sequential recording of the
freshly cut surface with the electron beam to produce FIB/SEM image stacks (or tomo-

grams) [1, 2, 3, 42]. For imaging purposes, a field emitting gun (FEG) is focused on the



sample surface at an angle of 52°, with an acceleration voltage of 3kV and a current in-
tensity of 1 nA. Both Secondary Electrons (SE) and BackScattered Electrons (BSE) are
detected with an in lens detector. For slice cutting between two images, at a thickness of 10
or 20 nm, a gallium liquid metal ion source (LMIS Ga+) is used at a voltage of 30 kV and
a current intensity of 1-3 nA. No damage of the sample is observed, which would otherwise
result in vertical grooves on the sample freshly-cut surface.

The magnification is of x35k to x50k, and the voxel size is described in Table 2 for all
samples. In this contribution, only the sample dried at 80°C and stepwisely down to 12%
RH is imaged by FIB/SEM.

Four image series are purposely selected in the cement paste of the HPC and recorded,
corresponding to volumes of 61.6-118.1 um?® (Table 2). Numerical image computation
(filtering, thresholding and quantification) is performed with the ImagelJ software [1, 2, 3].
Our companion study, which focuses on the characterization of the pore network for fluid
transport prediction [6], shows that the Otsu algorithm provides the most realistic pore
segmentation for these images (from a purely visual point of view, among five other segmen-
tation algorithms yielding similar pore space). The choice of the best suited segmentation
algorithm is done using the same method in [1, 2, 43, 44]. This 3D pore network provides
adequate prediction of experimental macroscopic permeability, i.e. it is considered relevant
to describe fluid transport through the HPC [6]. In the following, all FIB/SEM samples
(cementl, cement2, cement3 and cement4) consist of image stacks segmented each with

the Otsu algorithm.

2.3 Small Angle X-Ray Scattering

For experimental SAXS, the dry concrete and paste samples are of macroscopic size, cut
with a diamond saw to prisms of 5 mm width, from either PMMA-impregnated or non

impregnated matter (Table 3). After cutting, they are thinned down, by manual polishing



with MP Piano (Struers) abrasive disks, down to a thickness of about 200 microns, resulting
in volumes of about 5 mm?®. In order to minimize artifacts on SAXS experimental data, the
procedure is performed until mirror-like aspect, leaving only potential polishing grooves
smaller than one micron.

SAXS experiments are carried out at the Swing beamline of the SOLEIL synchrotron
radiation facility (Saint-Aubin, France). Measurements are made using a fixed energy
of 12.0 keV corresponding to a wavelength of 1.033 A (0.1003 nm). Beam size applied
to the sample is sub-millimetric. The sample position is adjusted visually to investigate
the cement matrix in concrete samples. Acquisition times are adjusted to obtain the
highest possible signal without detector saturation. They range between 10 and 300 ms.
In order to extend the investigated range of scattering vector modulus ¢ = (47/)\)sin6,
where 26 is the scattering angle and A the wavelength, three configurations are used for
each sample. In the first configuration, the sample-to-detector distance is fixed at 1.6 m,
whereas the two other ones are based on a distance of 6.56 m. The difference in these
two latter configurations is the size of the beamstop used to prevent the direct X-ray
beam from hitting the detector. The use of a very small beamstop allows reaching lower ¢
values. Under such conditions, the accessible ¢ range is 6.107* A~' < ¢ < 0.25 A~ (..
6.107 nm~! < ¢ <2.5nm™!). Scattering patterns are recorded on an AVIEX 170170 CCD
camera formed by four detectors and placed in a vacuum detection tunnel. After correction
for the background, scattering patterns are radially averaged to obtain the scattering curves

I(q), which yields valid curves as the 2D experimental patterns are isotropic.

3 Numerical

This part describes different numerical methods applied to the FIB/SEM segmented im-

ages, for topological and morphological analysis, or for I(g) reconstruction.



3.1 3D topological and morphological analysis

This part uses methods described in previous research [34, 45, 46, 47, 48]. The main

elements are given in the Appendix (Section 6).

3.2 Estimating SAXS patterns from FIB-SEM images

It is well-known that the SAXS pattern is (up to a multiplicative constant) the power
spectrum of the electron density p.. In other words, it is the Fourier transform of the
autocorrelation function of p, [49, 37]. For two-phase media, it is proportional to the
power spectrum of the indicator function of one of the phases [49]. Since a binary 3D
image of a microstructure is nothing but this indicator function, it is in principle possible
to estimate the SAXS pattern from this image.

In the present case, we assume that the contrast between solid matrix and pores is the
essential source of the SAXS pattern of hardened cement pastes, the heterogeneities within
the solid matrix being neglected. This is possible owing to the preliminary segmentation of
the original grayscale images [6]. In other words, from the perspective of SAXS, hardened
cement pastes can be considered as two-phase media (pores and solids), and the SAXS
pattern of the four FIB-SEM samples can be estimated from the power spectrum of their
segmented 3D image stacks.

However, one should bear in mind that these samples are relatively small, which can in-
duce significant finite-size artifacts in the estimate of the SAXS pattern I(g) at small values
of ¢ [36]. A classical remedy is the use of so-called window functions [50]. However, selec-
tion of the most appropriate window function and its parameters is problem-dependent.
Another option is the symmetrization of the image. Both windowing and symmetrization
can induce serious artifacts on the power spectrum that are difficult to quantify.

Recently, Moisan [51] introduced the “periodic plus smooth” decomposition of an image



u = p—+ s, where u denotes the initial image, p and s its periodic and smooth components.
These components minimize a two-term cost function. The first term penalizes discon-
tinuities at the boundary of the periodic component p, while the second term penalizes
discontinuities at interior pixels of the smooth component s. The reader is referred to
reference [51] for a mathematical definition of this cost function. Quite remarkably, the
resulting optimization problem can be solved explicitly in the Fourier space. Besides, the
solution can be implemented very efficiently by means of the Fast Fourier Transform (FFT).

As suggested by Moisan [51], the power spectrum of u is then approximated by that of
its periodic component p. Owing to its periodicity, the power spectrum of p is not affected
by finite-size effects at small q. The typical workflow for retrieving the SAXS pattern from

a segmented 3D image stack is therefore as follows:
1. Compute Moisan’s [51] “periodic plus smooth” decomposition u = p+ s of the binary
image u.

2. Compute the 3D power spectrum |p|? of the periodic component.

3. Compute the isotropic average of the power spectrum. Up to a multiplicative con-
stant, this power spectrum should be close to the actual SAXS pattern of the same

sample.

It should be noted that the decomposition algorithms proposed by Moisan [51] are
formulated for 2D images. Extension to 3D images is straighthforward. The above workflow

is illustrated in Figures 3 and 4.

4 Results and analysis

4.1 FIB/SEM imaging
Most morphological and topological results are summarized in Table 4.
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Morphological characterization. As shown in Figs. 5 and 6, there are numerous iso-
lated aggregates. The associated Betti numbers 3 ; are high. However, the corresponding
porosity of these isolated aggregates is rather low, between 0.8 and 1.4% (for an average
expected porosity ¢ of 10.1%). < [,, > and < [, > provide an estimation of porosity
¢r (Table 4). There is no significant difference when compared to direct measurement ¢
(Table 2 from [6]).

The two FIB/SEM samples cement3 and cement4 are obtained with a smaller and
more isotropic voxel size than cementl and cement2. They seem more homogeneously
distributed than cementl and cement2, with significantly greater numbers of vertices and
branches o, and «;,. The specific surface area per unit volume S, is also significantly
greater for cement3 and cement4 (11.7 and 12.8 x 105 m™3) relatively to cementl and ce-
ment2 (7.38 and 7.93x10° m™3). This is attributed to a greater relative pore volume and

a greater connectivity number Cy .

The Pore Size Distribution of the percolating pore network is shown in Fig. 8. The
general trend is relatively the same. Samples cement3 and cement4 have a slightly lower
average pore size < d, > than samples cementl and cement2. For all samples, < d, >
is of the same order of magnitude but lower than the average chord length < [, >. This
result is in good agreement with the choice made to compute the P.S.D. As an illustrative
example, let us consider an idealized slit pore of thickness e. Then we get < [, >= 2e and
< d, >= e. The PSD computed from the FIB/SEM images are also in good agreement
with former Mercury Intrusion Porosimetry (M.L.P.) results [5, 9, 52] and Fig. 8, with very
close peak pore sizes, on the order of 20-30 nm diameter. Owing to their definition (as

pore throats), they are smaller than < d, > (Table 4).
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Topological characterization. The chord distribution functions f,(r) and f,,(r) are
shown in Figure 7. All of them exhibit an exponential tail at large distance, at a transition
of around 150nm. For the solid network, these tails appear at shorter distance for cement3
and cement4. This is confirmed by the values of < [,,, > which are smaller for cement3 and
cement4 than for cementl and cement2. Such an evolution is less pronounced for the pore
network. The main origin of this observation is directly related to the more homogeneous
microstructure of cement3 and cement4 compared to cementl and cement2 (Fig. 6).

The retraction graphs of the percolating pore networks are shown in Figure 9. We
retrieve the strong heterogeneity of samples cementl and cement2 compared to cement3
and cement4. For all samples, the topological analysis shows a well connected percolating
pore network structure. The connectivity number C,, is well above 0.5. This is generally
encountered for highly connected networks [48]. The average coordination number around
vertices ranges between 3.3 to 3.6. Interestingly enough, the probability density function
of links around a connected vertex P(N.,) does not exhibit an exponential evolution for
cementl, cement2, cement3 and cement4 samples, although it is the case for a number of

analyzed porous media made of clusters [53, 34, 47, 48].

Fractal analysis. Fig. 7 also shows that the relationships f,(r) and f,,(r) may be fitted
by power laws for r ranging between 20 and 1000 nm. However, when calculating the
exponent of the power law for f,(r) or f,,(r) on the same range 20-1000 nm for the four
different FIB/SEM samples, a significant difference exists between the exponents for f,(r)
and those for f,,(r). For f,(r), the power law exponent ranges between -4.3 and -3.6, and
for f,,(r), this exponent ranges between -1.1 and -0.8. This difference means that cement
pastes imaged by FIB/SEM cannot be considered as surface fractal media. Otherwise, the
exponents for f,(r) and f,,(r) would be similar [38].

We have also studied the hypothesis of a mass fractal medium [47], whereby a power

12



law 1/r%~1 should be observed for f,(r) and an exponential tail for f,,(r). With this
assumption, a mass fractal dimension d,, is obtained for r below 100 nm, with values
ranging between 4.6 and 5.3. This is not within the usual range for such media [47].
Rather, the hypothesis of a long range Debye random medium [47] has been studied.
It means that f,(r) and f,,(r) are both represented by a given negative exponential tail
above a few pixels, i.e. above 20 nm pore size here. The relationships f,(r) and f,,(r) are

written as:

folr) o< exp(=r/A) (1)
fm(r) o< exp(=r/As) (2)

where \; and \s are constants characteristics of the medium under consideration. With
this assumption, for our four FIB/SEM samples cement1, cement2, cement3 and cement4,
A; ranges between 71 and 111 nm, with a median value of 87 nm (Fig. 10). This value
(considered as an average pore size) is similar to, yet slightly bigger than the average chord
length in the porous medium < [, > (Table 4). For f,,(r), A2 ranges between 277 and 405
nm, with a median value of 344 nm. Moreover, short distance deviations from linearity in
Fig. 10, at r below 150nm, may be attributed to rugosity or to polydispersity of pore sizes.

It is finally interpreted that cement pastes observed by FIB/SEM have a hierarchical
microstructure (and not a fractal one), which displays significant pore amounts at different

scales. It may be considered a long range Debye random medium [49, 47].

4.2 Experimental SAXS
4.2.1 Reference state for the HPC

For cement pastes, the pore network and the nanoscale structure of the C-A/S-H gel has

first been investigated without disturbance (e.g. due to drying), by Allen et al. [54, 55, 56,
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57, 58] using Small Angle Neutron Scattering (SANS) experiments, prior to Ultra Small-
Angle X-ray Scattering (USAXS) [59] and SAXS [60, 61]. SANS results have supported the
theory [62] that two different morphologies of the C-A/S-H form during cement hydration,
and accurate measurements of the surface area of cement pastes has been obtained with
enhanced contrast using D2O (deuterium) [63, 64]. However, pore size distributions of
nanoscale C-A/S-H particles are determined based on a specific fractal model of the C-
A/S-H.

Further, SAXS has been used in [65] on pure hatrurite C3S paste to investigate the
fractal dimension ds of the pore/solid interface as a function of hydration time (1 to 385
days). Typical values for dg range between 2.33 (at 3 days) and 2.89 (at 385 days). For
a two-year old Portland cement paste, Brisard et al. [30] determine a power law of ¢ =3
in the ¢ range of 1073-10~! nm™!, corresponding to a fractal dimension d, of 2.8, in good
agreement with above-referenced results [65].

Complementarily, for a 1.5 year old Portland cement paste of water-to-cement ratio
W/C = 0.35, Brisard et al. [36] present experimental SAXS results with two distinct

branches of the scattering pattern log(I(q)), with a best fit by a power law of the form

1 1

q 32 for ¢ below 0.2 nm~! and ¢=2® for ¢ above 0.2 nm~!. An Appolonian packing of
polydisperse spheres (which is a well defined geometrical construction) is proposed to
represent the system. However, this provides a Porod regime at high ¢, and reproduces
only the experimental ¢~ power law at low g.

Figure 11(a) displays the SAXS curve obtained for a reference concrete sample dried
at 20°C and stepwisely down to 30% RH during 5 years, (with or without PMMA resin
impregnation). At large ¢ the SAXS curve evolves as ¢, according to Porod’s law, whereas
the low g branch evolves as ¢~2“. Such an evolution has often been assigned in the literature

to a fractal behavior. However, numerous recent experiments and simulations strongly

suggest that such a concept is not well suited to describe Portland cement-based materials
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[66] (see also previous Sub-Section). In particular, no fractality exists when describing the
C-A/S-H arrangement by inter-penetrating polydisperse solid spheres [66]. This geometry
explains the C-A/S-H significant strength, which a fractal system cannot capture due to
a too significant pore volume. Another instance when cement-based materials cannot be
described as fractals is when changing from the homogeneous scale of the cement paste to
the highly heterogeneous scale of the whole concrete (i.e. the paste combined to aggregates
and ITZ). Qualifying Portland cement pastes (or HPCs) of hierarchical porous systems,
with an array of pores at different distinct scales, seems more appropriate to account for
their actual microstructure.

In Figure 11(a), the low ¢ evolution must then rather be interpreted as corresponding
to a relatively dense arrangement of polydisperse objects (the so-called C-A/S-H clusters
[4]), leading to the presence of pores that yield some contrast and consequently, X-ray
scattering. The crossover region between the two regimes and the end of the Porod regime
could be tentatively assigned to a characteristic size of objects in the sample that would

then be around 15 nm (¢ ~ 4.10"tnm™1).

4.2.2 Analysis of various parameters

SAXS is a well-adapted method for checking the possible influence of sample treatment on
its microstructure. As an illustration, Figure 11(a) compares the SAXS curves obtained for
similar HPC, one in its native state, the other treated by impregnation with PMMA. Both
curves display very similar features. At low ¢, the curve corresponding to the impregnated
sample is located slightly below that corresponding to the pristine sample, which can be
interpreted as resulting from the lower contrast between solid and PMMA, compared to
solid/air. In that regard, the fact that the two curves are superimposed at high ¢ values
strongly suggests that in this regime, PMMA is not seen by X-rays. This could show that

monomer molecules do not enter the very intimate structure of cement, i.e. it likely does

15



not penetrate inside C-A/S-H phases. In any case, for this particular sample, PMMA
impregnation does not appear to impact the structure at the scale probed in the present
SAXS study, i.e. between a few tenths of nm and one micron.

Potential differences between pure cement paste and cement paste in the concrete are
probed by SAXS (Figure 11(b)). Differences between the two materials are rather marginal.
Still, in the high ¢ region, the end of the Porod region seems to be better defined for cement
paste, which may suggest that the smallest scattering units in this case are less polydisperse
than those found in concrete. Furthermore, in the low ¢ region, the slope corresponding to
cement paste appears slightly higher, which suggests that this material is more compact
than the corresponding concrete.

Finally, the effect of drying intensity on the HPC is presented in Figure 12. The SAXS
curves correspond to the reference HPC and to the HPC dried at 80°C and down to a
relative humidity of 12% for five years. Significant changes appear to be linked to drying
at 80°C, especially in the low g region. Indeed, drying at 80°C leads to a strong increase of
the slope of SAXS curves up to 3.4, which reveals a much denser structure. Furthermore,
in the very low ¢ region (below 2 x 1072 nm™!), the curves appear to slightly flatten, which
may be due to the proximity of the beamstop. This feature will be discussed further in

the following section where we compare SAXS results with FIB/SEM images.

4.3 Correlations between FIB/SEM imaging and SAXS

In Fig. 13, the I(q) curves for FIB/SEM data (for volumes ranging between 61-118 pm?)
are compared to SAXS data on bigger samples (of about 5 mm?). They relate to the same
HPC, dried in identical conditions (at 80°C and stepwisely down to 12%RH). In the ¢

range from 2 x 1072 to 2 x 107! nm~!

, an adequate fitting is obtained by a power law of
the form ¢34 for both SAXS experiments and 3D simulations of I(q) from FIB/SEM.

For ¢ bigger than 2x 107! nm™!, the I(q) from FIB/SEM flatten and provide hardly
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anymore information. For ¢ smaller than 2 x 1072 nm~!, SAXS data are fitted by a power
law of the form ¢=*!. Yet for the I(q) calculated from FIB/SEM images, power law fittings

~14 (for three samples out of four).

range between ¢~ (for one sample out of four) and ¢
A partial match is therefore obtained. This suggests that the SAXS data are meaningful
despite the proximity of the beamstop. In the opposite case, no correlation at all would be
found with the FIB/SEM data. However, like in the case when ¢ is bigger than 2x 107!
nm ™!, for ¢ smaller than 2 x 1072 nm™~!, the information provided by FIB/SEM data are
not sufficiently representative of the cement paste at that scale. This corresponds roughly
to object sizes on the order of 310 nm and bigger. FIB/SEM cannot be correlated with
SAXS data for objects of 310 nm and bigger. However, such pore sizes are absent from the
PSD distributions in Fig. 8 which display pore sizes up to about 200 nm only. It means
that SAXS provides insights into bigger object sizes than those imaged by FIB/SEM. On
the opposite, the topological and morphological information provided bu FIB/SEM is not

available through SAXS. Both are complementary.

5 Concluding remarks

With FIB/SEM 3D pore structures, both topological and morphological analysis reveal a
signifiant percolating pore volume of 10.2 to 17.7% at the scale of the cement paste, i.e. 2.3
to 3.9% at the macroscopic scale of the HPC, whereas 10.1% is expected on average (value
obtained by the water saturation technique [5]). It means that 23-39% of the pore volume
of the HPC is located in the cement paste and observed with FIB/SEM. This pore network
has a good connectivity, with an average coordination number of the skeleton branches of
the pore volume of 3.3-3.6.

Secondly, SAXS experiments show that PMMA impregnation does not affect signif-

icantly the I(q) curves. The main difference is observed on HPC cement pastes, either

17



dried at 20°C or at 80°C. The latter presents a much denser structure than the former.
Differences in (q) between bulk cement paste and cement paste in the HPC are limited.
At high ¢, the smallest scattering units of bulk cement paste are less polydisperse than
those found in concrete. In the low ¢ region, the slope corresponding to bulk cement paste
appears slightly higher, which suggests that hydrated cement paste is more compact than
the corresponding concrete.

Finally, SAXS data are compared to 3D simulations of I(g) from FIB/SEM. In a ¢
range between 2 x 1072 to 2x 107! nm™!, a power law of the form ¢—3# fits both SAXS
data at the mm? scale and FIB/SEM simulations at the um? scale. For ¢ smaller than
2 x 1072 nm™!, similar fitting by a power law of the form ¢=*! (for SAXS) or ¢~2 (for
FIB/SEM) is obtained with one FIB/SEM sample out of four. For the three other samples,

14 is more adequate, meaning a divergence between the information provided

a fitting by ¢~
by FIB/SEM and SAXS. FIB/SEM is expected to yield more limtied information on the
paste structure than SAXS. The information corresponding to low ¢ (i.e. ¢ smaller than
2 x 10~2nm ~! or alternately object sizes on the order of 310 nm and bigger) are also missing
from FIB/SEM pore volumes. This is confirmed by the PSD distributions determined
from the FIB/SEM volumes. Bigger sample sizes would be necessary to complement this
analysis.

In further research, smaller pore sizes i.e. pores on the order of 1-5 nm (and ¢ values
on the order of 1-6 nm™!) will be investigated by direct imaging, and in particular by
2D or 3D STEM (Scanning Transmission Electron Microscopy) of the cement paste, and
compared further to SAXS data. These pore sizes relate to the ¢~* power law of the I(q)
curves. Direct imaging by 3D confocal microscopy [16] will complement the analysis for

pore sizes bigger than 300 nm, in order to provide a “full” direct view of the multiscale

pore structure of the HPC.
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6 Appendix: morphological and topological tools for
3D porous media

The first tool used for morphological analysis of the 3D pore network is the determination
of its two p-chord length distributions [45, 34, 47]. A chord is a segment belonging either
to pore network (p) or to solid matrix (m) and having its two extremities on the interface.
p-chords are obtained by tracing random and homogeneously distributed straight lines
(rays) through a section or a 3D structure. The chord length distribution function is the
probability distribution function (pdf) of having a chord length between r and r + dr
belonging either to the pore network (the pdf f,(r)) or to the solid matrix (the pdf f,,(r)).
If a statistical isotropy of the material is assumed, the first moment of f,(r), noted < I, >,
is the average chord length in the pore network. Equivalently we note < [,,, > the average

chord length in the solid matrix. Using well-known stereological properties of statistical
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isotropic systems, the porosity ¢ and the specific surface area per unit volume S, write as:

B <lp>
¢_<lp>+<lm> )
<l, > <A >

Chord distribution functions probe local and semi-local geometry of the solid or of the
pore network. < [, > gives an estimation of the average size of the ill-defined ”elementary
pore”.

As shown elsewhere [34, 53|, the probability density functions f,(r) and f,,,(r) can be
used as fingerprints of various classes of geometrical disorders. In particular, some authors
consider cement-based materials as porous media with a fractal surface [45, 47]. In such

case, the pore and solid chord distributions should both scale as:

Fp(r) oc 1/r®t ()

Fnlr) o 1/r®t (6)

where d, is the fractal dimension of the internal material interface. This model will be

tested in the following on the FIB/SEM images of the cement paste.

A second way to characterize the polydispersity of the pore network is to compute its
Pore Size Distribution (P.S.D.). In disordered porous media such as cement pastes, it is
difficult to give a unique definition of the elementary pore. In fact, the determination of the
PSD depends on the experimental protocol used to measure it. Here, we choose to promote
the bottlenecks which will be detected first, using standard mathematical morphology

techniques. For this purpose, a structural element having (2n + 1)3 voxels is considered at
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step n. Using this structural element, a closure followed by an opening of the solid network
is performed in the 3D grid of voxels. The number of voxels belonging to the pore network
and disappearing during this morphological operation is recorded at step n and is used to
compute the PSD. In the FIB/SEM image presented here, voxels are not cubic. In order to
encompass this problem, we associate to the non cubic voxel, an average dimension equals
to (al * a2 * a3)'/? where al, a2, a3 are defined in Table 2. This allows to scale the x axis
of the normalized PSD.

The above P.S.D. algorithm has some similarity with the CPSD algorithm [1, 67].
With the latter, invasion starts by determining the largest sphere positionable inside the
pore network, and the number of such spheres, in order to compute the relative pore
volume at such sphere size. The sphere becomes smaller and smaller with the progres-
sion of the algorithm; at each sphere size, their number is determined and computed to
provide a relative pore volume. This algorithm is available within the Beat plugin at
ftp://ftp.empa.ch/pub/empa/outgoing/BeatsRamsch/lib and was used in earlier publica-

tions [1, 2, 3, 6].

The topological part of the analysis consists in determining the skeleton (or the retrac-
tion graph) of the 3D pore volumes given by the segmented FIB/SEM images, in order to
quantify its long-range connectivity, contributing to transport [48]. The retraction graph
is obtained by progressively narrowing the pore space starting from the internal surface.
The difficulty is to reduce the numerical 3D pore volume to a simple graph made of inter-
connected branches having a start and an end at two defined vertexes (or vertices), while
retaining the same topological properties at the local and global length-scales. In this
contribution, we use the algorithm fully described in [46], instead of the Centerline Tree
or the AutoSkeleton tools available in the Avizo software (FEI"™), and used in earlier

publications [1, 2, 3, 6].
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In this specific study, we will consider two different topological sets. The first set (I)
gathers isolated pore aggregates which appear to be in large number, but contribute weakly
to the total porosity. The second set (P) is associated to the percolating pore network.
For the four samples, we have computed the distribution of disconnected aggregates using
Kopelman’s algorithm. For each sample, there is one and only one very big cluster spread-
ing in 3D to the boundaries of the reconstruction. Whether an intrusion is performed along
T, Yy, or z,the same single percolating pore network is obtained. This cluster represents
between 90 to 95% of the porosity. In this paper, we mainly consider the topological prop-
erties related to this percolating pore network. For the associated graph, the number of
vertices g, and the number of branches «a;, allow to compute the connectivity number
Cyp 48] as

Cip = —(0p —a1p) /0y (7)

C},p is an intensive parameter related to the number of irreducible paths per vertex (or
vertice). For a highly connected pore network, C}, is positive. However, whenever a great
number of isolated vertices is characterized, ag dominates in the right part of Eq. 7, and
C'T is then negative, ranging between 0 and -1.

As detailed in [47, 48], the average coordination number around vertices is written as:

< Nep>=2X (al,p/OZO,p) = 2(Ct,p +1) (8)

< N.p, > is the first moment of the probability density function P(N.,), which is the

probability density function of links around a connected vertex.
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Amount Solid Relative
Component Nature Source (kg/m3 | density | volume (vol %
concrete) | (kg/m?) | per m? concrete)
Sand Limestone Boulonnais 858 2650 32.4
(0-4 mm) | quarry, France
Gravel Limestone Boulonnais 945 2670 35.4
(5-12 mm) | quarry, France
Cement CEMI 52.5R Lafarge, 400 3160
PM ES France
Super-plasticizer | Glenium 27 BASF 10 1050 32.2 (before
hydration)
22.1 (after
hydration)
Water - tap 171 1000
1.5 before
Average hydration
porosity (%) 10.1 after
hydration

Table 1: Formulation of the industrial HPC based on CEMI cement used in this study
and in [5], of water-to-cement ratio (W/C)=0.43, with solid density data from [68], for the
calculation of the cement paste and aggregate volumes for 1 m? concrete (right column).
The HPC cure is of six months at 20°C under lime-saturated water, followed by drying
either at 20°C and stepwisely down to 30% Relative Humidity (RH), or at 80°C and
stepwisely down to 12% RH, for about five years [41].
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Sample Voxel size Sample Total Total porosity
n. a1 X as X ad size porosity (u chords) ¢r
(nm?) (um?) - Otsu ¢ (%) (%)
cementl | 5.94x7.54x20 | 5.58x4.35x4 10.30 10.25
=895.7 =97.1
cement2 | 5.94x7.54x20 | 3.98x3.87x4 11.84 11.83
=895.7 =61.6
cement3d | 5.94x7.54x10 | 5.38x7.06x3.11 16.58 16.65
=447.9 =118.1
cementd | 5.93x7.54x10 | 5.40x7.32x2.88 17.75 17.75
=447.1 =113.8
Average 671.6 97.7 14.12 14.12
+ max +224.3 +44.3 +3.8 +3.9
deviation

Table 2: Characteristics of the FIB/SEM samples selected in the cement paste of a pure
Portland HPC at the mesoscale, cured for six months under water followed by stepwisely
drying at 80°C down to 12% RH, for about five years [41].
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Sample n.1 Sample type Preparation mode Sample size (mm?)
I CEMI HPC dried at 20°C and stepwisely
down to 30% RH 5x5x0.2 £0.09
non impregnated with PMMA
II CEMI HPC dried at 20°C and stepwisely
down to 30% RH 5x5x0.2 £0.09
impregnated with PMMA
111 CEMI Cement paste | dried at 20°C and stepwisely 5x5x0.2 +0.09
down to 43% RH
non impregnated with PMMA
v CEMI HPC dried at 80°C and stepwisely

down to 12% RH

impregnated with PMMA

H5x5Hx0.2 £0.09

Table 3: Main features of the samples used for SAXS experiments. These are either from
the same HPC batch as in [41] and for FIB/SEM imaging, or corresponding to a cement
paste especially made for this study, and cured as indicated above.
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Sample n. cementl | cement2 | cement3 | cement4
Sample size (pm?) 97.1 61.6 113.8 97.7
Total Porosity ¢r 0.102 0.118 0.166 0.1775
Percolating porosity ¢, 0.088 0.11 0.156 0.168
Porosity of isolated aggregates ¢; 0.0139 0.0083 0.010 0.0094
Number of isolated aggregates 3y 18288 7726 56557 47554
<l > (nm) 461 424 281 256
<l, > (nm) 81 80.5 59.5 56.5
Average pore size < d, > (nm) 54.0 51.0 44.8 41.2
Specific surface area S, (x10® m=3) | 7.38 7.93 11.7 12.8
Porosity ¢ from < [,, > and < [, > 0.149 0.159 0.175 0.181
< Ngp > 3.29 3.32 3.58 3.51
Cip 0.644 0.660 0.791 0.754
g p 6396 5327 43458 42152
o 10519 8843 77824 73913

Table 4: Results of the morphologic and topological analysis of FIB/SEM image stacks
cementl, cement2, cement3, cement4 of the cement paste of a HPC, based on [53, 34, 47,
48]. The last four lines of this table provide information on the percolating pore network
only.
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Figure 1: Principle of the FIB/SEM Slice and View?* procedure.
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Figure 2: FIB/SEM images, before and after segmentation by the Otsu algorithm, of CEMI
HPC for sample (a,b): cementl; (c,d): cement2, (e,f): cement3 and (g,h): cement4.
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Figure 3: ‘Periodic plus smooth’ decomposition of a segmented image of the FIB/SEM stack
cement3. The figure shows a slice u of the initial image (left), as well as its periodic (middle)
and smooth (right) components p and s. For the sake of illustration, this decomposition
is computed in 2D, not 3D, on a small, 256 x 256, region of interest. Besides, the four
quadrants of the image have been swapped, in order to emphasize the lack of periodicity
of the initial image, as indicated by the jumps along the horizontal and vertical median
axes. These jumps are smeared in the periodic component p, while the smooth component
s is essentially constant far from the boundaries. The same color scale is used for all three
images.
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Figure 4: 2D power spectrum of the periodic component p shown in Figure 3. Computing
the isotropic average of this image finally leads to the curves shown in Figure 13.
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(c) 13 (d)

Figure 5: Isolated clusters from the FIB/SEM segmented images of CEMI HPC for sample
(a): cementl; (b): cement2; (c): cement3; and (d): cement4.
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Figure 6: Isolated vertexes from the retraction graphs of the FIB/SEM segmented images
of CEMI HPC for sample (a): cementl; (b): cement2; (c): cement3; and (d): cement4.
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Figure 7: Chord length distributions (in a log-log diagram), obtained from the FIB/SEM
segmented images of a CEMI HPC, on samples cement1, cement2, cement3 and cement4.
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Figure 8: Pore size distributions in volume, obtained from the FIB/SEM segmented images
of CEMI HPC, and compared to M.L.P. on concretes of different batches, from [5, 417 | 52].
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(c) " (d)

Figure 9: Retraction graphs from the FIB/SEM segmented images of CEMI HPC for
sample (a): cementl; (b): cement2; (c): cement3; and (d): cement4.
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Figure 10: Chord length distributions (in a log-linear diagram), obtained from the
FIB/SEM segmented images of a CEMI HPC, on samples cementl, cement2, cement3
and cement4: (a): raw data; (b): interpolation in the least squares sense on the same
20-1000nm radius r range for f,(r) and fm(ﬁ



Effect of PMMA impregnation on the HPC
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Figure 11: Experimental SAXS results on samples II and III: HPC dried at 20°C and step-
wisely down to 30% RH for five years, (a): with and without PMMA resin-impregnation;
(b): HPC dried at 20°C and stepwisely down to 30% RH for five years, compared to pure
Portland mature cement paste dried at 20°C and 43% RH. In (b), both samples are not
impregnated with PMMA.
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Effect of the drying cure
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Figure 12: Experimental SAXS results on Samples II and IV: HPC dried at either 20°C
and stepwisely down to 30% RH for five years, or at 80°C and stepwisely down to 12%
RH for five years. Both samples are impregnated with PMMA.
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Comparison between FIB/SEM imaging
and SAXS experiments
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Figure 13: Comparison of 1(q) plots given by experimental SAXS (80°C ; 12% RH) or by
3D numerical computations from FIB/SEM segmented images (Samples cement1, cement2,
cement3 and cement4).
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