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Recent results of statistical nanoindentation testing on hardened cement pastes (HCP) reported in the lit-
erature show a multipeak response in the elastic modulus frequency plots. These peaks have been inter-
preted as indicating the true elastic modulus of two calcium silicate hydrate (C-S-H) phases of different
densities.

However, the application of statistical indentation for determining material properties of single phases in
HCP appears to violate some of the basic principles of the technique. To elucidate this aspect, virtual exper-
iments emulating statistical nanoindentation are performed and presented in this paper. They are based on
3D images of: (i) an idealized two-phase material and (ii) HCP acquired by focussed ion beam nanotomog-
raphy (FIB-nt); within both 3D images, a marching object is sampled over a large number of positions. Based
on the local phase composition within the marching object, a local stiffness is estimated by using simple
composite models. Due to the large number of the investigated positions, the elastic modulus can be statis-
tically evaluated in the same manner as in the real statistical indentation experiments.

The results presented in this paper indicate that the homogenous C-S-H regions present in HCP are too
small to cause independent and separated peaks in the elastic modulus plots. Moreover, the presence of
phases other than C-S-H, namely unhydrated cement and calcium hydroxide, may also produce spurious
peaks in the frequency plots. In conclusion, the presented results question the notion that the multipeak sig-
nature in statistical nanoindentation experiments on HCP can be explained only by the presence of two dis-
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tinct C-S-H phases.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

According to a model by Jennings [1] which has recently been
revised [2], two distinct types of C-S-H are believed to develop
in cementitious materials. These two C-S-H types are called low
density (LD) C-S-H and high-density (HD) C-S-H. The two C-S-
H types differ in the packing configuration of their basic building
blocks or globules. While the morphology of the HD C-S-H corre-
sponds to that of closely-packed spheres, the packing of the LD C-
S-H is of randomly-packed spheres [1]. According to Jennings [1],
the packing of the globules determines the mechanical properties
of the two C-S-H phases. It is noticed that C-S-H of different den-
sity has been observed for a long time in the cement literature,
where the C-S-H was generally subdivided into ‘early-product
and late-product’ or ‘inner-product and outer product’ (e.g. [3]).
Another type of classification of C-S-H into “phenograins and
groundmass” was proposed by Diamond and Bonen [4].

An evidence of two C-S-H phases having different mechanical
properties was found by Constantinides and Ulm [5] using grid
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indentation analysis. A further paper by the same authors [6] uses
the same technique to confirm the unique nanogranular behaviour
of both C-S-H phases.

The existence of two distinct, nanogranular C-S-H phases ap-
pears to be a controversial point [7]. Some experimental evidence
appears to be at variance with this model. For example, R6Rler
et al. [8] show low-dose cryo-transmission electron microscopy
images of single C-S-H fibres. These images show no evidence of
an internal structure of the filament; with additional information
from limited-dose electron diffraction, R6Bler et al. [8] conclude
that the C-S-H shows a sheet silicate-like structure.

Nanoindentation is an experimental technique that provides ac-
cess to elastic properties of materials [9]. The technique can in
principle be used at any lengthscale; the development in measur-
ing techniques over the recent decades allows for standard inden-
tation testing in the nm resolution. The use of nanoindentation for
the characterisation of the elastic properties of materials at the
nanoscale is ample; this can be deduced from the number of cita-
tions of the early pioneering work on nanoindentation [10]. How-
ever, it needs to be pointed out here that the underlying theory of
indentation testing is based on the assumption of an infinite,
homogeneous and isotropic half-space of zero surface roughness
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being examined by the indenter; the indenter in addition features
an ideal geometrical shape.

The expected surface roughness of HCP was recently estimated
[11] using FIB-nanotomography (FIB-nt) [12,13] datasets without
the necessity to physically create the surface using the customary
sample preparation steps. The results indicated that for samples of
HCP with w/c of 0.35, the unaffected surface roughness on the scale
relevant for nanoindentation cannot be lower than several hun-
dreds of nanometres. These results shed doubts on the validity of
nanoindentation test results with maximum indentation depths
in the same order of magnitude (i.e., several hundreds of nanome-
tres). In addition, these results [11] suggest that the very low sur-
face roughness of nanoindentation surfaces that have been
reported in literature (e.g. by Miller et al. [14]) may be caused by
detritus within the naturally occurring porosity or by collapse of
the porosity due to the pressure induced during sample
preparation.

The principles of a statistical grid indentation technique were
recently reviewed by Constantinides et al. [15]. The principle of
statistical indentation is to perform a relatively large number (hun-
dreds) of single indentation tests in a grid and analyze the inden-
tation elastic modulus and hardness with statistical methods.
According to [15], the maximum depth, hpq (Fig. 1), of the inden-
tation needs to be much deeper than the size of the proposed nano-
granular globuli in the representative volume element of the tested
material phase, do. At the same time, h,,qx needs to be much smal-
ler than the size of an average individual region of the material
phase that can be considered homogeneous, D. How much smaller
hmax has to be with respect to D depends heavily on the mismatch
in elastic modulus of the individual phases. The generally accepted
rule-of-thumb in indentation testing of thin films on substrates is
that hex has to be smaller than D/10 [16]. Investigations of elastic
properties of hardened cement pastes usually employ depths be-
tween 100 and 500 nm. The volume of material underneath and
around the indenter, of which the mechanical properties are
probed, is called the interaction volume (Fig. 1). The interaction
volume of indentation is directly dependent on the indentation
depth, h;q. Naturally, the shape of the indenter and the micro-
structure of the material within the interaction volume influence
the stress distribution underneath the indenter. However, even
though the indentation interaction volume does not have any clear
boundary, it is assumed that, for the popularly used Berkovich in-
denter, the mechanical response of the material stems from a do-
main approximately 3-4 times larger than hpqy [5].

Fig. 1. Schematic representation of an indentation in a porous multiphase material.
The maximum indentation depth, hy,q, is indicated as well as the influence volume.
Notice that depending on the local phase distribution, both h,,c and the influence
volume may vary.

In their paper dealing with the validation of the grid indentation
technique, Contantinides et al. [15] perform massive arrays of nan-
oindentations on a series of two-phase non-porous materials,
namely titanium-titanium monoboride alloys (Ti-TiB) with vary-
ing amounts of the two phases. The mismatch of the indentation
moduli between these two phases was approximately 2.30, with
TiB being the stiffer component. These two materials form a non-
porous alloy of 70%Ti and 30% TiB with TiB whiskers having char-
acteristic length D equal to 1-3 pm (Fig. 4 in [15]). For this alloy,
the histogram of elastic moduli based on nanoindentation shows
only one clear peak centred on 144 GPa with a standard deviation
of the deconvolved Gaussian peak equal to 12 GPa (Fig. 7b and Ta-
ble 3 in [15]). No other peak in the elastic moduli histogram has
intensity higher than 15% of the mentioned Ti peak. However,
the authors appear to have used the knowledge of the elastic mod-
uli of the two phases that are included in the material and there-
fore they centred at 330 GPa a peak attributed to TiB. This
deconvolved Gaussian peak has a standard deviation of 147 GPa,
which implies that its 95%-confidence interval (ranging from 36
to 624 GPa) of the Gauss distribution [17] includes all (i.e., also
the major peak of the Ti phase) the measured values of elastic
moduli (Fig. 7b in [15]). In addition, it can be observed that the
above-mentioned histogram actually exhibits also a shoulder peak
of approximately five times lower intensity that is centred on
approximately 190 GPa, i.e., about 32% higher value than the Ti
peak and about 42% lower than the measured value for pure TiB.
Obviously, this shoulder peak cannot be attributed to any single
phase, since the sample is composed only of Ti and TiB.

It is interesting to compare the above-mentioned experiment re-
ported in [15] with the situation that supposedly exists in hydrated
cement paste, i.e., presence of two distinct LD and HD C-S-H
phases. The conclusions from the nanoindentation experiments
on cement pastes [5] are that two distinct phases of C-S-H with
elastic moduli mismatch (about 21 GPa vs. about 29 GPa) occur in
the hardened cement pastes with w/c of 0.5. Their volume ratio is
approximately 2:1 in favour of LD C-S-H. This volume ratio is very
similar to the one of the Ti-TiB alloy [14]. In addition, the elastic
moduli of LD and HD C-S-H appear to be much closer than in the
case of a Ti-TiB alloy. The occurrence of two or more peaks in the
histograms of elastic moduli in cementitious systems is reported
in a relatively large number of publications, e.g. [5,6,18,19].

A further interesting point about statistical indentation analysis
lies in the problem of separating the valid tests from the entire
family of statistical grid indentation test results. In other words,
the data obtained by statistical indentation experiments may be
filtered or divided into categories based on knowledge gained
either from the nanoindentation experiments themselves or from
an independent source of evidence, i.e., post-indentation imaging
of the indentation sites. The situation differs from investigation
to investigation. In some cases [18], it appears that no datapoints
obtained by the grid indentation experiment are discarded based
on the load-displacement diagram, or at least this step is not re-
ported. In some other cases [6], datapoints that (cit.) “clearly vio-
late the self-similarity of continuum indentation analysis” have
been excluded. The authors of [6] add that (cit.) “the largest per-
centage of discarded curves was related to surface preparation pro-
cedures” and that “the number of tests excluded was smaller than
5%”. The influence of this exclusion on the elastic modulus fre-
quency plots is supposed to be small, but nevertheless, datapoints
appear to have been excluded only on the basis of the nanoinden-
tation response without any confirming evidence from an indepen-
dent technique.

An alternative approach would be filtering of nanoindentation
results based on imaging of the indentation sites. Surprisingly,
rather few publications on nanoindentation in HCPs actually
show images of the individual indentation sites or images of the
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indentation surfaces with resolution relevant for the size of inden-
tations. For example, in a PhD-thesis [20], reporting the results of
grid indentation experiments on 48 types of hardened cement
pastes, no single image showing the actual nanoindentation im-
print is shown. At best, images of the nanoindentation sites in the
relevant publications are shown in secondary electron contrast
with low resolution [18], while hardly any back-scattered electron
images are presented. An exception is [21], in which the authors
carried out a limited number of indentations (60) and examined
all of them using back-scattered electron imaging. Unfortunately,
the results of micromechanical testing are based on indentations
of large maximum depths (1500 nm) and therefore the derived
elastic moduli in this publication are likely affected by the other
phases occurring within the interaction volume underneath the
indenter; this fact could be revealed with sufficient resolution only
by focused ion beam (FIB) sectioning [22]. Regarding the identifica-
tion of the phases probed by nanoindentation, an investigation
using EDS [18] was recently reported. The images of nanoindenta-
tion surfaces (without indentation imprints) show either low
porosity [18,23] or, in contrast, rather high surface roughness [5].

As evident from the literature review presented above, some of
the very principles on which the application of the grid indentation
technique for determining material properties of single phases in
HCP is based, appear to be questionable. As a consequence, a set
of virtual experiments will be presented hereinafter that, with
the inevitable simplifications, attempt at emulating actual grid
nanoindentation experiments.

In the first step, a virtual statistical indentation experiment on
an idealized two-phase material (3D checkerboard) is performed.
The aim of this simulation is to elucidate how small the interaction
volume with respect to the size of individual homogeneous islands
of material has to be, so that the resulting distribution of the elastic
properties is bi-modal.

In a further step, a real FIB-nt dataset of hardened cement paste
is used as the three-dimensional input image for a virtual grid
indentation analysis. FIB-nt has been recently used to investigate
the three-dimensional pore structure of hardened cement pastes
with nanoscale resolution [24]. The resolution provided by the
3D image volumes is on lengthscales relevant for the nanoindenta-
tion experiments. Based on the local phase composition, a local
stiffness is estimated with simple composite models for all virtual
indentation sites. Finally, an elastic modulus distribution is calcu-
lated based on these virtual volumes that can be compared with
the results of nanoindentation experiments. The aim of this virtual
experiment is to clarify how the presence of phases with different
stiffness and of the porosity generates a multipeak response in the
elastic modulus histograms.

2. Materials and methods
2.1. Input 3D images

2.1.1. Image of a model two-phase material (3D checkerboard)

A virtual 3D image of a model two-phase material was created
to investigate the relationship between the sizes of the homoge-
nous isotropic islands, D, and the interaction volume of an inden-
ter. In particular, the aim was to find the maximum size of the
interaction volume which yields a bimodal distribution of elastic
moduli in the resulting histogram. The image consists of 128> vox-
els. The two material phases occur in this model material in clearly
separated domains D of 323 voxels in size (Fig. 2).

2.1.2. FIB-nt dataset of hardened cement paste
The cement pastes had a w/c 0.30 and were made with CEM I
42.5 Portland cement. The sample of 40 x 40 x 160 mm> was cast

Fig. 2. Image of a non-porous two-phase model material for a virtual microme-
chanical experiment. The size of the image is 128> voxels, while the size of the
individual homogeneous material domains D is 323 voxels.

and then demoulded at the age of 1 day. The prism was cured for
the first 6 days in tap water at 20 °C, and then transferred to a cli-
matic chamber at 95% RH and 20 °C. At an age of 28 days, samples
of dimensions 40 x 40 x 10 mm° were cut from the centre part of
the prism using a diamond saw and hydration was then stopped by
freeze-drying. The samples were subsequently epoxy-impregnated
and then ground and polished using standard methodology. Smal-
ler samples, approximately 2-mm thick, were cut out from the
prisms and glued to an electron microscopy stub. A high-energy
ion beam was used to mill a trench around the area of interest in
the sample, thus leaving the volume of interest standing out from
the bulk sample. Such a prepared volume of interest was then seri-
ally sectioned using a low-current ion beam. After completion of
each sectioning process, an electron microscopy image of the sec-
tioned surfaces was taken. Further details about sample prepara-
tion and data acquisition method are reported elsewhere [25].

FIB-nt is a time- and resources-intensive technique: a single
sample may take several days to acquire and analyze. A single
FIB-nt site was examined in this investigation, of size 20.4 x
17.7 x 6.2 pm>. The voxel sizes in FIB-nt datasets are given by
the magnification factor of the electron microscopy images and,
in the slicing direction, by the size of the milled FIB-nt sections.
In this particular case, the voxel size was 20 nm, the sectioning dis-
tance 40 nm, and the total number of voxels 984 x 854 x 155. This
FIB-nt dataset is segmented into three phases: porosity, hydrates
and unhydrated cement particles. A 3D representation of the seg-
mented dataset is shown in Fig. 3.

2.2. Sampling of interaction volumes for nanoindentation

The virtual experiments described in the following are based on
placing an object, representing the interaction volume of a micro-
mechanical test, at various 3D positions within the image volume.
This can also be perceived as an object which is virtually marching
through the material structure. In order to assess the volume of
material affected by nanoindentation, the stresses and strains
caused by indentation in the material have to be evaluated. In gen-
eral, stresses and strains depend both on the indenter (e.g. indenter
size and shape, friction between indenter and sample) and on the
substrate. For homogeneous, isotropic materials, the exact stresses
can be calculated [26]. However, for porous multiphase materials,
the size and shape of the volume affected by nanoindentation is
much harder to determine, since the local microstructure has
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Fig. 3. 3D view of the segmented FIB-nt sample. The size of the dataset is
984 x 854 x 155 voxels, representing a volume of 20.4 x 17.7 x 6.2 um°. The
porosity is white, the hydrates are gray and the unhydrated particles are black.

considerable influence on the deformation response. If the same
maximum load of indentation is specified in a real grid indentation
experiment, the maximum depth of the indentation, and hence the
size of the interaction volume, depends in reality on the hardness
of the investigated spot. As a result, an exact definition of the size
and shape of the marching object in the virtual experiments is not
possible and some simplifications have to be introduced.

In the case of the model two-phase material (as described in
Section 2.1.1), cubes of various sizes are taken as interaction vol-
umes. The sizes of such marching cubes were varied as:

n={1,2,...,5} (ile.m=1,2,4,8,16,32).

m=2", ,

The marching object was sampled over 22! positions (needless
to say, many of them self-similar) for each size of m. The volume
fractions of the two phases were evaluated for each position and
this served as an input for the calculation of the composite elastic
modulus within the interaction volume (see Section 2.3). In order
to refine the search, sizes of m equal to 10, 12 and 14 voxels were
analysed as well.

In the case of the FIB-nt dataset, cubes of 1-um edge were con-
sidered as the interaction volume. This interaction volume corre-
sponds to an indentation depth h;,, of about 250-330 nm, based
on the assumption that the interaction volume is 3-4 times larger
than the indentation depth [5]. The size of the interaction volume
remained the same for all the positions of the interaction volumes,
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thus disregarding the influence of the material microstructure on
the depth of indentation. In order to avoid statistical dependency
of individual interaction volumes, the 1-um cubes were sampled
within the microstructure of the hardened cement paste at a dis-
tance of about 2 um in the three directions (a 3D grid), see Fig. 4.
A dataset of 280 cubes, each representing a different indentation
site, was obtained with this procedure. Once the set of the valid
cubes is determined, the volume fractions of porosity, hydrates
and unhydrated cement are evaluated for each cube.

2.3. Estimation of the local elastic moduli from the 3D images of
interaction volumes

2.3.1. Influence of porosity

It has been long known that porosity is the major factor in con-
trolling the elasticity of Portland cement systems [27]. Different
empirical formulae connecting the elastic modulus and porosity
have been devised, for example [28]:

E=FEy-e™ 1)

where E is the elastic modulus, Eq is the modulus of non-porous
material, b is a constant that depends on the shape of the pores
and p is the porosity.

Another form taken by this relationship is:

E=Eo-(1-p)° (2)
Eq. (2) has been used successfully for porous ceramics and cement
paste [29-31].

It is first assumed that the entire solid skeleton (composed of
hydration products and unhydrated cement) has no variation in
the elastic modulus. The local elastic modulus at each indentation
site (i.e., within a cube with 1-pm side) can then be calculated with
Eq. (2). For the choice of Ey, either an arbitrary value can be as-
sumed, so that the results can be presented only as a variation of
elastic properties, or a realistic value for the elastic modulus of
C-S-H can be derived from the literature. The main source for
the elastic modulus of C-S-H is nanoindentation [5]. Following
Haecker et al. [32] E = 22.4 GPa is estimated for C-S-H, based on
the previously-cited nanoindentation results and on Helmuth and
Turk [33]; furthermore, a Poisson ratio v = 0.25 is assumed [32].

2.3.2. Influence of the composition of the solid skeleton

The elastic properties of a solid composed of a matrix and inclu-
sions can be calculated with a model proposed by Kuster and Tok-
soz [34].

Ke 1+ [4Gn(Ks — Kin)/(3Ks — 4Gy)Kon]c 3
Km 11— B(Ks —Km)/(3K; — 4Gp)]C )

Fig. 4. 3D view of the FIB-nt sample (left). Scheme of the principle of a virtual grid indentation experiment, with only the corner cubes of the 3D grid shown in full (centre).

Detail of two 1-pum cubes representing a nanoindentation interaction volume (right).
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where K. and G, are, respectively, the bulk and the shear modulus of
the composite comprising hydration products and unhydrated ce-
ment particles; K;,, and G,, are, respectively, the bulk and the shear
modulus of the hydration products; Ks and G; are, respectively, the
bulk and the shear modulus of the unhydrated cement particles; cis
the volume concentration of the unhydrated cement particles.

Once K. and G, are known, the elastic modulus of the composite
can be calculated according to the theory of elasticity:

~9K.G,
3K+ G ®)

The Kuster and Toks6z model has shown to provide good pre-
dictions of the elastic properties of mortars, where the matrix is
represented by cement paste and the inclusions by sand grains
[35].

In the case of the model specimen (3D checkerboard, Fig. 2), no
porosity is present. Therefore, the local elastic properties stem
from the material properties of the individual solid components.
To the two phases of this model material, elastic properties found
in the literature for LD C-S-H and HD C-S-H phases [5] have been
assigned. The chosen elastic moduli and Poisson’s ratios are as fol-
lows: E;p=21GPa, Eyp =29 GPa and a Poisson’s ratio of 0.25 for
both phases, which leads to bulk and shear moduli of (14.0 GPa
and 8.4 GPa) and (19.3 and 11.6 GPa) for our model LD and HD
phases, respectively. Eqs. (3)-(5) are then used to calculate the
elastic modulus of the composite within the interaction volume
of a nanoindenter (see Section 2.2). The geometry of a 3D checker-
board differs from the one assumed by the Kuster and Toks6z mod-
el [34]; however, this model is used in this study as a first
approximation to allow easy calculation of the elastic properties
of the composite. More sophisticated models may be used in the
future when precise quantitative results are needed.

For the FIB-nt dataset (Fig. 3), the solid skeleton is considered as
composed of unhydrated cement and hydration products. Follow-
ing Haecker et al. [32] (based on [36]), the elastic properties of
the unhydrated cement are taken as Eyc=117.6 GPa and
vyc=0.314 (Kyc=105.2 GPa and Gyc=44.8 GPa). Also in the case
of the FIB-nt datasets, the use of the Kuster and Tokséz model
[34] is not fully justified, and should be considered only a first
approximation within the scope of the present investigation. In
fact, in the case of a cement paste at the magnification accessed
by FIB-nt, unhydrated cement grains are not completely embedded
into hydration products, nor are they small compared to the inter-
action volume considered.

E.

2.3.3. Combined influence of porosity and unhydrated cement in FIB-nt
datasets

In the case of the FIB-nt dataset, and only for interaction vol-
umes containing both porosity and solid matter, the elastic modu-
lus is calculated with the following equation:

E=E - (1-p) (6)

where E. is the elastic modulus of the composite composed of
hydration products and unhydrated cement particles, calculated
with Eq. (5). This approach can be considered a first approximation,
since Eq. (6) is supposed to be valid in the case of pores much smal-
ler than the overall volume of the composite. Also in this case, it is
expected that a finite element model would yield more precise
quantitative results.

2.3.4. Frequency plots
A relative frequency plot is a graphical data analysis technique
for summarizing the distributional information of a variable. The

response variable is first divided into equal sized intervals (or
bins). The number of occurrences of the response variable, divided
by the total number, is then calculated for each bin. The frequency
plot then consists of the relative frequencies on the ordinates and
of the response variable (i.e., the mid-point of each interval) on the
abscissas. Once the elastic modulus of a set of possible indentation
sites is calculated with Eq. (6), relative frequency plots of the elas-
tic modulus can be constructed by assigning a bin size to the elastic
modulus data set and plotting the results as explained above. In
the analysis of nanoindentation results obtained by experiments,
variable sizes of bins are generally used: for example, the size of
the bins varies from 2 GPa [18] to 2.5 GPa [6] to 5 GPa [37]. It is no-
ticed that changing the size of the bin leads to a modification of the
relative frequency plots; the overall frequencies become lower
with smaller bins and possibly the shape and the number of the
peaks may change.

3. Results
3.1. Model two-phase material (3D checkerboard)

The results of the virtual micromechanical experiments for
some chosen dimensions of the interaction volumes are presented
in Fig. 5. It can be noted that the bi-modality of the distribution of
elastic modulus disappears completely for a size of the cube D of
123 voxels, while for the size of 10® voxels, the bi-modality can still
be deduced. In other words, the results reveal that, if the grid
indentation method is performed in a purely statistical way, that
is, without any foreknowledge of the indentation spot, the evi-
dence of a bi-modality in the histograms disappears, if the size of
the indentation interaction volume exceeds about 4% per cent of
the volume of homogeneous domains. Equivalently, one could
say that the homogeneous domains should have a volume at least
25 times larger than the interaction volume of the indenter, or
have a linear size at least three times larger, in order to yield a bi-
modal distribution in a frequency plot. It must be highlighted here
that the model material, on which this calculation was performed,
can likely be considered as a close-to-optimum geometrical envi-
ronment for assessment of appearance of bimodal distribution of
the elastic modulus. In other words, all the additional instability
aspects of micromechanical testing on real materials will likely
cause the bimodal distribution to disappear even if smaller interac-
tion volumes are used.

Another interesting observation is that, starting at a size of the
cube D of 103 voxels, and then more evidently for 122 and 16> vox-
els, a peak appears at an elastic modulus of 25 GPa. This peak does
not correspond to any phase present in the model material and in-
stead shows a stiffness which is the average value between the two
phases (with modulus 21 and 29 GPa). For a size of the interaction
volume D of 323 voxels, corresponding to the size of the homoge-
nous single-phase domains (Fig. 2), the peak at 25 GPa dominates
the elastic modulus histogram, while no peaks are visible at 21
and 29 GPa. It is therefore clear that depending on the respective
sizes of the homogenous domains and the interaction volume,
peaks may appear in the elastic modulus histogram that do not
correspond to the stiffness of any of the phases present in the
microstructure.

3.2. FIB-nt dataset of HCP

The phase composition (i.e., porosity, unhydrated cement and
hydration products) of 280 individual cubes of dimension
1x1x 1um? sampled from the prismatic sample (see Section
2.1.2) is shown in Fig. 6. It is noticed that unhydrated cement
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Fig. 5. Histograms of composite elastic moduli from the 3D image of a model non-porous two-phase material (see Fig. 2) for size of the interaction volumes D of 1, 4, 10, 12,
16 and 32 voxels cubed. Note that the bi-modality of the distribution disappears completely for the size of the cube of 123 voxels.
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Fig. 6. Phase composition of 280 sampled 1 um?® cubes.

and hydration products within the single cubes may vary from 0%
to 100%, while the porosity varies from 0% to 78%.

The frequency plots were calculated according to the procedure
described in Section 2.3.4, while the local elastic modulus for the
indentation sites (single cubes with 1-um edge) was calculated
based on the procedure described in Sections 2.3.1 to 2.3.3. Fig. 7
shows frequency plots calculated according to different models;
the bin size is 1 GPa. The first model considers a two-phase mate-
rial composed of hydration products and porosity, where the elas-
tic modulus of the composite is calculated with Eq. (2). To apply
this model, all the solids were considered to possess the elastic
modulus of hydration products. As evident from Fig. 7, a single

peak with relative frequency of 0.546 appears at 22.5 GPa, corre-
sponding to the assumed elastic modulus (22.4 GPa) of the hydra-
tion products (see Section 2.3.1). The peak appears to extend to
about 17.5 GPa, with a cumulated frequency of 0.83. For lower val-
ues of the modulus, no distinct peaks higher than about 0.02 ap-
pear. The second model considers another two-phase material
composed of hydrated products and unhydrated cement only,
where the elastic properties of the composite are calculated with
Eq. (5). Also in this case (Fig. 7), a peak appears at 22.5 GPa, with
a broad shoulder; a number of secondary peaks are evident in
the region from 26 to 38 GPa. On the contrary, no special peak
appears at 117.7 GPa, which corresponds to the modulus of
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Fig. 8. Elastic modulus frequency plots calculated taking into account both porosity and unhydrated cement (Eq. (6)); effect of varying the size and position of the bins.

unhydrated cement. This reflects the fact that only a few cubes
with 100% unhydrated cement are included in the dataset.

The third model considers a 3-phase material where the elastic
modulus is calculated with Eq. (6). It can be considered as a com-
bination of the two previous models, in which the elastic modulus
of the solid phases is calculated first and in a second step the influ-
ence of porosity is considered. This model produces a main peak
(Fig. 7) at 22.5 GPa, which decreases smoothly for lower values.
For higher values of the modulus, secondary peaks appear between
24 and 38 GPa. These secondary peaks have heights that range
from 1/2 to 1/5 of the main peak. It is noticed that these multiple
peaks of comparable height have been generated by the presence
of unhydrated cement (with elastic modulus 117.7 GPa), hydration
products (modulus 22.4 GPa) and porosity in various amounts,
while no materials with elastic modulus in the range 24-38 GPa
were included in the simulation. This result appears to substantiate
the assumption that random peaks in the elastic modulus fre-
quency plots may be generated by the distribution of the phases,
rather than indicating the presence of a phase with a specific elas-
tic modulus within the region of the peak.

Fig. 8 shows the effect on the relative frequency plots of the size
of the bins (1 and 2 GPa) and of their position. Increasing the size of
the bins leads to higher relative frequency values and to a broaden-
ing of the peaks. At the same time, the choice of the bins produces a

slight shift of the main peak. Moreover, according to the size of the
bins and their position, smaller peaks may be joined into a larger
one.

4. Discussion
4.1. Dimension of homogeneous C-S—H regions

As was mentioned above (Section 2.2), the nanoindentation
experiments on HCP reported in the literature utilise maximum
indentation depths resulting in probed volumes of approximately
1 um?>. The results of Fig. 5 show that for a model 2-phase material,
the interaction volume should have a linear size at least three
times smaller than the size of homogeneous isotropic domains; if
this condition is not fulfilled, no bi-modal distribution appears in
the elastic modulus histograms. Therefore, for HCP to fulfil this
condition, homogeneous isotropic regions of either LD or HD C-
S-H with edge length larger than about 3 pm should be present,
so that a bimodality in the distribution of elastic properties of C-
S-H is revealed.

Any such large homogenous C-S-H regions should be also evi-
dent in 2D in scanning electron microscopy images of a HCP. As an
example, a scanning electron microscopy image of HCP (Portland
cement, w/c of 0.3) based on low-keV back-scattered signal is
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Fig. 9. Example of low-keV BSE image of hardened cement paste. A square of about
3 um is superimposed to the image (centre left of the image). No homogeneous
domains of hydration products of such size have been found in the image.

shown in Fig. 9. This image does not exhibit any large homoge-
neous domain of hydrated phases. This is well in line with the con-
clusions by Richardson and Groves [38] based on investigations of
chemical composition of C-S-H gels using microprobe analysis and
TEM. They state that (cit.) “.. .single phase Op [outer product] C-S-
H rarely occurs in mature hardened OPC paste in volumes greater
than approximately 2 um>” [38].

4.2. Other phases

In cement paste, a number of phases other than C-S-H and
unhydrated cement are present. For example, Lothenbach et al.
[39] showed that a mature Portland cement paste with w/c 0.4
contained about 50% C-S-H, 20% portlandite, 10% ettringite, 12%
monocarbonate, 1% calcite, 3% unhydrated cement and 4% porosity
by volume. This means that purely on a statistical basis, even if an
indenter were small enough to probe individual phases of a cement
paste, about 50% of the time the indenter should be probing phases
other than C-S-H.

4.2.1. Portlandite

Portlandite occurs in the structure of HCP in a number of forms
with the sizes of its structural features spanning several orders of
magnitude. According to [40], portlandite may be present as 1-
10 nm occluded CH-like material within C-S-H, as thin elongated
platelets of 10-100 nm in thickness, and as large CH domains of
high geometrical complexity of tens of micrometres in size.

From a micromechanical perspective, portlandite crystals have
a higher elastic modulus compared to C-S-H and moreover their
elastic modulus depends on the direction of loading, ranging from
22.6 to 99.4 GPa [41]. If the portlandite crystals are oriented ran-
domly in the cement paste, in about 2/3 of the cases their elastic
modulus will be comprised between 22.6 GPa (the minimum)
and 36.3 GPa (the value at 0°).

4.2.2. Ettringite, calcite and monocarbonate

Elastic modulus of ettringite has been recently derived for nat-
ural ettringite crystals with Brillouin spectroscopy [42]. Depending
on the orientation of the crystals and the direction of loading, the
elastic modulus varies from 20 to 40 GPa.

The amount of calcite present in the majority of modern Port-
land cements, up to 5% of cement weight, has an impact on the
phase composition of a mature cement paste. A small amount of

calcite will be present in the hydrated cement paste, for which
an elastic modulus of 79.6 GPa [32] is reported. More important,
a substantial amount of monocarbonate is expected to be formed
[39], which should have elastic properties similar to CH [32].

Depending on their size distribution, these and other minor
components of hardened cement pastes may also have the poten-
tial to introduce spurious peaks in the ‘nanoindentation signature’
of hardened cement pastes.

4.3. Representativeness of the FIB-nt results

As previously mentioned, results obtained based on a single FIB-
nt volume (of size 20.4 x 17.7 x 6.2 um?®) might be considered
with suspicion, as they might not be representative of the average
properties of a cement paste. However, the total amount of poros-
ity based on FIB-nt has been shown to be in satisfactory agreement
with porosity measured by MIP on the same cement paste [24],
when only pores larger than the resolution of the FIB-nt images
are considered. Even if the phase composition of the FIB-nt volume
is not exactly representative of a cement paste, this should only be
reflected into the respective height of the peaks in the elastic mod-
ulus frequency plots (Fig. 7), while the main conclusions of this
analysis should remain unaltered.

Another issue of interest is whether the sampling method used
to select the interaction volumes leads to statistically independent
indentation sites [6]. In other words, choosing cubes that are too
close to each other in the cement paste might introduce some sta-
tistical bias in the sample.

Both these issues could be solved in future work by examining a
number of different FIB-nt volumes or possibly larger volumes,
where the indentation sites can be sampled randomly at a larger
distance through the microstructure.

4.4. Elastic modulus calculations

A simple procedure was used for the calculation of the elastic
moduli of the single indentation volumes (see Section 2.3). Origi-
nally, the composite models used were developed for cases in
which both the pores and the hard inclusions (unhydrated cement)
are much smaller than the volume of interest; this is obviously not
the case for a cement paste at this level of magnification. Moreover,
the interaction volume of an indentation may vary depending on
the phases encountered. For instance, if a large pore is present on
the indented surface, the indenter may dig deeper into the cement
paste and the interaction volume might be larger.

A strategy to refine the calculation of the local elastic modulus
would be assessing the elasticity of the materials directly from the
3D images. Significant work has been carried out in this area by
Garboczi and Day [43], who developed a finite element technique
where the equations of elasticity are solved on a finite element
mesh that is constituted by a lattice superimposed to a 3D digital
image. Further work on computation of linear elastic properties
from tomographic images was performed by Arns et al. [44]. This
approach may be attempted in the future for calculating the local
elastic modulus in virtual statistical nanoindentation experiments.

4.5. Elastic modulus frequency plots

As evident from Fig. 7, while the main peak due to C-S-H al-
ways occurs around the expected value of 22.4 GPa, multiple spu-
rious peaks may be introduced in the region 30-40 GPa by the
presence of different amounts of unhydrated cement within the
volume of influence of one indenter. It is noticed that these peaks,
albeit lower, appear in the same regions where peaks were ob-
served by e.g. Constantinides and Ulm [5] and Zhu et al. [18]. In
addition, in real cement pastes both calcium hydroxide and other
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hydrate phases (see Section 4.2) may produce peaks in the same
region. In particular, calcium hydroxide alone may constitute
about 20% by volume of a mature cement paste with high w/c
[39] and has an elastic modulus in the range 22-36 GPa. It is the
opinion of the authors that, considering this evidence, the identifi-
cation of the peaks found in, e.g., [5,6,18,19] with HD and LD C-S-H
should be reconsidered. In particular, it is suggested that the peak
interpreted as belonging to LD C-S-H could indicate the presence
of a single C-S-H phase, while the HD peak could be a spurious
peak due to presence of other phases, namely unhydrated cement,
CH and other crystalline hydration products, within the influence
volumes of the indenter.

A further consideration is that the size and the position of the
bins in the relative frequency plots may influence the position
and the sizes of the peaks that are detected (Fig. 8). In the literature,
the bins appear to vary both in size and in position [6,18,37]. In the
results presented in this study, increasing the number of bins in-
creases the number of peaks; moreover, even a small shift (e.g. by
a fraction of the bin size) of the bin positions at the same number
of bins leads to a redistribution of the peak positions. In later work
on nanoindentation [45], attempts are in fact made to overcome the
bias introduced by the arbitrary choice of the bins and peaks are in-
stead directly extracted from the cumulative curves.

4.6. General remarks on the usefulness of nanoindentation for
assessing the local mechanical properties of porous disordered
materials at the nanoscale

Nanoindentation is a useful technique for determination of elas-
tic properties of homogeneous materials or heterogeneous materi-
als with layered structures [46]. As explained in this investigation,
for the assessment of the mechanical properties of individual
phases in porous heterogeneous materials, the statistical grid
indentation technique may be less suitable.

A requirement for nanoindentation is that the surface rough-
ness of the cement paste to be indented should be a fraction of
the maximum indentation depth. This requirement is difficult or
impossible to fulfil for a normal cement paste, since its natural
porosity will result in a roughness at the surface of the order of
magnitude of 300 nm [11]. Consequently, the surface roughness
of a cement paste imposes a lower limit to the dimension of the
indentation depth, which should be much larger than 1 pm. Hardly
any of the statistical indentation investigations reported in the lit-
erature use such large maximum indentation depths.

At the same time, as discussed in Section 4.1, no homogenous
region of outer-product C-S-H with volume larger than about
2 um> are normally observed in a cement paste (see [38] and
Fig. 9). As shown in Section 3.1, in order to obtain a bimodal distri-
bution in an elastic modulus frequency plot, the interaction vol-
ume of the indenter should have an edge smaller than about 1/3
of the homogenous regions. This means that the linear size of the
interaction volume should be at least smaller than about 0.6 pm,
or equivalently, that the indentation depth should be smaller than
about 150-200 nm.

These two conditions are clearly in contradiction, at least for a
normal cement paste. Possible solutions for using a statistical grid
indentation technique would be constructing artificial systems
[47] where the porosity is lower or the surface roughness smaller,
for example special compacts of hydration products. Alternatively,
the homogenous islands of C-S-H should be larger. However, it
would then be questionable, if the composition and the mechanical
properties of phases in these systems would correspond to the
phase composition in a real cement paste.

In the authors’ opinion, the indentation technique may be pos-
sibly useful for assessment of mechanical properties of hydrated
compounds of HCPs when the following conditions are met:

(i) the material microstructure within each individual interac-
tion volume can be assessed (or at least with high degree
of confidence estimated) and thus the occurrence of a homo-
geneous isotropic material phase within the interaction vol-
ume can be assured;

(ii) the surface roughness at the indentation site is a small
fraction of the maximum indentation depth and the
preparation steps for the production of indentation surfaces
do not change the mechanical properties of individual
phases.

These conditions can possibly be met, if a nanoindentation de-
vice is tailor-made for use within a high-resolution imaging device,
e.g. by an in situ ESEM nanoindenter. In such a device, the inden-
tation site can be deliberately placed within sufficiently large do-
mains of homogeneous material and the surface roughness can
be assessed with sufficient resolution.

5. Conclusions

Virtual experiments that emulate statistical nanoindentation
experiments were performed. They were based on 3D images of:
(i) an idealized two-phase material and (ii) HCP acquired by fo-
cussed ion beam nanotomography (FIB-nt), in which a marching
object was sampled over a large number of positions. Based on
the local phase composition within the marching object, a local
stiffness was estimated with simple composite models. Due to
the very large number of the investigated positions, the elastic
moduli could be statistically evaluated in the same manner as in
the real statistical indentation experiment.

The results based on the image of an idealized two-phase mate-
rial show that the linear size of the nanoindentation interaction
volume has to be at least three times smaller than the homoge-
neous isotropic domains of a single phase, in order for the histo-
grams of elastic modulus to show a bimodal distribution. If this
requirement is not met, a spurious single peak appears at an elastic
modulus corresponding roughly to the average of the moduli of the
phases. Having assumed the usual maximum indentation depth
utilised in statistical nanoindentation experiments (about
300 nm), the linear size of such regions has to be larger than about
3 pm. BSE images of HCP show that hardly any such regions of C-
S-H exist in the microstructure of HCP.

The results based on the FIB-nt dataset reveal that the elastic
modulus histograms show multiple peaks even in the case
of a material that is segmented into three phases only (porosity,
hydrated and unhydrated phases), i.e., without the hydrated phase
being composed of different types of distinct hydration
products. The presence of unhydrated cement produces peaks in
the 30-40 GPa region, which is far lower than their own elastic
modulus. It is concluded that the peaks that are identified in the
literature as belonging to LD and HD C-S-H could in reality
equally reflect the presence of only one type of C-S-H next
to other crystalline phases of high elastic moduli (e.g., unhydrated
cement, calcium hydroxide) within the indentation interaction
volume.

In general, the results of this study question the application of
statistical nanoindentation to HCP and call for a critical examina-
tion of the technique.
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