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In Portland cement-based concrete, calcium (alumino) silicate hydrate (C-(A-)S-H) is the principal binding phase
that governs its physical, mechanical, and durability properties. In this study, micromechanical properties of
compacts made of synthetic C-(A-)S-H powder were investigated with nanoindentation, and various influencing
factors were identified. It was revealed that a normal distribution and convergence of test data could be attained

with an indentation depth > 350 nm. Higher conditioning relative humidity, pressure, and holding time aided
consolidation of the powder and led to an improved elastic modulus. No remarkable influence of strain rate
(0.025-0.1 s™!) and vibration frequency was noted. While the Al-incorporated C-A-S-H exhibited superior
mechanical properties relative to C-S-H, all the C-(A-)S-H compacts yielded lower elastic modulus values as
compared to data from fully hydrated C3S paste, mainly attributable the phase bonding, packing density, che-
mical composition, and the presence of phases other than C-(A-)S-H in the C3S sample.

1. Introduction

The hydration of the ordinary Portland cement (OPC) produces
calcium (alumino) silicate hydrate C-(A-)S-H [1-3], which serves as the
principal binding phase of our modern OPC-based concrete. Significant
uptake of aluminum (Al) into the hydration product is prevalent when
the OPC is partially replaced with supplementary cementitious mate-
rials (SCMs) of high alumina (Al,O3) content [4,5]. Al-incorporated C-
S-H is termed C-A-S-H [6]. In this text, C-(A-)S-H (A in brackets) is also
used to annotate general hydration products of these two possible
forms. C-(A-)S-H governs the physical and mechanical properties of
Portland cement-based concrete [7]. Understanding the micro-
mechanical behavior of C-(A-)S-H is thus essential to unraveling the
fundamental physics and improving the engineering performance of the
construction materials. Nanoindentation is one of the direct techniques
used to measure the mechanical properties of materials at a submicron
scale and has been applied on solid, soft polymers, or even biomaterials
[8-12]. The technique has also been widely adopted for micro-
mechanical characterization of cement-based materials. An early work
on pure constituents of Portland cement clinker showed that CsS, C,S,
C3A, and C4AF exhibited a similar range of elastic moduli between 125
and 145 GPa [13]. Hydrated cement pastes, on the other hand, ex-
hibited a bi-modal property dominated with low-density (LD) and high-
density (HD) C-(A-)S-H phases with mean elastic modulus values of
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21.7 GPa and 29.4 GPa, respectively, independent of water-to-binder
ratios [14,15]. The LD and HD C-(A-)S-H were associated with hydrates
within capillary space (outer products) and confined regions (inner
products), respectively. The notion of LD and HD forms of C-(A-)S-H in
hydrated cement matrix has been widely embraced by the cement re-
search community. In quantifying the micromechanical properties of
these two forms of C-(A-)S-H and other phases in hydrated cement
samples, statistical nanoindentation in which a large number of single
indentations are performed in a grid, and followed by deconvolution
and peak assignment using statistical methods have been widely
adopted. A corresponding wide range of elastic modulus data have been
reported to be 16.8-25.2 GPa [16,17] for LD C-S-H and 29.1-41.5 GPa
for HD C-S-H [18,19]. A summary of such data could be found in
[20-22].

Using a virtual experiment with nanotomography verification, other
researchers demonstrated that homogeneous phase-pure C-S-H regions
in hydrated cement pastes are too small to induce independent dis-
tributions in elastic modulus frequency plots, raising questions on the
application of statistical nanoindentation for mechanical characteriza-
tion of pure phases in hydrated cement pastes [23,24]. Impurities in-
herent in C-(A-)S-H phases such as nano-crystalline Ca(OH), were
found to significantly increase its elastic modulus [25]. Various other
factors have also been shown to influence indentation results of cement-
based materials: surface roughness [26], indentation load intensity and
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the associated microcracks [27], presence of foreign ions (e.g., Al) [28],
and Ca leaching or Ca/Si molar ratios within C-(A-)S-H formulations
[14,27,29]. A coupling of nanoindentation and scanning electron mi-
croscopy equipped with energy dispersive spectroscopy (SEM-EDS) was
introduced to correlate the micromechanical properties to phases in
cement pastes based on their chemical information [25,30,31]. The
technique was implemented with a multivariate mixture modeling by
following hardness, elastic modulus, and intensities of silicon, calcium,
and aluminum to yield phase clustering and its associated micro-
mechanical properties [32]. Quantitative EDS was incorporated to
better reveal the chemical and micromechanical signatures of phases in
cement pastes [21,33]. Nevertheless, the technique also comes with its
inherent limitations, including matching of micro-volumes sensed by
both the nanoindentation and EDS techniques, scale separability for
intrinsic phase representation [31], and signal and strain energy gra-
dient under the indenter [34]. Yet, the technique confirmed a rare oc-
currence of pure C-S-H in cement paste system, and an intermix of
phases or inclusion of submicron impurities (calcium, aluminum,
sulfur, and anhydrous materials) into the outer region of C-S-H was
found to be prevalent [21,32].

To circumvent these challenges, evaluation of micromechanical
properties of C-(A-)S-H using nanoindentation could be performed with
a compressed form of pure C-(A-)S-H powder [20]. The use of com-
pressed C-(A-)S-H powder, subsequently termed compact in this text,
has attracted significant attention as single-phase C-(A-)S-H with vari-
able compositions or intermixes with polymers can be readily synthe-
sized without considering the heterogeneity inherent in hardened ce-
ment pastes [35]. While the intensity of the maximum applied load
during indentation exhibited a negligible effect on the micromechanical
properties of compressed C-(A-)S-H [27], a positive correlation between
elastic modulus and compact density was observed [36]. A number of
other parameters, including moisture content, silicate polymerization,
and Ca/Si ratio in C-(A-)S-H composition, have been speculated to
contribute to the difference in mechanical responses of C-(A-)S-H
compacts [29]. Also, it is yet unclear if compressed C-(A-)S-H could be
used to represent the properties of the true phase in cement pastes or
concrete after all. A considerable deviation in elastic modulus values
between C-(A-)S-H in hardened cement pastes and those in compacts
has been reported, with compressed synthetic C-(A-)S-H generally dis-
playing lower mechanical properties [20].

A comprehensive study is hence needed to elucidate the influence of
different factors on micromechanical properties of the compressed form
of pure C-(A-)S-H powder. This paper aims to investigate the effects of
conditioning environment, holding time of the pressure implemented in
compact preparation, pressure level, and indentation test parameters on
the elastic modulus of compressed C-(A-)S-H powder using the na-
noindentation technique. For comparison, a mature tricalcium silicate
(C3S) paste was also used in the indentation experiment. Thermal
gravimetric analysis (TGA) and Raman spectroscopy were also used to
comprehend the chemical composition of the materials used. The out-
come of the present study could serve as a guideline to obtain more
reliable and reproducible results for elastic modulus or hardness data
from the nanoindentation of compressed C-(A-)S-H powder. It would
help to improve the significance of this technique to unravel the mi-
cromechanical properties of the phases in hydrated cement pastes.

2. Materials and methods
2.1. Materials

C-(A-)S-H samples were synthesized with a constant bulk Ca/
(Al + Si) molar ratio of 1, while bulk Al/(Al + Si) molar ratios were
fixed at 0 (AO or C-S-H) and 0.1 (Al or C-A-S-H). The samples were
cured at 80 °C in Teflon bottles for three months by mixing stoichio-
metric contents of SiO, (Aerosil 200, Evonik), CaO, and/or CaO-Al,O3
powder at a water-to-solid mass ratio of 45 in an N-filled glove box.
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The relatively high temperature was adopted in order to achieve a quick
equilibrium of a phase-pure product at about 56 days [37] and to mimic
the internal condition of typical mass, geopolymer, and precast con-
crete, which usually experiences high internal temperature induced by
either heat of hydration or high-temperature curing. The solid C-(A-)S-
H samples were extracted by vacuum filtering using 0.45 pm nylon
filters and then drying in N,-filled desiccators in the presence of NaOH
pellets for 14 days, followed by freeze-drying for 4 days. C3S paste
(designated as C3S) with a water-to-binder ratio of 0.5 was also used for
indentation comparison. The paste was cured in a closed container
(flushed with nitrogen gas before sealing) for 90 days before vacuum
sealing for another 210 days. At 300 days, isopropanol was used to stop
the hydration of the C3S sample which was then vacuum dried for an-
other 3 days before further analyses.

2.2. Thermogravimetric analysis

The powder C-(A-)S-H and ground hydrated C3S samples were used
for thermo-gravimetry/differential thermal analysis with SQ600 TG/
DTA series. Approximately 20 mg of each sample was manually com-
pacted into an alumina crucible and immediately transferred to the
analyzer chamber. The temperature was regulated from 25 °C to
1000 °C with a constant ramping rate of 10 °C/min under N, gas at a
flow rate of 100 ml/min.

2.3. Sample conditioning and compact preparation

The C-(A-)S-H samples were subsequently conditioned until stable
weights were achieved under three environments: (i) as received from
freeze-drying in sealed containers at room temperature, (ii) room
temperature (22-24 °C) under 11% relative humidity (RH) using satu-
rated lithium chloride (LiCl) with the procedure as outlined by other
researchers [1,29,36], and (iii) room temperature under 75% RH using
saturated sodium chloride (NaCl) [38]. In the compact making process
for nanoindentation, two parameters focusing on pressure level and
holding time were investigated. The pressure intensity would create
different porosity levels, which would exert an influence on the mi-
cromechanical properties of C-(A-)S-H. Similarly, the holding time was
postulated to induce compaction and creep within the matrix and hence
would also affect the mechanical response of the resulting C-(A-)S-H
compacts. Other parameters of interest include loading/unloading fre-
quency and strain rates implemented in the nanoindentation test set-up.

0.1 g of the conditioned samples were retrieved from the con-
ditioning environments, and manually compacted into the sample
compartment of a 5 mm-diameter die lubricated with a thin layer of
PTFE heavy-duty lubricant to reduce skin friction and to improve load
transfer efficiency. Two end disks polished to mirror finish were used to
sandwich the powder to yield compacts with a roughness fit for direct
nanoindentation. The sample compression and unloading were done
with a 100 kN-capacity Universal Testing Machine (UTM) at a loading
rate of 0.5 mm/min to a different target or apparent pressures.

2.4. Raman spectroscopy

Raman spectra for all samples prepared under different conditioning
environments and pressures were recorded with a confocal Raman
microscope (alpha300 RA from WITec GmbH, Ulm, Germany) under
488 nm laser source. The detector used was an SP2300i from Princeton
Instruments (Acton, MA) equipped with a triple grating turret and
Peltier cooled at —60 °C. An 1800 lines/mm grate was selected for high
resolution scanning from 100 cm ™! to 1200 cm™!. Calibration was
performed on a silicon wafer using the 520 cm ™! emission band. The
objective used was a Zeiss EC Epiplan 20 X with a working distance of
3.2 mm. At the start, an optical microscope image of the sample was
recorded, and after focusing, the laser position was aligned. Point data
acquisition in Confocal Raman mode was performed with an integration
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time of 5 s and averaged over 10 scans. Data analyses were performed
with Project 5.0 software from Witec. First wave numbers of the spectra
were recalibrated to achieve the Rayleigh band to value as close as
possible to zero by modifying the excitation wavelength. Then, Raman
signal analysis was initiated with the following steps: (i) Cosmic Ray
Removal, (ii) data smoothing with Savitzky-Golay function, and (iii)
background subtraction with a shape size between 30 and 60.

2.5. Nanoindentation

The C-(A-)S-H compacts were mounted on an aluminum platform
using a thermoplastic adhesive polymer to fix them in place. After
drying, the C3S sample was embedded in high-viscosity epoxy. The
assembly was ground with sandpaper to remove the epoxy layer and to
expose the sample surface prior to sequential polishing with oil-sus-
pended diamond particles of size ranging from 9, 6, 1 to 0.05 pm.

Grid nanoindentation was then performed on the sample surfaces
with Keysight G-200 Nanoindenter using a diamond Berkovich tip. For
comparative analysis, two indentation techniques called Basic and
Continuous Stiffness (CSM) methods were adopted to measure the
elastic modulus of the synthetic C-(A-)S-H samples. In the Basic method,
the hardness and modulus properties of the material are measured at a
target indentation depth [14,39]. For this study, the main target in-
dentation depth of 350 nm with a peak load hold time of 10 s to account
for creep and thermal drift was implemented. This target indentation
depth of 350 nm was used to achieve optimum interaction volume
larger than the nanogranular globules [18] but smaller than the
homogeneous isotropic region of a typical phase [23]. On the other
hand, the CSM method induced a sinusoidal load at a selected fre-
quency during the loading branch and thus allowed for continuous
measurement of the elastic modulus throughout the indentation depth,
which was set to a target of 2000 mm. Both the Basic and CSM methods
are graphically illustrated in Fig. 1. One useful application of the CSM
method is to investigate the uniformity of the phases within the samples
throughout the indentation depth or the effects of substrate on the
mechanical properties of thin films [40,41]. A surface detection limit
was set to 200 N/m for both the methods, and a total of 72 indentation
points were performed on each C-(A-)S-H sample while a total of 225
points were conducted on the C3S sample due to phase heterogeneity. A
grid spacing of 50 um was implemented. A Poisson's ratio of 0.24 as
adopted by other researchers for C-(A-)S-H was applied in the stiffness
calculation [15]. Fused silica was also used as a reference and tip ca-
libration. As both elastic and plastic deformations concurrently oc-
curred during indentation loading, only the initial unloading portions of
the load-displacement curves are used in the elastic modulus calcula-
tion [42].

The hardness (H) and effective indentation modulus (E,), which
takes into account deformation of the indenter during loading, can be
found from Egs. (1) and (2), respectively [13].

Load (mN)
4

F’max

350
Displacement (nm)

(@)
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where P is the load applied to the test surface, A is the projected contact
area which is a function of indentation depth upon surface contact, S is
the contact stiffness derived from the initial portion of the unloading
curve, and f is the correction factor for indenter geometry (1.034 for
Berkovich tip [39]). The elastic modulus of the material (E,) is obtained
using Eq. (3):

1/E, = (1 — v})/E, + A — v)/E; 3

where v is the Poisson's ratio for the test material, E; and v; are the
elastic modulus and Poisson's ratio, respectively, of the indenter. For a
diamond tip, E; = 1141 GPa and v; = 0.07 [39].

Table 1 summarizes the parameters and corresponding sample an-
notations, in which RH stands for the relative humidity, VA for hu-
midity of as-received condition (freeze-drying), P for the applied pres-
sure implemented in making the compact, T for the holding time, S for
the strain rate and F for the frequency. Numerical values of 0, 1, 2, and
3 were assigned for pressure levels of 50, 95, 200, and 300 MPa, re-
spectively. A similar numerical assignment was used for the strain rate
and frequency. For test setup parameters, both loading or strain rates
and frequency were investigated. Hence, a typical sample annotation
A0-RH11-P1-F1-S2 refers to AO conditioned at 11% RH (RH11) with the
compact prepared at 95 MPa (P1), tested under a frequency of 45 Hz
(F1) and a strain rate of 0.01 S~ (S2).

2.6. Nitrogen (N2) gas adsorption

N, gas adsorption was performed with a 3Flex surface analyzer
(Micromeritics, USA) on selected compacts to investigate their porosity
properties. The samples were degassed under a pressure of 0.1 mmHg
and at a temperature of 40 °C for 24 h [43,44] to preserve the com-
position and to remove surface moisture and organic contaminants. The
adsorption and desorption characteristics were conducted at —196 °C,
the liquid temperature of N,, and with applied pressure (P) varied be-
tween 1.3 x 10~ 2 and 1 with respect to the saturation pressure of N,
(P,). Specific surface area (SSA) was derived from the linear region of
the adsorption-desorption curves.

2.7. Scanning electron microscopy (SEM)

SEM of selected pressed samples was conducted with Quanta FEG
450 under the backscattered electron (BSE) mode to observe the surface
roughness and indented regions of selected C-(A-)S-H compacts. No
coating was applied to prevent the possible filling of the indented areas
and the porosity. The images were captured at 3 kV with a probe cur-
rent of 2.5 nA.

Load (mN)
4

Pma)(

a

2000
Displacement (nm)

(b)

Fig. 1. Graphical illustration of: (a) Basic, and (b) CSM method.
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Table 1
Conditioning, pressing, and nanoindentation test parameters.
Sample Conditioning Pressing Test parameters Annotation
Vacuum 11% RH 75% RH Pressure (MPa) Holding time (min) Frequency (Hz) Strain rate (s~ 1)
A0 v 95 30 - - A0-VA-P1-T30"
v 95 30 - - AO0-RH11-P1-T30"
v 95 30 - - A0-RH75-P1-T30"
Al v 95 30 - - A1-VA-P1-T30"
v 95 30 - - A1-RH11-P1-T30°
v 95 30 - - A1-RH75-P1-T30"
A0 v 95 0 - - AO-RH11-P1-TO"
v 95 60 - - A0-RH11-P1-T60"
A0 v 50 30 - - AO0-RH11-P0-T30*
v 200 30 - - A0-RH11-P2-T30"
v 300 30 - - AO-RH11-P3-T30"
A0 v 95 30 - 0.025 AO0-RH11-P1-50°
v 95 30 - 0.1 AO-RH11-P1-S2°
v 95 30 22.5 0.05 AO-RH11-P1-FO°
v 95 30 45 0.05 AO-RH11-P1-F1°¢
v 95 30 60 0.05 AO0-RH11-P1-F2°
v 95 30 45 0.025 AO-RH11-P1-F1-S0°
v 95 30 45 0.05 AO-RH11-P1-F1-S1°
v 95 30 45 0.1 AO-RH11-P1-F1-82¢

@ Tested under both the Basic method with a strain rate of 0.05 s~ ! and the CSM method with a frequency of 45 Hz and a strain rate of 0.05 s

b Tested under the Basic method only.
¢ Tested under the CSM method only.

3. Results
3.1. Powder compression and unloading

Typical compression responses of the C-S-H powder sample loaded
to different target pressures in the pressing die are depicted by con-
ventional stress-displacement curves and Heckel plots in Fig. 2(a) and
(b), respectively. The Heckel representation correlates the relative
density of the compact to the applied pressure and is based on Eq. (4)
[45] where D is the relative density (density ratio), P is the applied
pressure, and K and C are constants. The equation was derived based on
an analogy to a first-order chemical reaction with porosity being the
reactant and density being the product. D was estimated by dividing the
apparent density of a compact at pressure P by the particle density. The
apparent density could be calculated by taking the ratio between the
sample mass and the compact volume at the respective pressure level.
In the case of C-(A-)S-H, a wide range of particle or globule density has
been reported to vary from 2.03 to 2.85 g/cm®, depending on the
moisture state in the solid structure, surface moisture, and inter-particle
water [46,47]. Under 11% RH, the density of C-(A-)S-H has been re-
ported to be 2.47 g/cm® [47,48], and this value was adopted in this
study.

ln( !
1-D

It is observed in Fig. 2(a) that the stress-displacement responses of
the three samples exhibited a similar trend, although the curves did not
overlap, attributable to different levels of initial compaction as done
manually. As the stress increased, the slopes of the curves also increased
as a result of sample densification, implying an increase in stress with
strain at an increasing rate, as also observed by other researchers [49].
Subsequently, squashing of particles, and a reduction in inter- and in-
traparticulate voids and bonding occurred, and a cohesive mass was
formed [50]. Toward the end of the compression, holding the loading
platen when the target load was achieved led to a decrease in the re-
sulting stress, attributed to particle rearrangement and further con-
solidation. Highlighted by a dotted circle in Fig. 2(a) is a sudden small
jolt in the stress-displacement curve in AO-RH11-P3-T30 due to a slight
misalignment between the plunger and the mouth of the sample com-
partment of the die. The plots in Fig. 2(b) revealed that the Heckel

=kP+ C
) * )

-1

profiles could be classified into two main regions: (i) low-pressure
(< 25 MPa) curvature arising from slippage and rearrangement of
particles [51], and (ii) linearity caused by plastic deformation of par-
ticles under pressure [52]. In the latter region, the responses followed
an almost linear relationship and confirmed the compressibility of C-(A-
)S-H in accordance with Eq. (4). It is expected that the Heckel plots
normalized to the natural logarithm of porosity would give the same
stress-displacement responses (profiles and slopes) at all target pressure
levels. This is not the case, and the slight deviation could be attributed
to different levels of initial manual compaction and friction between the
die body, the sample and the polished steel pellets used to sandwich the
sample powder.

3.2. Characterization

3.2.1. Thermogravimetric results

Weight loss and differential weight loss results for the C-(A-)S-H and
C3S paste samples are given in Fig. 3. Early mass losses with en-
dothermic peaks of centers between 80 and 145 °C corresponded to
dehydration or mass loss of interlayer and structurally bound water in
the C-(A-)S-H system [37,53]. Higher humidity led to higher adsorption
of water into C-(A)-S-H structure and thus resulted in a more prominent
endothermic peak in the vicinity of 50 °C for AO-RH75 and A1-RH75.
This early dehydration peak could be attributed to the drying of con-
densed water from the gel nanopores between C-(A-)S-H globules
[47,54,55] and partly to the loss of the interlayer water through in-
stantaneous migration from interlayer spaces to larger gel pores [56].
Similar relative sample weight and differential weight loss profiles up to
200 °C for both A0 and A1 under freeze-drying and 11% RH indicated a
similar moisture adsorption characteristics and level of the two sam-
ples. It is known that dehydroxylation of Ca(OH), exhibits an en-
dothermic peak at around 460 °C while decarbonation of CaCOs5 takes
place from 600 °C to 800 °C [57]. The current results showed there were
no apparent narrow peaks at 460 °C for all C-(A-)S-H samples, in-
dicating that there was a negligible content of Ca(OH), in the samples.
The absence of Ca(OH), in both A0 and A1 was also confirmed by X-ray
diffraction (XRD) analysis results, which are given in Fig. A.1 of Ap-
pendix A as Supplementary information. The broad peak in the vicinity
of 500 °C in the two C-(A-)S-H sample groups was hence attributed to
the decomposition of C-(A-)S-H [37]. In contrast, a prominent
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Fig. 2. Stress responses for C-S-H (A0) under 11% RH (RH11) loaded to dif-
ferent target pressures of 95 (P1), 200 (P2), and 300 MPa (P3): (a) stress-dis-
placement curves, and (b) Heckel plots.

endothermic peak at 460 °C in C5S confirmed a prevalent presence of Ca
(OH), as one of the main hydration products in the sample. Using the
tangential method between 400 and 500 °C [57], the content of Ca
(OH), was estimated to be 24.4% in the C3S sample at 300 days. The
weak endothermic peaks between 600 and 800 °C in C-(A-)S-H samples
conditioned under a relative humidity of 75% implied their slight
carbonation which may have occurred during the sample handling.
Negligible carbonation was also observed in C3S, as reflected by a weak
endothermic peak at 625 °C. The decomposition of C-(A-)S-H to wol-
lastonite (CaSiO3) [58] occurred in all the C-(A-)S-H samples, as re-
flected by a prominent peak in the vicinity of 810 °C. An absence of the
endothermic peak at 810 °C for C3S implies that more stable C-(A-)S-H
products were formed in the system. It is also interesting to note that as
compared to AO-RH75, A1-RH75 showed an ultimate mass loss level
similar to samples conditioned at lower humidity levels and could be
attributed to the enhanced cross-linking of C-(A-)S-H products with the
presence of Al [37] and the resulting ability to accommodate less of the
structurally bound water in the system.

3.2.2. Raman spectroscopy results
Fig. 4 presents Raman spectra obtained for external surfaces of C-(A-
)S-H compacts. All bands below 400 cm ™! are probably due to Ca-O
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Fig. 3. Thermal gravimetric analysis results for: (a) C-S-H (A0), (b) C-A-S-H
(A1) under as-received condition (VA), 11% RH (RH11), and 75% RH (RH75),
and (c) C3S paste at 300 days.

vibration [59]. Specifically, the broad peak in the 305.4 cm ™! region
was attributed to the lattice vibration of Ca—O polyhedral [60]. Ca
(OH), was shown to have a spectrum at 356 cm ~ ' [61], and its absence
confirms that Ca(OH), was not present in the system, consistent with
the TGA results. The peak at 444.1 cm ™! was attributed to non-bridging
oxygen atoms of SiO4 [62]. The peak at 600-700 cm ~ ! was due to the
symmetric stretching motion or vibration of the Si-O-Si bridges, while
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the peak in the 1000 cm ~* region was a result of Si-O stretching range
at Q2 sites [59,63]. Si-O vibration at Q° sites contributed to a weak
shoulder appearance at 1040 cm ™! or higher in the presence of Al [62].
On the other hand, the C-O spectrum with peaks at 1082.8 cm™!
[59,62] were observed to be present in all samples, attributable to
possible surface carbonation and formation of CaCO3; polymorphs. The
carbonation could predominantly occur after the indentation as the
samples were to some extent exposed to air before the Raman spec-
troscopy. It is important to note that the Q! peaks at 883-955 cm !
were not intense, suggesting a long-range order of the (alumino) silicate
chains of C-(A-)S-H synthesized at 80 °C, which is consistent with a
study conducted by Ortaboy et al. [62].

3.3. Nanoindentation results from Basic method

3.3.1. Load-indentation depth response

The load-indentation depth response for all the 72 indentation
points of AO-RH11-P1-T30 is graphically presented in Fig. 5. A linear-
plastic response was observed during the loading stage, after which the
10 s holding time led to deformation at a constant peak load beyond the
350 nm target depth. A linear response occurred during the early un-
loading branch, and it was over this region that the indentation elastic
modulus was estimated. It is observed from the graph that complete
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Fig. 5. Load-indentation depth for C-S-H (A0) under 11% RH (RH11), 95 MPa
pressure (P1), and 30 min holding time (T30) - (AO-RH111-P1-T30).
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unloading was initiated when the residual loads reached 10% of the
corresponding peak loads. A few curves (distinguished by dashed lines)
exhibited ultimate deformations well exceeding those of other samples,
possibly due to the presence of micropores or weak regions under the
tip of the indenter. A few others also showed irregularity with apparent
shoulders over the loading region, which could have been caused by a
fracture or collapse of the surrounding solid structure during loading
[17]. These irregular responses represented only about 5-10% of the
overall load-indentation depth curves, and this implies that the direct
indentation without polishing could provide good quality data for
analyses. For the purpose of this study, these outliers were removed.

3.3.2. Influence of conditioning

Relative frequency plots of elastic modulus data from na-
noindentation are given in Fig. 6 for C-S-H and C-A-S-H samples con-
ditioned under freeze-drying, 11%, and 75% RH. All the compacts were
prepared with a target or apparent pressure of 95 MPa and a holding
time of 30 min. The average elastic modulus and standard deviation
values for the individual data sets are also shown in Fig. 6. It is observed
that no significant difference in the average elastic modulus for samples
conditioned under freeze-drying and 11% RH, attributable to the si-
milar adsorbed moisture content and the resulting similar compressi-
bility under pressure. On the other hand, increasing conditioning RH
resulted in an increase in elastic modulus data due to: (i) the formation
of denser compacts as enhanced by attraction or sliding of C-(A-)S-H
sheets or globules as aided by the presence of moisture [36], and (ii)
saturation of nanopores which could reduce the compressibility of the
C-(A)S-H matrix. C-A-S-H generally exhibited higher modulus as com-
pared to that of C-S-H under the same conditioning environment.
Considering that the micro-morphology of C-(A-)S-H is slightly different
[64], the higher modulus of C-A-S-H at microscale under the same
conditioning environment could be mainly ascribed to its enhanced
compactibility (to be discussed in Section 3.5) and intrinsic mechanical
properties at the atomic-nano scale. Pore-free high-pressure X-ray dif-
fraction (XRD) study demonstrated that the cross-linking sites in C-A-S-
H synthesized at 80 °C enhanced its mechanical properties, particularly
along the c-axis [7]. Also, the EDX scan applied on the surface of
pressed compacts revealed that the measured Ca/(Al + Si) and Al/
(Al + Si) closely followed the stoichiometric values (Table A in Ap-
pendix A as Supplementary information). Of note, it is not the phase
chemistry but its implied properties (cross-linking, morphology,
packing, etc.) that contributed to the observed micromechanical per-
formance of the C-(A-)S-H compacts.

3.3.3. Influence of holding time

Due to similar characteristics of the test data, relative frequency
plots for elastic modulus data of the remaining C-(A-)S-H compacts
were not supplied here and instead placed in Appendix A of the
Supplementary information. Relative frequency plots of elastic modulus
results for C-S-H compacts conditioned at 11% RH, pressed to 95 MPa
under holding times of 0 and 60 min are given in Fig. A.2. For easy
reference to readers, a summary of the average modulus values at
350 nm obtained from the Basic method and averaged over
300-400 nm from the CSM method are given in Fig. 7. The corre-
sponding error bars of one standard deviation are also given in the
graph. It is revealed that a longer holding time increased the elastic
modulus of the compacts. Under the same conditioning environment,
the average elastic modulus values for C-S-H samples were found to be
5.0, 5.7, and 6.7 GPa for holding times of 0, 30, and 60 min, respec-
tively. The enhanced modulus under a longer holding time was attrib-
uted to an increase in the packing density resulting from creep and
densification of the matrix under a sustained pressure. A similar den-
sification response to holding time was observed for Al,03; powder of
different particle sizes [65].
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3.3.4. Influence of pressing pressure

Relative frequency plots of elastic modulus data for C-S-H compact
samples conditioned at 11% RH, pressed to 50, 200, and 300 MPa under
a holding time of 30 min is given in Fig. A.3. For completeness, the
results for AO-RH11-P1-T30 obtained from the compact pressed to
95 MPa is also reproduced here. It is observed that increasing pressure
in preparing the compacts also increased the elastic modulus values,
attributed to the densification of the matrix under the higher applied
pressure levels. Interestingly, the data exhibited a wider spread with
increasing pressure. The standard deviation increased from 1.7 to
4.0 GPa when the pressure increased from 50 to 300 MPa. It is postu-
lated that when the matrix became more densified, the modulus re-
sponse would be more sensitive to any inherent defect such as porosity
or weak zones, leading to a higher variation in the modulus data.
Despite the standard deviation spread, a single slightly-skewed dis-
tribution still held for each respective compact, indicating the increase
in the elastic modulus was mainly attributed to the matrix densification.

A correlation between the compact density (p), the target pressures
applied in making the compacts, and the elastic modulus values is
plotted in Fig. 8(a) and (b). It is revealed that the compact density in-
creased yet at a decreasing rate with the applied pressure. Inversely, the
elastic modulus values increased at an exponential rate with the com-
pact density. An exponential function was used to fit the data to yield a
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relationship between the elastic modulus and compact density, and an
R? value of 0.99865 was achieved. As the y-intercept was not set to
zero, the relationship would only hold over a density range of
0.8-1.6 g/cm?®. It is also noted that the modulus obtained at the 95 MPa
pressure level and 11% RH corresponded to very low density (VLD) C-
(A-)S-H with a reported modulus of 7.5 = 2.0 GPa as observed in [36].
Though, the values obtained from the porous C-(A-)S-H compacts here
were lower than those from high-pressure X-ray diffraction (HP-XRD)
[7,66], even after accounting for the Poisson effect. It is postulated that
the high hydrostatic pressure level used to derive the bulk modulus in
these two studies [7,66] induced a stress-strain response at an atomic
level without the influence of porosity (> 1 nm) and hence would
naturally lead the much higher observed modulus values. Also, contrary
to a multi-modal distribution of the elastic modulus for C-S-H as re-
ported in other studies [29,36], a single-modal distribution was ob-
served due to the use of phase-pure materials. The observed single-
modal distribution potentially implies that peaks previously assigned to
synthetic C-(A-)S-H of different densities [36] could potentially be C-(A-
)S-H intermixed with other impurities as evidenced by the decom-
position of Ca(OH), between 400 and 500 °C in the TGA results of the
sample used in that study.

3.3.5. Influence of test parameters

Relative frequency plots of elastic modulus results for AO-RH11-P1
with a holding time of 30 min and under strain rates of 0.025 and
0.1 s~ ! are shown in Fig. A.4. The results showed that varying strain
rates had no noticeable influence on the elastic modulus. The corre-
sponding average elastic modulus remained almost constant at 5.6, 5.6,
and 5.7 GPa for strain rates of 0.025, 0.1, and 0.05 s~ !, respectively.
The findings imply that the mechanical properties of C-(A-)S-H is not
dependent on the loading rates in the range of 0.025 to 0.1 s~ when
otherwise the tensile and compressive strengths of concrete are known
to increase with increasing strain rates [67]. An absence of this char-
acteristic within the C-(A-)S-H compacts could be attributed to either a
relatively low strain rates implemented in this study or inherent strain-
rate independence of C-(A-)S-H, which requires further investigation.

3.3.6. C3S paste indentation results

In general, the hydration of C3S mainly forms C-S-H and Ca(OH),
[68,69], while the presence of unreacted C3S and CaCO3 due to car-
bonation would also be expected in the matrix system. The relative
frequency plot for elastic modulus results of the hydrated CsS paste
sample is given in Fig. 9. A total of 225 points were acquired. Decon-
volution was performed using Gaussian fit, and the deconvoluted dis-
tributions with corresponding distribution means and areas (in
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Fig. 8. Correlation between pressure, density, and elastic modulus for C-S-H (A0) samples conditioned under 11% RH: (a) density versus applied pressure, and (b)

average elastic modulus versus density.
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brackets) are also shown in Fig. 9. The main distribution with an
average elastic modulus 16.7 GPa could be assigned to low-density C-S-
H [14,54]. The small particle size of the C3S powder (< 5 pym as ob-
served by SEM) and the high water-to-binder ratio could have pre-
vented the formation of HD C-S-H as noted by other researchers
[14,15]. The other two phases with average elastic modulus values of
9.8 and 36.9 GPa could be associated with C-S-H regions containing
micropores and Ca(OH), [70], respectively. Despite the high content of
Ca(OH), within the matrix system as found from the TGA results, its
low area distribution could mean that Ca(OH), and C-S-H co-existed as
microcomposites which preferentially form at high water-to-binder
ratio [25]. Thus, the C-S-H phase with the reported modulus of 16.7
GPa could potentially be these microcomposites. SEM analysis of the
fractured surface of the C3S sample (not shown here) confirmed the
intermixing of Ca(OH), and C-S-H. An absence of elastic modulus va-
lues in the range of 125-145 GPa for C3S [13,71] implied that the small
particle size and long curing time led to full hydration of the C3S sample
adopted in this study.

It is also important to note that the phase modulus data obtained
from the C3S paste were generally much higher than the synthetic C-(A-
)S-H. At a pressing pressure of 200 MPa, the average modulus for
synthetic C-S-H was found to be only 12.0 GPa, less than the 16.7 GPa
for the low-density C-S-H obtained from the C3S paste. The deviation
could also be attributed to a difference in the inherent phase bonding,
porosity, chemical compositions, and presence of Ca(OH), intermixed
in the system. Likewise, it has been established that the stiffness of C-
(A-)S-H in hydrated cement pastes is dependent on various parameters
such as its packing density [72], relative Ca content or Ca leaching
[14,15], Ca/Si molar ratio [27] and impurity inclusion [21,25,73].

3.4. Nanoindentation results from CSM method

3.4.1. Modulus-indentation depth response

Typical elastic modulus-indentation depth responses at all in-
dentation locations for AO-RH11-P1-T30 tested under the CSM method
are depicted in Fig. 10. A notable dispersion of elastic modulus values
during the initial indentation stage was observed, and that could be
attributed to an analytical instability as the indenter tip started to pe-
netrate into the sample. The data converged when the indentation
depth was > 300 nm, and the data spread further reduced as the in-
dentation depth increased. Such an indentation depth-modulus re-
sponse from the CSM method could be used as a tool to investigate
phase uniformity in non-homogeneous materials. The modulus corre-
sponding to a specific or a range of indentation depth could be found,
and frequency plots similar to those derived from the Simple method
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Fig. 10. Modulus-indentation depth response for C-S-H (A0) under 11% RH
(RH11), 95 MPa pressure (P1), and 30 min holding time - (A0-RH11-P1-T30)
under the CSM method.

could be obtained.

3.4.2. Influence of conditioning

Relative frequency plots of elastic modulus data averaged over an
indentation depth between 300 and 400 nm from the CSM method are
given in Fig. A.5 for C-S-H and C-A-S-H samples conditioned under
freeze-drying, 11% RH, and 75% RH. The average elastic modulus and
standard deviation values for the individual nanoindentation tests are
also given in the graph. Similar to the trend observed for the Basic
method, it is revealed that increasing conditioning RH resulted in an
increase in elastic modulus data for both C-S-H and C-A-S-H samples.
The results also confirmed that under the same conditioning RH, C-A-S-
H generally yielded compacts of higher modulus values, attributed its
enhanced cross-linking and compactibility as discussed earlier. In
comparison to the modulus data obtained from the Basic method at the
penetration depth of 350 nm, the CSM technique generally produced
lower elastic modulus values. Under the CSM method, the indentation
system and sample contacts are governed by dynamic modeling, and
the contact stiffness was shown to depend on a number of machine
parameters including damping, load frame stiffness and support spring
stiffness [39]. The set values of the parameters could contribute to the
resulting discrepancy. Also, the small harmonic displacement ampli-
tude of 2 nm provides a small unloading region for the contact stiffness
fitting, and this could potentially be another source of error. The initial
unloading branch from the load-indentation depth curve is not purely
elastic, as observed by other researchers [9].

Fig. 11 plots the elastic modulus values averaged at every 100 nm
interval up to a total indentation depth of 2000 nm for A0-VA-P1-T30,
A0-RH11-P1-T30, and A0-RH75-P1-T30. Error bars represented by one
standard deviation for AO-VA-P1-T30 were also shown on the graph. It
is confirmed that due to the initial instability, the average modulus data
were generally high with larger standard deviations during the early
stage of loading. Convergence was observed beyond a penetration
depth of 300 nm, thus validating the target penetration depth of
350 nm as adopted in the Basic method. Consistent with the data ob-
tained from the Basic at 350 nm method and the CSM technique with
modulus averaged over 300-400 nm, throughout the indentation depth
both A0-VA-P1-T30 and AO-RH11-P1-T30 exhibited similar average
elastic modulus values while AO-RH75-P1-T30 achieved higher mod-
ulus values due to an enhanced compactibility of AO sample under high
humidity conditioning. A similar trend was also observed for A1 sam-
ples, although the data are not presented here.
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Fig. 11. Average modulus data with indentation depth for C-S-H (A0) under as-
received condition (VA), 95 MPa pressure (P1), and 30 min holding time (T30) -
(A0-VA-P1-T30); C-S-H (A0) under 11% RH (RH11), 95 MPa pressure (P1), and
30 min holding time (T30) - (A0-RH11-P1-T30), and C-S-H (A0) under 75% RH
(RH75), 95 MPa pressure (P1), and 30 min holding time (T30) - (AO-RH75-P1-
T30) from CSM method.

3.4.3. Influence of indentation parameters

Fig. 12 summarizes the indentation depth-average elastic modulus
relationship for the AO sample tested under different levels of loading
frequency and strain rate. The elastic modulus values were obtained
from the CSM method and averaged at every 100 nm interval. Of note is
the fact that AO-RH11-P1-S1 and AO-RH11-P1-S1-F1 are the same
samples under the same test condition (strain rate of 0.05 s~ ! and
frequency of 45 Hz). It is observed that oscillation frequencies between
22.5 and 60 Hz had no noticeable influence on the modulus results
beyond the stability penetration depth of approximately 300 nm. Also,
the strain rates between 0.025 and 0.1 s™! had no statistical sig-
nificance on the mechanical properties of the C-(A-)S-H compacts. In-
creasing the strain rates was observed to cause a slight increase and
decrease in the average modulus values. Consistent with the findings
from the Basic method, the mechanical properties of C-(A-)S-H are in-
ferred to be strain-rate independent for a small strain rate window
between 0.025 and 0.1 s~ 1. Though, strain rate dependency of other
types of materials, including bone [74], alloy [75], and polymer [76],
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Fig. 12. Average modulus data with indentation depth for C-S-H (A0) under
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quency of 22.5 Hz (F0), 45 Hz (F1), and 60 Hz (F2), and loading rate of
0.025 s~ 1 (S0), 0.05 s~ ! (S1), and 0.1 s~ ! (S2).
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Fig. 13. Average modulus data with indentation depth for C3S paste.

were observed at larger strain rate range or magnitude.

3.4.4. C3S paste indentation results

The distribution of elastic modulus values averaged over an in-
dentation depth of 300-400 nm for the C3S paste sample was moved to
Fig. A.6 of Appendix A due to its similar characteristics to the sample
tested under the Basic method. The deconvoluted distributions obtained
with Gaussian fitting are also shown with corresponding distribution
means and areas. Phase modulus values of 9.7, 16.1, and 34.1 GPa were
identified and could be assigned to C-S-H regions with micropores, C-S-
H intermixed with Ca(OH),, and Ca(OH),, respectively, as discussed in
Section 3.3.6. At the target penetration depth of 350 nm, the modulus
data obtained from both the Basic and CSM methods for the hydrated
C3S sample were in good agreement, consistent with the trend noted in
the C-(A-)S-H compacts. However, the average elastic modulus values
(calculated over 100 nm intervals) for the C3S sample were observed to
increase with the indentation depth, as demonstrated in Fig. 13. A si-
milar upward trend was also observed for indentation on the un-
disturbed (mold face) or fractured (uneven) surfaces. Thus, the phe-
nomenon could not be attributed to the surface roughness or possible
surface disturbance during polishing. The influence of strain energy
gradient within the interaction volume [34] or confinement afforded by
the surrounding material could neither be a factor as such an upward
trend was not observed for the compressed C-(A-)S-H samples (Fig. 11).
One plausible explanation is that as the indentation depth increased,
the interaction volume beneath the indenter's tip would accordingly
become larger at a faster rate than the depth and the projected contact
area. The larger Ca(OH), phase of higher elastic modulus would be
more engaged and act as stiffening elements, thus resulting in an in-
crease in the observed elastic modulus values. However, further in-
vestigation is required to elucidate the phenomenon.

3.4.5. Comparison of modulus values from Basic and CSM methods

It is revealed in Fig. 7 that the average CSM modulus data were
generally lower than the values obtained from the Basic method. Also,
for the same conditioning, samples prepared with Al led to higher
modulus values as compared samples prepared with A0 due to en-
hanced cross-linking of C-(A-)S-H with the inclusion of Al and possibly a
different morphology conducive to compaction. Also, higher holding
time, relative humidity, and compressing pressure to make compacts
also increased the mechanical properties of the C-(A-)S-H compacts.
The finding re-affirmed the various factors that could influence the
nanoindentation data of C-(A-)S-H compacts, and it is important that
these parameters are carefully fine-tuned to ensure the consistency of
the test data.
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3.5. N, adsorption results

Adsorption-desorption isotherms for three selected samples (AO-
RH11-P1-T30, A0-RH75-P1-T30, and A1-RH11-P1-T30) are shown in
Fig. 14. The vertical axis represents the amount of N, absorbed per
gram of the solid materials (at standard temperature and pressure),
while the horizontal axis denotes the relative pressure (P/P,). Hyster-
esis loops corresponding to Type IV isotherms [77] are observed and
associated with capillary condensation in mesopores of internal width
between 2 and 50 nm [57]. The curvature observed toward the end
region of the isotherms implies that a condensation limit was reached
before larger pores were filled with gaseous N, and thus a complete
pore size distribution of the compacts using the N, adsorption method
could not be made. One useful parameter is the specific surface area
(SSA) that could be derived from the Brunauer-Emmett-Teller (BET)
theory, as the method relies on the monolayer adsorption capacity of
porous materials [77]. The SSA values derived from the linearity of the
isotherms with the P/P, range of 0.05-0.30 were found to be 56.4, 43.4,
and 35.9 m?/g for AO-RH11-P1-T30, AO-RH75-P1-T30, and A1-RH11-
P1-T30, respectively. In comparison, C-S-H and C-A-S-H powder sam-
ples were found to have SSA of 96.9 m?/g and 82.6 m?/g, respectively.
The smaller SSA of AO-RH75-P1-T30 as compared to AO-RH11-P1-T30
confirmed that the higher conditioning RH led to a denser compact.
Also, compressing induced matrix densification and consequentially
reduced the SSA of the compacts relative to that for the uncompressed
powder. Relative to AO-RH11-P1-T30, A1-RH11-P1-T30 was found to
have a smaller SSA and exhibit a greater percentage reduction in SSA
when transformed from powder to compact, implying that the mor-
phology of A1 was more yielding to compression at 11% RH. It follows
that the superior mechanical properties of Al could be attributed to
both a more compressible morphology, in addition to an enhanced
cross-linking of C-(A-)S-H products with the incorporation of Al [7].

3.6. SEM results

Fig. 15 showed BSE images of indentation map and single in-
dentation for AO-RH11-P1-T30 and A0-RH11-P3-T30 tested under the
CSM technique to a target penetration depth of 2000 nm. Fig. 15(b) and
(c) revealed that the grain structure of C-S-H remained more apparent
in AO-RH11-P1-T30 prepared with a pressing pressure of 95 MPa in
comparison to AO-RH11-P3-T30 prepared with 300 MPa. The lower
compaction and densification in A0-RH11-P1-T30 contributed to its
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lower elastic modulus data. It is also revealed that all indented regions
were well defined with no material pileup and presence of cracks at the
corners of the indents, thus confirming that the target penetration depth
of 2000 nm would not induce microstructural damage which could
adversely affect the validity of the test data. It follows that the dis-
tribution of the modulus data could be due to the porosity inherent in
the C-S-H compacts. Over the void regions, a reduction in the actual
contact surface area would lead to a reduction in the applied load at the
corresponding penetration depth, consequentially resulting in the lower
elastic modulus values.

4. Discussion
4.1. Compressibility and moisture content

The nanoindentation results showed that higher conditioning re-
lative humidity (RH) led to higher elastic modulus data, attributable to
an enhanced compactibility of the powder. Heckel plots for A0 and Al
conditioned at 11% and 75% RH are given in Fig. 16. The plots con-
firmed C-(A-)S-H followed Type A material according to a classification
by Hersey and Rees [51,78], where the compaction obeys a linear re-
lationship with the applied pressure. The slopes over the middle regions
of the curves are constant and represent the compaction behavior of the
powder, with higher constants associated with susceptibility to plastic
deformation under pressure. Linear curve fitting over regions demar-
cated by short vertical lines was used to find the constants, and the
results (also graphically presented in Fig. 16) showed that the slope of
A0 increased from 0.0048 under 11% RH to 0.069 under 75% RH, thus
confirming a higher compressibility of the powder when conditioned
under a higher RH. A similar trend also applied for A1 under 11% and
75% RH. The higher slopes of A1 under 11% and 75% RH as compared
AQ at the corresponding RH level indicate that A1 was more compres-
sible, possibly through sliding of globules, to create compacts of higher
elastic modulus under nanoindentation. Thus, both cross-linking and
enhanced densification contributed to the improved elastic modulus of
the C-A-S-H compact samples. The effects of Al incoporation on the
inherent mechanical properties of C-(A-)S-H were investigated in pre-
vious studies where the incorporation was shown to enhance cross-
linking of C-A-S-H and its c-axis modulus [7,37]. Though, it is not clear
if such a conclusion could be applied to C-(A-)S-H of other stoichio-
metries.

4.2. Parameters influencing nanoindentation results for pressed powder and
cement-based paste

It has been shown that a multitude of factors could influence the
elastic modulus data derived from the nanoindentation of C-(A-)S-H
compacts produced through pressing. First, conditioning under in-
creasing the relative humidity level led to a higher moisture content
being adsorbed on the C-(A-)S-H structure, more saturated nanopores,
improved compactibility, and ultimately an increase in the elastic
modulus values. In the sample preparation, longer holding time, and
higher target pressure to form compacts also enhanced microstructural
re-arrangement, densification, and the elastic modulus data. During
unloading to extract the pressed compacts, friction also existed between
the die wall, sample and steel endplates or pellets. The friction depends
on the axial stress, sample aspect ratio and transfer ratio [79]. Load
versus displacement curves (unloading) for selected samples are shown
in Fig. 17, and the average friction or pull-out force values were found
to be in the range of 400-450 N for the powder samples investigated in
this study, deeming a comparative study between them feasible. The
presence of the friction implied that the effective pressures on the
compacts were lower than the target pressure levels, and the presented
indentation data underestimated the elastic modulus as compared to
the case that the friction could be eliminated. The application of lu-
bricant [49,80] and the use of smaller quantities of the powder could all
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Fig. 15. BSE images showing (a) indentation map, (b) zoomed-in region of a single indentation for C-S-H (A0) under 11% RH (RH11), 95 MPa pressure (P0), and
30 min holding time (T30) - (A0O-RH11-P1-T30), (c) indentation map, and (d) zoomed-in region for C-S-H (A0) under 11% RH (RH11), 300 MPa pressure (P1), and

30 min holding time (T30) - (A0-RH11-P3-T30).

lead to a reduced wall-compact friction and a subsequent increase in the
observed elastic modulus values. Also, it has been shown that the
testing techniques could affect the elastic modulus of the C-(A-)S-H
compacts. The CSM method tended to underestimate the elastic mod-
ulus in comparison with the Basic method. For sample surfaces
achieved with endplates of mirror finish, it was observed that a con-
vergence of data could only be achieved at an indentation depth >
300 nm. On the other hand, for the polished C3S paste sample, a
convergence did not seem to exist at all even up to an indentation depth
of 2000 nm, possibly attributable to the combined influence of multiple
phases and increasing interaction volume present underneath the in-
denter's tip. The use of compressed compacts eliminated the require-
ment to polish the sample. Yet, this is not the case for paste samples,
which require careful preparation to minimize the surface roughness,
which was found to adversely influence the convergence of material
properties derived from nanoindentation [26]. A comprehensive study
using Atomic Force Microscopy (AFM) showed that for statistical in-
dentation results to converge, the average indentation depth of the first
peak should be > 5 times the surface roughness [26]. A larger target
penetration depth could be implemented to avoid the influence of the
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surface roughness. However, in the case of a matrix comprising multiple
micro phases, isolation of their micromechanical signatures is only
possible when the linear size of the interaction volume is less than the
homogeneous isotropic domain of each single phase [23].

4.3. Multi-scale and multiphase elastic modulus in cement system

According to Jennings's CM-II model [47], the nanostructure of C-S-
H in cement could be described as colloids of globules containing solid
C-S-H, pores and water. In addition to the intrinsic intra and interlayer
space, the hierarchical pore system in packed globules is also composed
of intraglobular pores (IGP) (< 1 nm) which are void between sheets,
small gel pores (SGP) (1-3 nm) in between packed globules, and large
gel pores (LGP) (3-12 nm) within flocs of the globules [47,55]. In a
paste system, capillary (100 nm size range) and inherent microporosity
also exist [81]. With an interaction volume of 3—4 times the indentation
depth [15,34], the indentation elastic modulus values in the range of
4.1-18.6 GPa obtained from the current study with the indentation
depth ranging from 0 to 2000 nm would reflect the aggregate effect of
all the pore system. On the other hand, the bulk modulus data from
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Fig. 17. Unloading curves for C-S-H (A0) under 11% RH (RH11), 95 MPa
pressure (P1), and 0 min holding time (TO) - (A0O-RH11-P1-T0); C-S-H (A0)
under 11% RH (RH11), 95 MPa pressure (P1), and 60 min holding time (T60) -
(A0-RH11-P1-T60), and C-A-S-H (A1) under 11% RH (RH11), 95 MPa pressure
(P1), and 30 min holding time (T30) - (A1-RH11-P1-T30).

high pressure X-ray diffraction (HP-XRD) by Geng et al. [7,66] were
derived by applying a high hydrostatic pressure on C-(A-)S-H in a me-
thanol-ethanol pressure medium which is able to penetrate into pores of
1 nm. High bulk modulus values (36.0-77.4 GPa) were reported and
correlated with the compressibility of the intra and interlayer space and
thus would be more representative of the intrinsic behavior of the
material. Atomic force microscopy (AFM) was used to probe the elastic
modulus of C-S-H [82]. With an indentation radius of approximately
40 nm, the involvement of the interspersed voids and multiple phases
could be disregarded and the achieved elastic modulus from AFM is
thus also intrinsic of C-S-H. Indeed, the reported elastic modulus values
based on the technique were between 15 and 80 GPa [82] and were
consistent with the range obtained from HP-XRD.

The results also indicated that C-S-H (as a composite of Ca(OH),) in
the hydrated C3S paste exhibited a significantly higher elastic modulus
as compared to C-S-H compacts prepared at pressures < 200 MPa. At a
higher pressure of 300 MPa, the C-S-H compact afforded an elastic
modulus of 18.6 GPa, more than the 16.7 GPa value obtained from the
C3S paste. It follows that compacts produced from C-(A)-S-H powder
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could be used to simulate intrinsic C-(A)-S-H in hydrated cement paste,
provided that the packing density is matched by choosing the right level
of pressure in the compact preparation. Though, the compactibility and
the resulting density of C-(A-)S-H compacts is inherently dependent on
the moisture state of C-(A-)S-H globules [47], as confirmed in this
study. Also, the existence of pure C-(A-)S-H in cement pastes could be a
rarity. It has been claimed that peak distribution of the low density (LD)
and high density (HD) C-(A-)S-H in cement pastes could be deconvo-
luted at relatively low indentation depth (200-300 nm) as long as the
linear size of hydration products is > 2000-3000 nm [34]. However,
based on focused-ion beam nanotomography, such large sizes of single-
phase domain may not occur in hydrated cement pastes and hence the
observed elastic modulus could only be associated with phase compo-
sites [23,24]. An intermixing of other impurities such as Ca(OH), na-
nocrystallites were earlier shown to be present within the C-S-H matrix
and led to a significant increase in its elastic modulus [25]. To over-
come this ambiguity of the existence of multiple phases in cementitious
composites, an automated coupling of nanoindentation and energy
dispersive spectroscopy (EDS) was introduced and the technique suc-
cessfully allowed a chemo-mechanical linkage of phases in cement-
based materials [21,31], high volume natural pozzolan concrete [32],
and high-performance glass concrete [83]. The complexity of the scale
and phase associated with the elastic modulus data from the na-
noindentation of cement pastes would ultimately require careful en-
gineering interpretation to understand its influence on the macro
properties of concrete.

5. Conclusions

Nanoindentation has become one of the most commonly used
techniques to characterize the micromechanical signature of materials.
In this study, nanoindentation was performed on compacts made from
compressed C-(A-)S-H powder with Al/(Al + Si) = 0 and 0.1. The
influence of various factors, including conditioning environment,
pressure level, pressure holding time adopted in powder compression to
produce the compacts, and nanoindentation test parameters on the
resulting micromechanical properties was investigated. C3S paste was
also used for comparison. Based on the results and discussion provided,
the following can be concluded:

® C-(A-)S-H compacts produced from pressing with mirror-finished
endplates could be directly used for nanoindentation with no further
polishing requirements. Normal distribution and convergence of test
data could be attained with an indentation depth > 300 nm.

e By adopting a sinusoidal load at a selected frequency during
loading, the Continuous Stiffness Method (CSM) was able to con-
tinuously capture the micromechanical properties of the indented
materials throughout the indentation depth as compared to end-
point measurement obtainable with the Basic method.

e A single-modal distribution was observed for the studied phase-pure
materials due to an absence of impurities such as Ca(OH), with low
Ca/Si ratios.
For C-(A-)S-H pellets, both the Basic and CSM methods produced a
similar trend of modulus data despite a slight underestimation with
the CSM method, attributable to machine parameters including
damping, load frame stiffness and support spring stiffness, which
could be calibrated to achieve a result consistency. The micro-
mechanical properties of C-(A-)S-H were found to be independent of
strain rate rates in the range of 0.025 to 0.1 s~ and loading fre-
quency, some of the control parameters in the CSM method.

On the other hand, the conditioning environment and sample pre-

paration procedure were found to have a significant influence on the

indentation results. Increasing conditioning relative humidity (RH),
pressure level, and holding time improved consolidation, reduced
porosity, and enhanced the resulting elastic modulus. An ex-
ponential relationship was observed between the compact density
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and the resulting elastic modulus.

o The incorporation of Al in the framework of C-A-S-H increased its
elastic modulus, possibly due to cross-linking within its fundamental
structure and an improved compactibility of the C-A-S-H globules.

e In comparison to C-(A-)S-H compacts, hydrated C3S paste yielded
higher elastic modulus, mainly attributable to a difference in phase
bonding, packing density, chemical composition, and a possible
presence of Ca(OH), within the C-S-H matrix.

The study demonstrated the various factors that could influence
micromechanical properties characterized by nanoindentation of C-(A-)
S-H compacts, and the findings call for prudent sample preparation and
selection of test parameters to achieve consistent nanoindentation test
data.
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