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The existing macroscale models of the calcium (alumino)silicate hydrate (C-(A-)S-H), the main binder of con-
crete, assume that the nanocrystallites maintain random orientation under any loading conditions. However,
using synchrotron-radiation-based XRD, we report the development of preferred orientation of nanocrystalline
C-A-S-H, from random at ambient pressure to strongly oriented under uniaxial compression with lateral con-
finement. The c-axes of the nanocrystals tend to align with the primary load. This preferred orientation is
preserved after removing of external loading. The texture, quantified using a standard Gaussian fiber orientation
distribution function (ODF), was used to calculate the averaged bulk elastic tensor of oriented C-(A-)S-H. It
changes from isotropic (without texture) to transversely isotropic (with texture). Our results provide direct
evidence of the reorientation of nanocrystalline C-(A-)S-H as a mesoscale mechanism to the irreversible de-
formation of cement-based material. The implications of these results for modeling the mechanical property of C-

(A-)S-H at the macroscale are discussed.

1. Introduction

Quantifying the nano- and micro-scale structure of cement-based
materials is a key to understanding, designing and, most importantly,
controlling their macroscale properties [1]. This endeavor has met great
challenges when applied to calcium silicate hydrate (C-S-H, C = CaO,
S = Si0,, H = H,0 in cement chemistry notation), which is the major
binding phase in Portland cement (PC) concrete. This is largely due to
its hierarchically porous structure, poorly crystalline nature and highly
variable chemical composition [2]. For instance, the calcium-to-silica
ratio (Ca/Si) of C-S-H ranges from ~0.6 to ~2.0 depending on the in-
itial raw material composition [3,4]. C-S-H also uptakes significant
amounts of Al to form C-A-S-H (A = Al;03), as found in PC [5,6] and
ancient Roman concrete [7-9] blended with aluminous pozzolanic
materials.

Nonetheless, researchers have proposed structural models of C-(A-)
S-H that span length scales from nanometers to microns. For

synthesized type I C-(A-)S-H, over the Ca/Si range from 0.6 to 2.0, C-(A-
)S-H remains a poorly crystalline layer structure highly analogous to
tobermorite minerals, which is composed of a CaO, sheet being
“sandwiched” by silicate tetrahedra chains [10,11]. This silicate chain,
also termed dreierketten chain, is composed of periodically repeated
pair silicate tetrahedra, connected by bridging silicate tetrahedra
(Fig. 1). As the Ca/Si ratio increases, the bridging silicate tetrahedra are
increasingly omitted along with the enrichment of Ca in the interlayer
(Fig. 1) [12-17]. C-(A-)S-H usually exhibits a poorly-ordered layer
stacking along c-axis [18,19]. Such stacking seems to be more dis-
ordered when Al is uptaken at low curing temperatures, whereas it is
much more ordered at higher curing temperatures due to the Al-in-
duced crosslinking, although the crystallite size is still limited to a few
nanometers (Fig. 1) [18,20]. The C-(A-)S-H formed from PC systems has
similar layer structure as type I C-(A-)S-H but the layer stacking is more
disordered, such that it displays only one broad diffraction peak [21] at
the location where type I C-(A-)S-H yields the strongest diffraction, i.e.
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of Laue indices (020) and (022) as refined by the 11 A tobermorite
structure (monoclinic, a = 6.735 A, b=17.385 }D\, c= 22487 i\,
y = 123.25°) [10,11,20,21]. Note that several tobermorite-based
structural models can be used to refine the C-(A-)S-H lattice parameters
and yield almost identical results [20]. Throughout the paper, C-(A-)S-
H will be used to denote the tobermorite-like nanocrystalline C-S-H,
either with or without Al-incorporation. C-A-S-H is specifically used to
denote the Al-incorporated C-S-H, for example the sample being studied
in this work.

In general, all the hotly debated nanoscale models of C-(A-)S-H in
PC concrete [2,22-24] agree on the poorly-crystalline nature of C-(A-)S-
H, whose smallest coherent domain size is estimated to be smaller than
5nm. This coherent domain size is consistent with pair distribution
function studies [25] and nanoindentation results [26]. Historically,
several names were used to denote such coherent domain in C-(A-)S-H,
e.g. nano-globule [2], nano-grain [25], nano-platelet [27] and nano-
crystal [13,14]. In the present work, the term ‘nanocrystal’ will be used
throughout to denote the coherent region that exhibitsa layered poorly-
crystalline structure similar to tobermorite and often with the smallest
dimension along the direction perpendicular to the layer. Atomistic
modeling has been intensively applied in the past decade to correlate
the chemical composition with the mechanical properties of C-(A-)S-H
[28-33]. It is only recently that such correlations were directly verified
by experimental data at molecular scale [18,20]. The bulk modulus of
C-(A-)S-H is greatly controlled by the compliance along its c-axis. The
interlayer densification and the Al-induced crosslinking are the domi-
nant driving force for C-(A-)S-H stiffening, whereas the bridging silicate
omission is irrelevant to the overall stiffness [18,20].

The orientation distribution of grains in polycrystalline materials,
often referred to as “texture”, markedly determines the anisotropy of
properties at the macroscale [34]. To our knowledge, the existing ce-
ment models, either based on hydration chemistry [35-37], or colloidal
packing behavior [38], assume a random orientation of the C-(A-)S-H
nanocrystals, which leads to isotropy of the matrix at the macroscale. It
is therefore of interest to quantify the orientation of the nanocrystalline
C-(A-)S-H and to determine its influence on the anisotropy of C-(A-)S-H
properties at the macroscale.

One of the most efficient ways to quantify grain orientation dis-
tributions is by studying the variation of intensity along the azimuthal
angle of Debye rings obtained from synchrotron X-ray diffraction
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Fig. 1. Schematic layer-structural
model of C-(A-)S-H and its evolution
after uptaking Ca and Al. The structural
disorder in C-S-H and low-temperature
C-A-S-H is illustrated. The Al-induced
crosslinking in high-temperature C-A-S-
H improves the structural order. The
interlayer water content is a function of
the drying conditions and is not shown
for viewing convenience.
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experiments. Once the texture is measured, homogenization models can
be used to estimate the anisotropic properties at the macroscale
[39-42]. The primary goal of the present work is to investigate whether
nanocrystalline C-(A-)S-H develops preferred orientation under devia-
toric stresses, to measure its evolution with increasing stresses, and to
model how the texture influences the macroscopic elastic properties of
C-(A-)S-H aggregate. Our previous work used synchrotron X-ray dif-
fraction at high pressure (HP-XRD) to measure the mechanical prop-
erties of the C-(A-)S-H nanocrystals in a diamond anvil cell (DAC) under
hydrostatic pressure [18,20]. However, the development of texture in
the polycrystalline material often requires the presence of deviatoric
stress [43]. In the present work a hydrostatic pressure medium was not
used in the DAC. The study of texture in diffraction experiments re-
quires a sufficient crystallinity, therefore a C-A-S-H sample synthesized
at 80 °C was selected because it was found to have the most ordered
crystal structure among reported C-(A-)S-H samples. Using the texture
and single crystal elastic constants as input, anisotropic elastic prop-
erties of C-(A-)S-H at the macroscale were calculated. Note that the
term “texture” in cement research community often refers to “micro-
structure” and is irrelevant to crystal preferred orientation [38-44]. In
this work, “texture” specifically refers to the orientation distribution of
nanocrystalline C-(A-)S-H.

2. Materials and methods
2.1. Materials

Details of C-(A-)S-H synthesis are reported elsewhere [20,45].
Stoichiometric amounts of SiO, (Aerosil 200, Evonik), CaO (obtained
by burning CaCO5; (Merck Millipore) at 1000 °C for 12 h) and CaAl,0,
were mixed with water (water/solid ratio of 45), such that the initial
Ca/Si and Al/Si molar ratios were 1.0 and 0.1, respectively. The sus-
pensions were then stored in a Teflon bottle at 80 °C for 8 weeks. The
reaction product was vacuum filtered and freeze-dried for 7 days. All
the above processes were carried out in a N,-filled glove box to avoid
carbonation. Following the notation in a previous publication [20], the
sample is named hereafter Al10.
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Fig. 2. Scheme of (a) the radial diffraction geometry using a DAC, (b) magnified picture of the randomly oriented loosely-packed nanocrystalline C-A-S-H in the
sample chamber. Directions Z and Y are aligned with the DAC axis and incident beam path, respectively. The micro-morphology in (b) is adopted from a transmission
image of Al10 at ambient condition (see previous research) [20]; scale bar (red) is 1 m. The direction of the compressive load is indicated by the green arrows in
both (a) and (b). The sample also experienced lateral confinement from the gasket. (c) The refined hydrostatic (P) and deviatoric (S) stress components in the sample
along the loading path are denoted by the blue dots, and along the unloading path — by the red diamonds. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

2.2. HP-XRD in radial di raction geometry

The HP-XRD experiment was conducted at beamline 12.2.2 of the
Advanced Light Source (ALS) at the Lawrence Berkeley National
Laboratory (LBNL) [46], using a BX90 DAC [47]. As shown in Fig. 2a, to
probe as many crystal orientations relative to the compression direction
as possible, a radial geometry DAC was chosen where the incident beam
(Y-direction) is perpendicular to the DAC axis (Z-direction), which is
also the principal loading direction. The gasket was made by laser-
drilling a 100- m-diameter hole on a 80- m-thick boron epoxy resin
piece, which was then inserted into a Kapton film [48]. The sample was
loosely packed into the gasket hole (Fig. 2b). Since no pressure medium
was used, the stress in the sample was initially zero, which began to
build up as soon as the inter-particle porosity was essentially eliminated
by the increasing compressive load (applied along Z-direction) [43].
Throughout the paper, the macroscale sample coordinate system will be
denoted by X, Y and Z, and the microscopic scale monoclinic single
crystal coordinate system will be denoted by the unit cell directions a, b
and c, where c is perpendicular to the ab-plane.

The load was applied by slowly tightening the load screws of the
DAC. A thin piece of platinum (Pt) plate was placed between one dia-
mond anvil culet and the sample powder. At every pressure step, the
diffraction peaks of Pt were analyzed to calibrate the pressure and
deviatoric stresses in the sample chamber (Fig. 2b) [49]. We assume
that the same stresses, i.e. not only the axial stress but also the other
components, are shared between the C-A-S-H solid and the Pt grains.
This Reuss approximation (equal stress in every grain) is often con-
sidered in geophysics research using high-pressure DAC in radial geo-
metry [50]. High deviatoric stresses can develop in a DAC so it is re-
levant to check if the Pt grains have not yielded. Dorfman et al. reported
that the yielding of platinum strongly depends on the loading condi-
tions [51], the grain size and it can happen at differential stress (S/3
following our definition) values below 1 GPa. In the present experi-
ment, the values of the deviatoric stress are smaller than ~300 MPa,
and there is no evidence of intensity redistribution along Pt Debye
rings, which would have indicated the onset of the plastic deformation.
Therefore our estimations of deviatoric stresses in C-(A-)S-H under
pressure should not be significantly biased.

Considering the symmetry of the experimental setup, the macro-
scopic elastic stress tensor has the following non-zero components in
the sample coordinate system (Fig. 2a): = ,, =P-S, ,, =P+ 2§,
where P is pure hydrostatic component (pressure), and S is the devia-
toric component of the stress [50,52]. Note that the stress state in the
sample chamber could also be represented as a combination of a hy-
drostatic compression of P-S and a pure uniaxial compression of 3S
along the Z-axis. Here, positive values are used for compression.
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A MAR345 area detector was used to record diffraction images of
the sample with a 300s exposure for each diffraction measurement.
Using a diffraction image of a CeO, standard, the wavelength of the
synchrotron X-ray was refined to 0.49755 A, and the sample to detector
distance to 331.6 mm. We first measured the diffraction of Al10 sample
under ambient condition (prior to loading) in axial geometry (where
there is minimal scattering from the gasket material), i.e., rotating the
cell to the orientation with incident beam along Z-direction. Following
that, we switched to axial geometry (Fig. 2a) and recorded four dif-
fraction images on the loading path from P = 1.3 to 11.9 GPa, and four
images on the unloading path down to P = 1.5GPa. Note that at the
end of the unloading path, when the external compressive load was
completely removed, the sample still was under residual compression,
i.e., P = 1.5 GPa. The refined P and S values are shown in Fig. 2c.

2.3. Texture analysis and homogenization scheme

Multiple tobermorite crystal structures have been proven suitable in
refining the XRD results of Type I C-(A-)S-H [20]. The present stutly
used the monoclinic 11A tobermorite structure (a = 6.735A,
b=7.385A, c = 22.487 A, vy = 123.25°) [10] for the Rietveld refine-
ment [53] performed using the MAUD software package [54]. As shown
later on, the (002) peak is the only resolved peak from the sample at
most elevated pressure values, therefore the unit cell length ¢ was the
only refined lattice parameter. The unique peak broadening of type I C-
(A-)S-H was accounted for by refining the anisotropic crystalline do-
main sizes, as enabled in MAUD [54]. For texture refinement using
MAUD, the raw 2D diffraction image was segmented into 36 sectors,
each spanning 10° in the azimuthal angle (Fig. 3a and b). The con-
ventional diffraction pattern for each sector was obtained by integra-
tion over and was then used as input for texture analysis.

Multiple texture models are imbedded in MAUD for texture quan-
tification via Rietveld refinement, including representation of ODF by
standard functions [55] and discrete WIMV and E-WIMV algorithms
[56]; they have been used to refine the texture of ettringite in a har-
dened concrete matrix [57]. This study used a standard fiber function to
describe the ODF developed in the nanocrystalline C-A-S-H. Preliminary
data analysis revealed that Lorentzian content of the fiber and the
amount of random texture component consistently converged to neg-
ligible values close to zero, thus they were omitted in final refinements
and only the pure Gaussian fiber component was used to describe the
ODF of C-A-S-H. The orientation of the fiber was constrained by the
observed alignment of (001) crystal planes of C-A-S-H subnormal to the
compression direction. To account for the possible misalignment of the
DAGC, the tilt of the fiber axis with respect to the sample coordinate
system axis-Z was also refined; however, in most cases it converged to
rather small values, as will be discussed further. The width of the
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Fig. 3. Raw 2D diffraction patterns of the stu-
died sample under (a) ambient condition, (b)
P=1.3GPa, (c) P=11.9GPa and (d) P un-
loaded to 1.5 GPa. The C-A-S-H diffraction rings
are marked with red arrows. The diffraction of
gasket is absent in axial geometry (a), but pre-
sent in the radial geometry (b-d), as marked by
blue arrows and band. Some azimuthal angles
() are illustrated in (a) and (b) for viewing
convenience. The primary load direction on the
sample is close to the horizontal direction in the
diffraction images. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Gaussian fiber function was observed to vary with pressure and was
refined. The E-WIMV texture model was used to refine the preferred
orientation of Pt grains [56].

To determine the components of the elastic stress tensor, we used
the Pt diffraction peaks. Following the accepted methodology [52], we
assumed that hydrostatic part of the stress (i.e., pressure) is reflected in
the unit cell volume change and is determined from unit cell parameter
of Pt using the equation of state [49]. Then, the pressure-dependent
stiffness tensor of Pt was used to refine deviatoric stress S. The so-called
“BulkPathGEO” method [58], which is implemented in MAUD as a part
of “Moment pole stress” model was used to recalculate deviatoric stress
tensor components from diffraction peak shifts [52].

Multiple methods are available to calculate bulk elastic properties of
a textured polycrystalline material [39,40]. Herein, the modified self-
consistent averaging scheme GEO-MIX-SELF (GMS) [41] was used to
average the physical properties of the C-A-S-H at the macroscale.
Compared to conventional self-consistent algorithms [59], GMS uses
elements of the geometric mean approach to converge to a unique so-
lution for bulk elastic properties [58], exactly obeying the inversion
relation, i.e., stiffness is inverse compliance. Pores and cracks can be
easily introduced into GMS scheme as voids approximated by ellipsoids
to account for the porosity in C-A-S-H aggregate. It should be noted,
that GMS models a polycrystalline aggregate of infinite (or at least very
large) number of grains and consequently does not take grain sizes into
account, only their shape.

In addition to texture and microstructure information, the single
crystal stiffness tensor of C-A-S-H is necessary to compute bulk elastic
properties. For Al10 material, it was obtained using the Lattice
Harmonic Approximation (LHA) calculation with the GULP package
[60]. To build molecular model of Al10, we began with a 2 x 2 x 1
supercell of a crosslinked 11A tobermorite model, whose bridging
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silicon atoms were partially replaced with aluminum atoms, to match
the bulk Al/Si ratio. The interlayer Ca was adjusted to match the bulk
Ca/Si ratio. No bridging site vacancies were included, because the si-
licate chain of Al10 was highly continuous as verified by NMR data
[45]. The CSH-FF force field was used here [18,28,61], and the LJ-pair
coefficients for Al were set identical to that of Si, as is also adopted in
the ClayFF force field [62]. Various charge balancing techniques were
employed to distribute the charge difference around aluminum sites to
ensure that the calculated data is not sensitive to charge neutralization
scheme.

Using the calculated single-crystal elastic tensor of C-A-S-H, the
effect of texture on the bulk elastic properties was analyzed. Finally, for
comparison, the macroscale elastic tensor of a C-S-H matrix (Ca/
Si = 1.0, Al/Si = 0) was computed using the same ODFs as measured
for C-A-S-H. As shown in our previous study, this C-S-H structure is
considerably less stiff along the c-axis compared with its ab-plane, thus
exhibiting strong elastic anisotropy [18]. This comparison highlights
the influence of single-crystal elastic anisotropy on the macroscale
properties of aggregated C-(A-)S-H with texture.

3. Results

3.1. Texture formation and quanti cation

At ambient condition, several diffraction rings on 2D images are
from the sample (Fig. 3a) and corresponding Laue indices are assigned
according to the 11 A tobermorite structure [20]. The absence of the
abundant diffraction peaks of tobermorite is due to the nanocrystalli-
nity of C-(A-)S-H. In the current synthesis condition, Al10 is more or-
dered along the c-axis than the Al-free C-S-H samples and consequently
the (002) diffraction ring is clearly resolved. The (022) + (222)



G. Geng et al.

diffractions are isolated from the (020) + (220) diffractions, whereas
they merge into one broad peak for most reported C-S-H and low-
temperature C-A-S-H structures [13-15,18]. This is attributed to the Al-
induced crosslinking at 80 °C curing condition, which prevents the ab-
plane gliding that would result in the peak broadening. Before applying
load on the sample, the random orientation of the nanocrystalline re-
gions is easily identified, as the intensity on the diffraction rings does
not change with azimuthal angle (Fig. 3a).

Upon compression, the cylindrical sample chamber underwent in-
elastic shrinkage, accompanied by the close compaction of the ag-
gregated Al10 within. Upon close contact of sample particles, P began
to build up. The first non-ambient P that was picked up is calibrated to
1.3 GPa (Fig. 3b), when a strong texture is readily observed from the
sample diffraction. The basal diffraction (002) peak has strongest in-
tensity close to the compression direction. On the contrary, the stron-
gest intensity of the diffractions related to ab-plane, i.e. (020) + (220),
(022) + (Z22) and (200), are perpendicular to the compression direc-
tion. As P increases up to 11.9 GPa and then decreases to P = 1.5 GPa,
the (001) plane retains the same pattern of preferred orientation (dif-
fraction images are available in the supporting information (S.1.)).
Apart from the (002) peak, other peaks that were observed at ambient
condition could not be resolved from the gasket scattering when P is
higher than 1.3 GPa, even after the decompression.

To quantify the preferred orientation of the (001), a standard
Gaussian fiber model is used here. The term “fiber” can be misleading
for a cement chemist. It does not refer to the morphology of single
crystal or grain, but rather imply that the crystal orientation has a
certain preferred axis (c-axis in this study). Two parameters of the fiber
model were refined, i.e., full-width-at-half-maximum (FWHM) and the
angle defining the tilt of the Gaussian function from the Y-axis
(ThetaY). As it will be shown later, ThetaY is often refined to a small
non-zero value, which is due to the slight tilt of the DAC on the sample
stage so that the compressive loading direction is not exactly along Z-
direction. Note that the interpretation of the texture is merely based on
the tobermorite-like mineralogical nature of nanocrystalline C-(A-)S-H,
with no need to differentiate between the hotly debated colloidal model
[2] or layer model [24].

As shown in Fig. 4a (P = 1.3 GPa), the diffraction pattern of the
sample (including Pt) is readily obtained by subtracting the scattering
of the gasket (measured on the gasket location near the sample
chamber) from the pattern of the sample loaded in gasket. This sub-
traction creates few small artifacts (highlighted by red dashed rec-
tangles in Fig. 4a) in the background, which do not overlap with dif-
fraction peaks of the sample. Consequently, to obtain the diffraction
from the sample only, such a subtraction is applied to the whole 2D
diffraction image, as shown in Fig. 4b. The resulting 2D image was then
segmented into 36 diffraction patterns as described earlier. Of these 36,
only one half contains non-redundant information (due to the experi-
ment symmetry, [52]). Thus, only patterns with  values from 90° to
270° (Fig. 4c) were simultaneously analyzed in MAUD to extract the
preferred orientations. In Fig. 4b, the illuminated area surrounding the
black spot in the image center, as indicated by the yellow arrow, is due
to the scattering of the beamstop whose intensity varies with . During
refinement, this beamstop scattering was represented by adding a
Gaussian peak into the background, whose position and intensity were
refined to match the experiment.

Results of Rietveld refinement of C-A-S-H diffraction data at
P = 1.3GPa are shown in Fig. 4 ¢ and d. A very good agreement of
experimental and refined diffraction patterns is observed (excluding the
artifacts in the background from the gasket signal subtraction), con-
firming the validity of the selected C-A-S-H structure model, as well as
of the c-fiber model of texture. ThetaY is refined to 5.2° and FWHM to
65.2°. The non-zero value of ThetaY indicates that the loading direction
is slightly tilted relative to the Z-direction. The refined results com-
pletely describe the ODF the of Al10 nanocrystals at P = 1.3 GPa. Based
on this ODF, the preferred orientations of various lattice directions can
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then be determined (Fig. 5a).

Since the c-fiber model was confirmed to correctly fit the experi-
mental data, only the part of diffraction patterns containing (002) peak
of C-A-S-H was analyzed in MAUD for all other pressure points on the
loading and unloading paths. The refined crystallographic and texture
information is listed in Table 1 and illustrated in Fig. 5b. The FWHM of
the orientation distribution monotonically decreases during the loading
process, from 65.2° at P = 1.3 GPa to 45.8° at P = 11.9 GPa. When the
pressure is slowly released, there is a delay in the bounce-back of
FWHM (red diamond symbols). When the load is completely removed,
we observed a residual texture with FWHM of 51.9°. The orientation
distribution of (001) is visualized as (001) pole figures for the com-
pletely unloaded state and the most loaded state (insets in Fig. 5b). The
strongest orientation distribution of (001) is observed at P = 11.9 GPa.

For axially symmetric textures, the often used representation is a
profile of pole densities from macroscopic fiber axis (in our case it is
tilted by ThetaY to Z-axis) to edge with units of multiples of random
distribution (m.r.d.). In Fig. 5c, these profiles are plotted for (001) pole
figure as a function of the angle between [001] and the Z-axis. Inter-
estingly, a residual deformation of Pt that corresponds to P = 1.5 GPa is
observed when the sample is completely unloaded. This indicates a
residual strain in C-A-S-H matrix that prevented the imbedded Pt to
become strain-free. Indeed, it is observed that the basal (002) spacing of
the completely unloaded Al10 to be 11.25 A, compared with 11.4 A at
ambient condition [20].

This study focused next on the nanocrystals whose c-axes are along
the macroscale Z-axis, and investigated the integrated diffractogram
from = 175°to 185°. The Biot strain ( = 1-I/,) of the c-axis is plotted
as a function of the hydrostatic component P, and compared with the
reported c-axis strain under hydrostatic loading only [20] (Fig. 6a). The
c-axis of these nanocrystalline C-A-S-H develops nearly twice the
amount of strain, compared with the C-A-S-H under merely hydrostatic
condition. Notice that the stress state in the sample chamber may be
represented as a superposition of a hydrostatic compression of P-S and a
uniaxial compression of 3S along the Z-axis. For each data point in this
study, we extrapolated the strain due to a hydrostatic compression of P-
S assuming an incompressibility of 1/(240 GPa) (Fig. 6a), which is then
subtracted from the overall strain to yield a strain difference .. Ac-
cording to the superposition principle, . is merely generated by the
uniaxial compression of 3S, as plotted in Fig. 6b. The loading and un-
loading curves of . seem to follow two lines with similar slopes, but
there is evidence of a slight drift. This drift may indicate an atomic
positional relaxation in the interlayer region that results in a permanent
deformation of ~1.5% along c_axis. By linear fitting of the data point in
Fig. 6b, the elastic modulus along the c-axis of the C-A-S-H is then es-
timated to be 120 + 30 GPa.

3.2. The in uence of texture on the macroscale mechanical anisotropy

Given the developed crystallographic texture of Al10 under com-
pression, it is relevant to quantify its influence on the macroscale ani-
sotropy, using the theoretical approach GMS. Here we consider three
ODFs, i.e., the random orientation, the refined texture on the loading
path at P = 1.3 GPa (hereafter named Texture_1) and the refined tex-
ture on the loading path at the highest reached pressure P = 11.9 GPa
(hereafter named Texture_2). Two C-(A-)S-H models were used in the
LHA calculation to obtain the elastic tensor of single crystal. The first
model, hereafter named CA,;SH, is based on the molecular config-
uration of the studied sample Al10. It has a crosslinked double layer
structure and negligible amount of vacancies at the bridging site.
According to our previous study, its c-axis is comparable in stiffness to
the ab-plane [20]. The second model, hereafter named C, gSH, is based
on the configuration of a studied C-S-H sample with Ca/Si = 0.8, Al/
Si = 0, and a basal spacing of 14.5 A. This large basal spacing results in
a much softer behavior along the c-axis, as also verified in our previous
study [18]. It is unclear whether a C-S-H sample would develop similar
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Fig. 4. Quantification of the texture at P = 1.3 GPa using a c-fiber model. (a) Integrated diffraction patterns of the gasket (with and without the sample), and of the
sample only (via subtracting the gasket diffraction). (b) 2D diffraction image after subtracting the gasket diffraction from the sample image from Fig. 3b. Diffraction
peaks of Al10 and the scattering from beamstop are shown. (c) Measured diffraction patterns at different azimuthal angles (dots) and the fit results (thin solid lines).
Red dashed boxes in (a) and (c) indicate the artifacts in the background that are generated by subtraction of the gasket signal. (d) Stacks of measured (bottom) and
fitted intensities (top) as a function of azimuthal angle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

texture under the loading condition in the current study. Its elastic
modulus is used here only to investigate the influence of the single
crystal elastic anisotropy of C-(A-)S-H on its macroscale property when
textured. The crystal configuration and elastic tensor of these two
models are shown in Fig. 7.

Because the present goal is to study how the anisotropy of the single
C-(A-)S-H phase affects the microscale anisotropy under the above-re-
fined textures, the porosity of the grain packing is set to zero. The
readers may refer to a homogenization model, e.g., Mori-Tanaka
scheme, to estimate the moduli with certain porosities [63]. Based on
the observed crystallite size of the C-(A-)S-H [14,15,19,20], their shape
in GMS model is approximated with oblate spheroids with axis ratio
Izlyl. = 1:1:0.5, although as shown previously, elastic properties of
polycrystalline aggregate of grains with high aspect ratio (0.5 in this
case) are very close to those of the polycrystal with spherical grains
[42]. Thus, the nanocrystal shape has little influence on resulting
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macroscopic elastic tensor.

From the LHA calculation, the C-A-S-H model is more isotropic, with
its elastic tensor symmetry close to orthorhombic, while the C-S-H
model (with larger interlayer spacing along c) is anisotropic, and its
stiffness tensor symmetry is closer to hexagonal (Fig. 7). We use these
stiffness tensors as input for GMS modeling, and calculate the macro-
scale stiffness tensor of non-textured and textured structures, as shown
in Table 2. A set of characteristic macroscale elastic moduli (Young's
moduli, Poisson's ratios, etc.) in different directions is then calculated
using the macroscale stiffness tensor and given in Table 2 [64]. Re-
levant equations for their determination are listed in S.I.

From Table 2, it is evident that the transversely isotropic (fiber)
texture could only result in a macroscale mechanical property also
possessing the transverse isotropy. When the single C-(A-)S-H grain is
nearly isotropic (i.e., CAy1SH), the degree of preferred orientation has
negligible influence on the macroscale property, and the material is
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to the random distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Refined crystallographic and texture information of C-A-S-H at different pres-
sures P: unit cell parameter ¢, breadth FWHM and tilt ThetaY of Gaussian fiber
texture, and maximum value Max on (001) pole figure.

P(GPa) c(A) FWHM ThetaY  Max (m.r.d.)
Loading 1.3 228 + 0.1 652"+ 3°  52° 4.4

6.7 21.5 £ 0.1 48.7° + 3° 1.33° 7.8

9.4 21.0 £ 0.1 46.1° = 3° 0.4° 8.7

11.9 207 + 0.1 458 + 3° 0.8 8.8
Unloading 6.3 214 = 0.1 443 +3 1° 9.5

4.2 21.7 + 0.1 465 + 3° 0.3° 8.5

2.4 22.0 £ 0.1 49.2° + 3° 1.1° 7.6

1.5 225 + 0.1 51.9° + 3° 12.8° 6.9

practically isotropic for all measured ODFs. However, if the single
crystal is anisotropic (i.e. CygSH), the macroscale property becomes
strongly direction-dependent with the increase of pressure and texture
strength. For instance, the c-direction of Cy gSH grains is clearly less stiff
than the ab-plane. Thus, under Texture 1 when the c-direction of
crystallites prefers to align along Z-direction, the polycrystalline ag-
gregate has C3; that is ~25% less than C;; C ,,. Under Texture 2,
when the degree of the nanocrystal alignment increases, C33 is ~35%

less than C;; C .. Additionally, there is an increase in shear modulus
Gy, but a decrease in Gy, compared to random crystal orientation case.
It is also predicted that a definite change in the Poisson's ratio between
the axial (Z-direction) and the transverse (X- and Y-plane) directions
will occur, although the in-plane Poisson's ratio ( ,,) will practically
remain constant.

4, Discussion and conclusions

The results presented herein demonstrate that the randomly packed
C-A-S-H nanocrystals develop a preferred orientation upon compressive
loading, which was never observed in the reported hydrostatic loading
study of C-(A-)S-H [18,20,65]. An exemplar comparison is shown in
Fig. 8a and b. Under completely hydrostatic load of P = 5.6 GPa, the
azimuthal distribution of the diffraction intensity on (002) and (hkO)
Debye rings is exactly the same as at the ambient condition. Whereas in
this study, at comparable pressure P = 6.7 GPa (but with a deviatoric
stress S = 0.77 GPa), the (001) plane normals preferably occupy the
orientation parallel to the compression direction. Such phenomenon
strongly indicates that the deviatoric stress initiates the reorientation
(Fig. 8c). This texture is conserved when the load is completely re-
moved. This observation is consistent with a recent molecular scale

(a) . . . (b) e . Fig. 6. (a) Biot strain along c-axis as a function of P.

L@ Loadlng_thls IStUd‘s’ 0.08 r ®Loading (b) The strain due to uniaxial compression, i.e., the
» 012 E * Unlo":,ldlng_thls stu;iy & i L # Unlaoding difference between the c-axis strain in this study and
= CA Loading_hydrostatic » c i the extrapolated values according to the study in
g 01 F ¥ P el L hydrostatic condition, plotted as a function of the
ey s P @ 0.06 C ® L difference between 0w and P. The slope of dashed
S 0.08 [ 125 + 15 GPa ,“ g L /,’ @] lines, i.e., the incompressibility, is displayed in the
® - e £ L Iy ‘ plot.
£ 006 | » B R TR T
@ - * = [ &
45 0.04 r & A"" © 0.02 - //l 120 + 30 GPa
S C - A = 0. - .
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Fig. 7. Molecular dynamics models of crystal structure and the corresponding stiffness tensors (in GPa): (a) CAo.1SH and (b) Co.sSH. The green, red and pink spheres
are Ca, O and H, respectively. The blue and yellow tetrahedra are SiO4 and AlO4, respectively. In the notation of the stiffness tensor, the direction 2 and 3 are along b-
and c-axis, while the direction 1 is in ab-plane and perpendicular to b-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

study, where the inter-particle cohesion of C-S-H is maximized when
the adjacent layer structures are aligned in a parallel way [66,67].

The nanogranular theory of concrete creep postulates that the creep
of concrete under loading is due to permanent microstructural de-
formation that may involve the reorientation of the C-(A-)S-H nano-
morphology that results in a tighter local packing density [2,69]. This
hypothesis lacks direct experimental support from the nano-structure
study. The results presented herein provide direct evidence that the
reorientation of C-(A-)S-H nanocrystals is indeed possible when driven
by deviatoric stress, and may progress between adjacent particles via a
rotation/glide mechanism. In the concrete matrix, there exist numerous
local regions with volumetric and elastic discontinuities between C-(A-)
S-H matrix and aggregates and/or crystals (e.g., portlandite and et-
tringite). A localized stress concentration in these regions may result in
a rapid reorientation of C-(A-)S-H nanocrystals that significantly con-
tributes to the so-called short-term volumetric creep [69,70]. Despite
the localized rapid reorientation, a continuous shear gliding may also
contribute to long-term inelastic deformation, which does not ne-
cessarily require a high deviatoric stress. Such phenomenon is predicted
in a recent molecular scale study on C-S-H layer structure [68]. How-
ever, the minimum stress needed to initiate the glide, and its depen-
dence on the inter-particle distance and surface-to-surface angle, re-
mains yet to be determined.

Development of texture of the C-(A-)S-H nanocrystals may also be
significant in the interpretation of the results obtained by the micro-
and nano-mechanical measurements of cement-based material, e.g., the
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case of nanoindentation. The average compression exerted on C-(A-)S-H
at the onset of unloading (or by definition the indentation hardness H)
is at the scale of a few GPa [26,69], and the maximum shear near the
indent can be even higher due to the stress concentration [71]. Ac-
cording to the results presented herein, such strong compression would
induce preferred orientation of C-(A-)S-H at the indent front, as illu-
strated in Fig. 8c. The existing literature almost exclusively presumes
that the indentation measures the property of the bulk volume; how-
ever, our results raise the awareness that this oriented layer may behave
differently from the bulk matrix. As shown in the previous section,
when the C-(A-)S-H nanocrystals are least stiff along the c-axis, the
indentation result may underestimate the stiffness of the C-(A-)S-H, as it
measures the elasticity along the soft direction of the oriented nano-
crystals. This is more likely to happen when the interlayer spacing of
the studied C-(A-)S-H is larger. It should be noted that, since the re-
orientation is will develop at the indent front, it is expected to influence
indent hardness more significantly than the indentation modulus.

The previous HP-XRD studies measured only the bulk modulus of C-
(A-)S-H. This study provides the first estimations of the elastic modulus
along the c-axis, i.e. 120 = 30 GPa for the studied C-A-S-H sample; it is
in good agreement with the LHA calculation using CSH-FF force field,
i.e. C33 = 120 GPa in Fig. 7a. Note that the elasticity along c-axis de-
pends largely on the interlayer spacing and the silicate chain cross-
linking, as shown in our previous work [18,20]. For future study, the
(hk0) diffractions rings should be better measured, so that the non-
hydrostatic deformation along the ab-plane is quantified. This may
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Table 2

Macroscale elastic properties calculated using the GMS approach: components
of the stiffness tensor Cy, Young's moduli E;, shear moduli G, Poisson's ratios
and bulk modulus K. Values are in GPa, rounded to first decimal digit. Voigt
notation is used where 1, 2, 3, 4, 5 and 6 denote xx, yy, 22, y2z, xz and xy,
respectively, assuming axial symmetry.

CAmSH COASSH
Random  Texturel  Texture2 Random  Texture_l Texture_2

Cig 111.0 112.3 114.2 84.6 95.6 103.7
Coz 111.0 112.3 114.2 84.6 95.6 103.7
C33 111.0 112.0 114.4 84.6 68.6 62.8
Ciz 39.8 39.5 39.7 31.9 35.9 39.2
Ci3 39.8 39.3 37.3 31.9 30.4 28.9
Coz 39.8 39.3 37.3 31.9 30.4 28.9
Cyq® 35.6 34.5 325 26.35 24.4 22.4
Css" 35.6 34.5 325 26.35 24.4 22.4
Cos" 35.6 36.4 37.25 26.35 29.85 32.25
Grest 0 0 0 0 0 0
E, 90.0 91.7 96.3 67.1 54.5 51.1
E, 90.0 91.8 94.6 67.1 76.0 83.0
Gz 17.8 17.3 16.3 13.2 12.2 11.2
Gy, 17.8 18.2 18.6 13.2 14.9 16.1
K 63.5 63.6 63.5 49.5 50.4 51.6

xy 0.26 0.26 0.27 0.27 0.27 0.29

xz 0.26 0.26 0.24 0.27 0.32 0.32

- 0.26 0.26 0.24 0.27 0.23 0.20

2 Two digits are introduced for C4y, Cs5 and Ceg if necessary to comply with
symmetry requirements

require the reduction of gasket signal, and the use of a diffraction in-
strument with higher resolution in the range of the (hk0) rings.
The synthetic C-(A-)S-H is different from the C-(A-)S-H in actual
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cement paste, in terms of crystallinity and meso-scale morphology.
Future work will include parallel measurements on hydrated paste
samples. To summarize, this work reports the first experimental ob-
servation on the preferred orientation formation of C-A-S-H nanocrys-
tallites, as driven by deviatoric stress. The layered C-A-S-H structure
prefers to align with layers perpendicular to the principal compression
load. This texture is preserved when C-A-S-H aggregate is completely
unloaded. This preferred orientation results in a transversely isotropy of
macroscale elastic properties that are quantified based on observed
preferred orientations and single crystal elastic properties derived from
molecular dynamics models.
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Appendix A. Supplementary data

The Supporting Information is available online as a separate file: the
rest of the raw 2D diffraction images on the loading and unloading
paths; the equations used to calculate the macroscale mechanical
properties. Supplementary data to this article can be found online at
doi: https://doi.org/10.1016/j.cemconres.2018.09.002.
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