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ARTICLE INFO ABSTRACT

Keywords:

Calcium silicate hydrate (C-S-H) is the primary binding phase of cement-based and alkali-activated materials.

C-S-H The preferred orientation of C-S-H under non-hydrostatic pressure (e.g., uniaxial/biaxial load) is overlooked yet

Texture formation

High pressure X-ray diffraction
Deviatoric stress

Mechanics

crucial in understanding concrete’s multiscale mechanical performance. Here, we unveil the texture formation of
C-S-H under compressive deviatoric stress, S, from 0 to ~200 MPa, using high-pressure X-ray diffraction.
Texture initiated at S < 12 MPa: the c-axis (normal to the basal plane) of C-S-H nanocrystallites preferentially re-

oriented towards the direction of the principal compressive stress. Below S ~100 MPa, the preferred orientation
intensified through translation and rotation of C-S-H nanocrystallites; above ~100 MPa, the texture stopped
growing then weakened, suggesting internal transformations of C-S-H nanocrystallites. The time-dependence of
the preferred orientation development is unveiled by the texture weakening after full unloading. The findings
implicate that concrete creep under service loads is contributed by the intergranular preferential re-orientation of
C-S-H nanocrystallites, not interlayer sliding or silicate chain breakage.

1. Introduction

Cement-based materials (e.g., concrete) are widely used in energy
and civil infrastructure systems, e.g., buildings, power plants, and oil
well cementing [1]. Understanding the mechanical properties and be-
haviors (e.g., creep) of cement-based materials is critical to designing
adaptive, resilient, and robust infrastructure [2]. The mechanical
properties and creep of cement-based materials are governed by their
primary binding phase, calcium silicate hydrate (C-S-H) [1]. However,
understanding the mechanical properties and creep of C-S-H is chal-
lenging due to the complex nature of C-S-H [3]. C-S-H is highly porous
at mesoscale with coherent domain sizes of 3-5 nm [4] and often in-
termixes with portlandite [5]. C-S-H has variable chemical composi-
tions with Ca/Si molar ratios of 1.2-2.3 and an average of ~1.75 in
hardened ordinary Portland cement [6]. C-S-H is X-ray amorphous at
ambient temperature, thus understanding its crystal structure is chal-
lenging [7].

Phase-pure nanocrystalline C-S-H (also termed C-S-H I) can be
synthesized to address the challenges in the studies of complex C-S-H in
cement pastes [8]. The nanostructure of C-S-H [ is similar to a defected
tobermorite [9]: “dreierketten” silicate chains (one bridging tetrahedra

site connects two paired sites repeatedly) are flanked on CaO; sheet with
water and Ca filled in the interlayer. As the Ca/Si ratio increases, the
bridging silicate is replaced with Ca, leading to shorter mean silicate
chains [10]. Due to its phase-pure and nanocrystalline nature, the
structure and mechanical properties of C-S-H I have been extensively
studied [11,12].

Existing mechanical models (e.g., elastic properties and creep) of
cement-based materials [13,14] assume uniformly or randomly
distributed representative volume elements, and the assumed material
properties are isotropic at meso- and macro-scale. The orientation dis-
tribution of domains of hydration/activation products (e.g., C-S-H,
portlandite, and ettringite) in existing models is random or omitted [15,
16]. However, a recent study has shown that the preferred orientation
distribution (also known as texture) of cross-linked calcium alumino-
silicate hydrate (C-A-S-H, an Al-tobermorite-like phase with a nano-
structure similar to C-S-H) nanocrystallites, ettringite, and portlandite
crystals occurs under deviatoric stress [17]. This term “texture” only
refers to the orientation distribution of polycrystalline materials, not the
microstructure of cement phases. The layered C-A-S-H nanocrystallites
prefer to align with their c-axis (normal to the basal plane) parallel to the
principal compression direction. For cross-linked C-A-S-H
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nanocrystallites, this texture formed at above ~0.4 GPa of uniaxial
compression. The texture formation of these polycrystalline materials
may lead to anisotropic properties at the macroscale [18]. Although
~0.4 GPa of uniaxial compressive stress is much higher than the
compressive strength of concrete [19,20], the results in our previous
study still indicate that the orientation of cement phases (e.g., ettringite)
may not be randomly distributed in concrete’s service life and the macro
properties of concrete may not be isotropic [21]. The existing concrete
models of mechanical performance may not truly represent the concrete
structure and properties under service loads. Therefore, studies of the
deviatoric stress-induced preferred orientation of non-cross-linked
C-S-H (i.e., C-S-H in cement pastes) are necessary. Validating the
preferred orientation of C-S-H can improve the understanding of the
properties, structure, and chemistry of C-S-H in fields where concrete
structures often sustain compressive loads.

Creep is important for the structural integrity of cement-based ma-
terials under long-term service [22]. Although it has been generally
agreed that cement creep is associated with the viscoelastic nature of
C-S-H, relative humidity (RH), and stress level [23-25], the creep
mechanism of C-S-H remains hotly debated. Different theories of creep
have been proposed: microprestress-induced shear slips between walls
of the micropores [26]; stress-induced sliding at the interlayer of C-S-H
[27]; stress-induced dissolution-reprecipitation of C-S-H [28];
stress-induced reorganization of C-S-H nanoglobules [13]. Neverthe-
less, there is a lack of experimental evidence of the creep theories at the
nanoscale. Our recent study has correlated the time-dependent and
RH-dependent preferred orientation of cross-linked C-A-S-H with the
origin of the creep of cement. However, the exact deviatoric stress levels
in our previous study are unknown. The preferred orientation of
non-cross-linked C-S-H nanograins under much lower stress has not
been studied, which can be more direct evidence of the reorganization of
C-S-H particles as the origin of cement creep. The study of the preferred
orientation of non-cross-linked C-S-H can eliminate the effects of
cross-linking aluminate/silicate sites of C-A-S-H on the studies of me-
chanical behaviors of layered nanocrystallites.

In this study, C-S-H I under deviatoric stress is studied using in-situ
high-pressure X-ray diffraction to elaborate the texture development
and creep of C-S-H. The nanocrystalline C-S-H I sample is dimer-only
(pairs of silicate tetrahedra bound via common oxygen to two Ca
atoms from the Ca-O layer, see Fig. 1), as C-S-H at high Ca/Si ratios
(here, 1.47) often shows intense basal plane diffraction [11]. Deviatoric
stress is provided as no pressure-transmitting medium is used in a dia-
mond anvil cell (DAC). Deviatoric stress as low as ~12 MPa is applied.
The time-dependence of the preferred orientation of C-S-H nano-
crystallites was confirmed through stress recovery. The findings in this
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Fig. 1. Schematic representation of the nanostructure of C-S-H at bulk Ca/Si of
1.47 used in this study. It predominantly comprises of Q' silicates, in the
absence of bridging or cross-linking silicates, with a mean silicate chain length
of two.
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study provide implications to advance the understanding of the creep of
cement-based materials and are critical for improving the mechanical
modeling of cement-based materials. Since C-S-H I is also the primary
phase of alkali-activated materials [29,30], the present study also pro-
vides implications for designing sustainable and robust alkali-activated
materials. The findings are also relevant to the modeling of C-S-H I-rich
cement systems (e.g., blended cement and degraded cement by decal-
cification [31]).

2. Materials and method
2.1. Materials

Stoichiometric amounts of CaO and fumed SiO, (Aerosil 200, Evo-
nik) were mixed with deionized water at an initial bulk Ca/Si molar ratio
of 1.6 and a water-to-solid mass ratio of 45. The slurry was cured at
20 °C for one year under Ny protection. The one-year curing ensures all
initial Ca(OH); is consumed to react with SiOy. The final slurry was
vacuum-filtered and freeze-dried for seven days in a Na-filled environ-
ment. More details can be found elsewhere [32]. The final bulk Ca/Si
ratio of the C-S-H is 1.47. The dried sample is Ca(OH)»-free because the
initial Ca is partially dissolved in the high volume of deionized water
[32].

2.2. HP-XRD in radical diffraction geometry

The HP-XRD measurement was performed at the superbend beam-
line 12.2.2 of the Advanced Light Source at the Lawrence Berkeley
National Laboratory. The beam has a wavelength of 0.4979 A and a spot
size of ~30 pm. A radial geometry BX90 diamond anvil cell (DAC) was
used [33]. This radial geometry DAC has a wider opening for diffracted
beams compared to axial geometry BX90 used in our previous studies
[34,35]. This geometry allowed us to probe the crystal orientations
relative to the compression direction (Fig. 2). A 65 pm thick boron epoxy
resin gasket inserted into a hole of a polyimide film (~100 pm thick) was
used. A stainless-steel gasket was not used as it would absorb most of the
beam in the radial geometry. A chamber with a diameter of 120 pm was
drilled at the center of the boron epoxy resin gasket by laser milling.

A diffraction pattern at ambient pressure was taken from C-S-H
powder mounted in a glass capillary. For the HP-XRD experiment, the
C-S-H powder sample was lightly packed into the gasket chamber with
~2/3 of the volume. A few mg of platinum powder was lightly packed
into a thin Pt plate and placed between the sample and one diamond
anvil culet (~400 pm diameter). No pressure-transmitting medium was
used in this study so that by tightening the loading screws of the DAC,
deviatoric stresses developed in the sample chamber. The initial stress in
the chamber was zero. Tightening the screws applies compression on the
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Fig. 2. Schematic representation of the DAC radial diffraction geometry. The Y-

axis is aligned with the incident beam path, and the Z-axis is aligned with the
axis of DAC.
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sample chamber along Z-axis through the flat ends of the diamond anvils
of the DAC, while the chamber is confined by the boron epoxy gasket on
the face normal to the Z-axis (Fig. 2). After the inter-grain pores were
eliminated by increasing compression, the stress began to increase. At
each pressure point, the diffraction of Pt was analyzed to compute the
deviatoric stress and hydrostatic pressure in the chamber. An equivalent
stress state of C-S-H nanocrystallites and the Pt grains is assumed. This
Reuss approximation is often accepted in DACs with radial geometry in
geophysics studies [36]. The applied hydrostatic pressure, P, of Pt was
determined from the volumetric change of a Pt unit cell using Vinet
equation of state [37]. The pressure-dependent stiffness tensor of Pt was
used to refine deviatoric stress, S, using the BulkPathGEO method and
the Moment pole stress model imbedded in MAUD (Materials Analysis
Using Diffraction, a Rietveld extended program to perform the diffrac-
tion analysis) [38]. The non-zero components of the macroscopic elastic
stress tensor in this geometry can be expressed as 6xx = 6yy = P-S and 6,
= P + 2S, where compression is represented with the positive sign.

A diffraction image at each pressure point was recorded by a
MAR345 area detector with an exposure time of 600 s. The compression
was sustained for ~30 min at each pressure point. 14 data points were
collected along the loading path, another 11 data points were collected
along the unloading path back to ambient condition, and one data point
was collected 6 h after full unloading for the identification of stress re-
covery. The 6-h recovery was the longest time that we can wait as the
beamtime of synchrotron-radiation-based HP-XRD is very precious.
Commercially-available laboratory-based diffractometers cannot pro-
vide the beam brightness and geometry for our experimental setup. At
each loading/unloading step, the hydrostatic pressure P and the devia-
toric stress S were refined from the Pt diffraction pattern (Fig. 3). The
slightly negative (i.e., tensile) deviatoric stress refined from the first
loading step is explained by the initial abnormal stress development
before the true compaction to the power sample in the chamber. At
maximum, P ~4.9 GPa and S ~0.2 GPa were achieved. Negligible re-
sidual P existed after full unloading, but the residual S was —14 MPa.
The 6-hr recovery led to the relaxation of the S from —14 MPa to 1 MPa.
As mentioned earlier, a boron epoxy gasket must be used to sustain the
pressure from the diamond anvils in the radial geometry in this study.
Boron epoxy is fragile and typically starts to crack with inelastic de-
formations during loading at the hydrostatic pressure level of 100s MPa.
Thus, gradual unloading of a cracked boron epoxy gasket from ~5 GPa
to 0 with a similar/constant pressure step size is challenging. A sudden
drop of hydrostatic pressure P from 3044 MPa to 113 MPa does not
affect the findings and conclusions in the present study.
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Fig. 3. The relationship between the hydrostatic pressure P and the deviatoric
stress S refined with the Pt diffractions. The loading, unloading, and recovery
path are indicated with blue, orange, and red arrows, respectively, for eye
guidance. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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The diffraction pattern at each pressure point was refined with
monoclinic B11m tobermorite using the MAUD package [39]. As shown
in Fig. 4, the diffraction of the boron epoxy gasket overlaps with most of
the peaks of C-S-H except the (002) basal peak. The (002) peak is the
most representative for texture analysis of C-S—-H; thus, only the lattice
parameter ¢ was refined using MAUD in the present study. At each
pressure point, the right half of each raw diffraction image was not used
for refinement as the (002) Debye ring here was affected by artifacts (i.
e., background noise from the gasket and beam-stop). The left half of
each image was sliced into 36 sectors at every 5° in the azimuthal angle.
Each sector was integrated into a 1D diffraction pattern as a refinement
input.

The orientation distribution function (ODF) of C-S-H nanocrystals in
this study was refined using the standard fiber model function. The ODF
is analogous to the probability distribution function for random vari-
ables and for spatial directions. In the present study, the (002) texture
suggests the use of the standard function imposing a fiber component
along the crystal c-axis to the center of the pole figure (while nonzero
ThetaY indicates the degree of misalignment between the crystal c-axis
and the global Z-axis). Max and Min values are in the unit of multiples of
random distribution, with higher Max values and lower Min values
indicating greater deviation from a uniform random distribution and
thus greater texturing. FWHM may be qualitatively understood as the
variation of the crystal c-axis orientations — thus, a smaller FWHM
suggests a stronger texture. Note that the fiber term here only refers to
the crystal orientation rather than the morphology of hydrate grains in
cement chemistry. The possible tilt between the fiber axis and the Z-axis
in the sample coordination due to the misalignment of diamond culets
was also refined.

3. Results and discussion

Fig. 5 compares the raw 2D images of the present sample and that of
the same C-S-H sample under pure hydrostatic pressure. Azimuthal
angle-dependent diffraction intensity of the C-S—H planes ((002), (200),
and (2 20) (020)) was observed in the present sample (left half) under
deviator stress S = 0.1 GPa, but absent in the purely hydrostatically
loaded reference (right half) with deviator stress S = 0 GPa. For

N (020)220)\ .
\\

C-S-H

Fig. 4. Raw 2D diffraction image of the sample. The diffraction from C-S-H
(002) plane is labeled in white, the diffractions from Pt are labeled in yellow,
and the gasket diffractions are shaded. The 0° azimuthal angle and its direction
are indicated in grey. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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ga.sket
diffractions

Fig. 5. The raw 2D diffraction image of the C-S-H sample with deviatoric (left)
demonstrating strong variation in diffraction intensity across the azimuthal
angles and without deviatoric stress (right) displaying uniform diffraction in-
tensity. The diffractions from C-S-H are labeled in black, and the gasket dif-
fractions are shaded.

example, the diffraction intensity of (002) plane of C-S-H under sole
hydrostatic pressure is almost identical along the 0°~180° of azimuthal
angle on the right, while the diffraction intensity of (002) plane of
C-S-H under S = 0.1 GPa is relatively sharp at 270° but nearly invisible
at ~180° and 360°. This fact confirms that the C-S-H nanocrystallites
are randomly orientated under sole hydrostatic pressure but become
considerably preferentially orientated with the deviatoric stress.

The 2D diffraction pattern (Fig. 6A, bottom) demonstrates the vari-
ation in the diffraction intensity over each 5° segment. The conventional
diffraction pattern (Fig. 6A, top) was obtained from integration over the
full range of the azimuthal angle. Most of the C-S-H diffraction peaks
overlap with the gasket diffraction. Although overlapped C-S-H peaks
could be subtracted from the gasket diffraction as evidenced in Ref. [17],
the C-S-H diffraction planes (200) and (2 20) (020)) are out of our in-
terest because (002) planes of C-S-H directly represent the orientation
of C-S-H nanocrystallites. The boron epoxy gasket is also out of our
interest. The overlap between the (002) peak and the gasket is weak. The
diffraction from C-S-H (002) could be cleanly isolated (see the 2D
pattern in Fig. 6A), fitted, and utilized for texture quantification.

(A)

gasket diffractions

C-5-H (020)(220)
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The extent of the C-S-H preferred orientation changes considerably
throughout the loading cycle (Table 1). The misalignment between Z-
axis and the fiber direction in the texture model is characterized by
ThetaY. The refined value of ThetaY is nearly zero, agreeing with the
geometry that the deviatoric stress is expected to be applied along the Z-
axis. ThetaY only deviated from zero by the end of unloading and after
recovery because the C-S-H nanocrystallites were compacted with the
permanent removal of some inter-grain pores after experiencing higher
stress levels. After unloading of the high stress, the difference in volu-
metric changes (recovery) of the C-S-H compact and gasket chamber

Table 1

The stress state refined from Pt diffraction (hydrostatic pressure P and deviatoric
stress S), the C-S-H unit cell parameter ¢, and preferred orientation of C-S-H
(002) plane (FWHM of the orientation distribution function, m.r.d. range of the
pole figure, and ThetaY) refined from C-S-H (002) diffraction. In the Rietveld
analysis, the refinement error in S is 0.4-0.6 MPa, the error in c is < 0.2 A, and
the error in FWHM is < 2°.

P(MPa) S(MPa) c¢(A) FWHM Max. (m.r. Min. (m.r. ThetaY
d.) d.)
Loading
24 -13.7 19.78 90° 2.39 0.46 5°
242 7.3 19.42 86° 2.61 0.39 —5°
590 11.1 19.32 87° 2.58 0.40 —6°
1958 103.2 18.82 82° 2.83 0.34 —4°
2135 96.7 18.82 78° 3.12 0.28 1°
2187 108.1 18.79 78° 3.14 0.28 1°
2183 136.4 18.72 83° 2.82 0.34 -9°
2391 148.0 18.65 79° 3.03 0.30 -8°
3155 175.3 18.44 78° 3.10 0.29 -7°
3969 185.2 18.19 81° 2.95 0.31 —6°
4325 174.0 18.18  82° 2.87 0.33 —6°
4425 192.0 18.08 85° 2.67 0.38 —6°
4662 195.0 18.04 87° 2.55 0.41 -7°
4857 190.4 17.97  89° 2.45 0.44 -9°
Unloading
4500 153.2 17.93 71° 3.74 0.18 —5°
4300 152.4 18.24 74° 3.47 0.22 —6°
3886 121.9 18.22 73° 3.50 0.21 —6°
3757 100.8 18.22 72° 3.67 0.19 —6°
3652 144.0 18.34 73° 3.51 0.21 —4°
3369 71.3 18.35 73° 3.56 0.20 —4°
3008 100.5 18.40 73° 3.57 0.20 —5°
3044 107.5 18.46 69° 3.90 0.16 —9°
113 —63.1 19.43 81° 2.93 0.32 —18°
0 -14.3 19.53 86° 2.60 0.40 —22°
Recovery
96 1.1 19.44 90° 2.42 0.44 19°
(B)
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Fig. 6. Texture quantification of the sample at P = 3.0 GPa and S = 0.1 GPa: (A) the conventional diffraction pattern (top) and 2D pattern showing intensity over
each 5° (bottom); (B) the diffraction patterns from C-S—H (002) stacked as a function of the azimuthal angle.
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(due to the different mechanical properties of C-S-H and boron epoxy
resin gasket) results in limited confinement of the recovered chamber to
the compacted C-S-H, thus the tilt of the fiber axis. Such tilt is also found
in a HP-XRD study of cross-linked C-A-S-H during unloading [17].

Full-width-half-maximum (FWHM) of the orientation distribution
function and the maximum and minimum of the C-S-H (002) pole figure
(in the unit of multiples of random distribution, m.r.d.) both express the
texture intensity of C-S-H nanocrystallites. Smaller FWHM, higher
maximum m.r.d.,, and lower minimum m.r.d. correlate to stronger
texture formation. The trends in the three parameters with the stress
states are equivalent (see Table 1); thus, only the evolution of FWHM is
plotted against P (Fig. 7A) or S (Fig. 7B) to quantify the texture devel-
opment over the loading cycle. In addition, the pole figures of C-S-H
(002) planes at critical loading steps (a-c), unloading steps (d and e), and
the recovery step (f) are presented below, each displaying the proba-
bility distribution of the C-S-H (002) planes, in the unit of m.r.d. In
general, as seen from either the FWHM evolution (Fig. 7A and B) or the
selected pole figures (Fig. 7a—f), the intensity of the C-S-H preferred
orientation did not possess a linear or monotonic relationship with the
applied stress level.

In our previous study of the preferred orientation of cross-linked C-A-
S-H nanocrystallites [17], a strong texture (FWHM ~65° and maximum
m.r.d. ~4.4) formed at the first loading step of S ~0.1 GPa, which
already exceeds the stress level in ordinary concrete structures under
service. In the present study, at finer loading steps, we confirmed that
the texture of non-cross-linked C-S-H could form at lower deviatoric
stresses with the refinement uncertainty of S at the level of 0.4-0.6 MPa
(suggested in MAUD). A notable texture was observed at the first loading
step (Fig. 7a). Thus, low deviatoric stress at < ~12 MPa is ample for

(A)

c a Weaker preferred orientation

Lo & ¢

s Recover 2

S Y

2 N °

S 0@

=85 ¢ ¢ °

a ‘oe;q

= 1

i ’?-o oo [ ]

5 §

ceoed © °

9 [ ] 3

® L)

< b

2 75

)

5 ; 0 000 °

s ® Loading

% 700 © Unloading od o

LS 2 Reoovery Stronger preferred orientation
T T T T T T
0 1000 2000 3000 4000 5000

Hydrostatic pressure P (MPa)

a First loading step b Loading

P =24 MPa,$ =-14 MPa

002 002

d Unloading
P=3044 MPa, S = 108 MPa

P=2187MPa, S = 108 MPa

e Last unloading step
P=0MPa, S =-14 MPa

Composites Part B 247 (2022) 110297

developing a very recognizable preferred orientation of C-S-H
nanocrystallites.

Albeit the varying intensity, the preferred orientation direction was
consistent throughout the experiment. The maximum m.r.d. in the
C-S-H (002) pole figure (Fig. 7a-f) coincided with the DAC axis, i.e., the
direction of the applied deviatoric stress. This fact suggests that the c-
axis of the C-S-H nanocrystallites tended to align with the compressive
deviatoric stress. The preferred orientation gradually intensified as the
sample stress reached up to P ~2 GPa and S ~0.1 GPa (step a to step b):
FWHM decreased from ~90° to ~80° (Fig. 7a and b), the maximum m.r.
d. increased from ~2.5 (Fig. 7a) to ~3.0 (Fig. 7b), and the minimum m.
r.d. decreased from ~0.45 (Fig. 7a) to ~0.3 (Fig. 7b). As the loading
continued, the strength of the C-S-H preferred orientation first pla-
teaued until P ~4 GPa and S ~0.18 GPa, as seen from the FWHM fluc-
tuating around ~80°. Upon further loading to the maximum values of P
~4.9 GPa and S ~0.2 GPa (step c), the texture gradually weakened but
remained comparable to after the first loading step (just slightly lower
FWHM, slightly greater Max, and slightly smaller Min at step c
compared to step a). Accordingly, the maximum and minimum m.r.d. in
Fig. 7c are between those in Fig. 7a and b.

Through unloading from maximum stresses to P ~3 GPa and S ~0.1
GPa (step c to step d), the C-S-H texture first intensified such that it
became stronger than any of those refined from the loading steps and
then plateaued with FWHM stabilized at ~72° (compared to ~80°
during loading). The maximum m.r.d. of 3.74 in Fig. 7d exceeded the
maximum m.r.d. of ~3.0 in Fig. 7b. Further unloading to the ambient
condition (step d to step e) weakened texture. Immediately after com-
plete unloading, the residual texture was stronger than that refined from
the first loading step (FWHM 86° compared to 90°), despite their
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Fig. 7. (A) FWHM of the orientation distribution function as a function of the hydrostatic pressure P and (B) FWHM of the orientation distribution function as a
function of the deviatoric stress S. The pole figures of C-S-H (002) plane corresponding to the representative data points a-f labeled in (A) and (B) are presented. The

contours in the pole figures display the texture intensity in the unit of m.r.d.
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comparable stress state. It was only after the 6-hr recovery (step f) that
the recovered texture resumed to the level at the first loading step,
evidenced by the comparable probability distribution of the C-S-H
(002) plane in the unit of m.r.d. shown in the pole figures Fig. 7a and f.
This observation suggests the time-dependent nature of the evolution of
the C-S-H preferred orientation and that nonnegligible permanent
preferred orientation could exist well after the removal of applied
stresses. The findings may shed light on the creep and relaxation
mechanisms of cement-based and alkali-activated materials.

The different types of changes to the C-S-H nanocrystallites under
different stress levels resulted in the intensifying and weakening of the
C-S-H preferred orientation (Fig. 8). On the loading path before
reaching S ~0.1 GPa, a stronger texture formed with the consolidation
of the C-S-H nanocrystallites in the compressed chamber. Intergranular
pores were removed through the increasing alignment of C-S-H nano-
crystallites — their c-axis (the softest axis) preferentially oriented toward
the compressive deviatoric stress (Fig. 8, left to the middle) and through
the pressure-induced closer contact of C-S-H nanocrystallites [20]. The
incompressibility of the c-axis is always the lowest in C-S-H, C-A-S-H,
and tobermorite [11,34,40]. Thus, the first few loading steps in this
study represent this scenario. Similar observations have been found in
our previous study: the softest axis of the (nano)crystals, e.g.,
cross-linked C-A-S-H (the c-axis), portlandite (the c-axis), and ettringite
(the a-axis), is subject to preferential re-orientation towards the
compression direction [41].

The following plateau and drop in texture intensity upon further
loading at S > 100 MPa were attributed to the impact of internal
transformations of C-S-H nanocrystallites. This transformation within
C-S-H nanocrystallites counterbalances or even diminishes the efficacy
of c-axis alignment on texture development. The crystal length along the
c-axis was consistently refined to ~5 nm at all stress levels, and the c-axis
length of C-S-H unit cells constantly maintained a negative linear cor-
relation with the pressure. This fact suggests no splitting between the
layers, namely a constant number of layers of C-S-H nanocrystallites.
Accordingly, we propose two types of change in C-S-H nanocrystallites
to account for the observed weakening texture — greater FWHM, or
equivalently, lower maximum m.r.d. — during the latter half of the
loading (Fig. 8, middle to the right):

First, compressive stress-induced interlayer sliding above 100 MPa
could result in weakened (002) diffraction (Fig. 8, top right). A similar
sliding in layer structures has been found in mica at shear stress at
hundreds of MPa [42]. Therefore, the interlayer sliding would be most
predominant in C-S-H nanocrystallites whose c-axis closely oriented to
the compressive deviatoric stress. Meanwhile, for those less aligned
nanocrystallites experiencing lower compressive stress, the (002)
diffraction was less affected due to less interlayer sliding. As a result, the
(002) diffraction of nanocrystallites most preferentially oriented toward
the loading direction (i.e., contributing to the maximum m.r.d. in the
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pole figures) was weakened most significantly. This differential inter-
layer sliding thus caused a reduction in refined texture intensity at
higher stress levels. A similar layer sliding behavior is also found in a
high-pressure study of non-cross-linked C-S-H using XRD and small
angle scattering [43].

Second, compressive stress-induced breakage of the nanocrystallites
across the silicate chain could also explain the observed texture evolu-
tion near the end of the loading path (Fig. 8, bottom right). It has been
evidenced in non-cross-linked C-S-H (Ca/Si = 1) that the ratio between
Q! and Q? silicate increased at deviatoric stress ~200 MPa, suggesting
breakage of silicate chains [44]. The condition agrees with the present
scenario where the weakening of the texture happened at S ~100 MPa.
In contrast to the Q?-containing C-S—H in the previous study, the present
C-S-H at Ca/Si ~1.5 is dominated by Q! silicate dimers and vacant
bridging sites [32]. As the Ca—O ionic bonding or a vacant bonding site is
weaker than Si-O covalent bonding, the breakage across the silicate
chains could be initiated at lower deviatoric stress levels in the present
sample. Our recent high-pressure X-ray Raman scattering study also
suggested the sliding at C-S—H interlayers at Ca/Si = 1.3 under hundreds
of MPa of deviatoric stress [45].

The weakening of the texture upon loading is not observed in our
previous HP-XRD study of cross-linked C-A-S-H [17]. This differential
behavior between cross-linked C-A-S-H and the present non-cross-linked
C-S-H is reasonable because the C-A-S-H was cross-linked with
considerably longer chains compared to the present C-S-H. The strong
Si—O-Al covalent bonding in C-A-S-H could prohibit either interlayer
sliding or breakage across aluminosilicate chains. This mechanical
behavior of cross-linking sites is consistent with a recent molecular
dynamics simulation of crystalline C-A-S-H [46].

The significant rise and fall in texture intensity during unloading
could be accounted for by the competition between decreasing devia-
toric stress (hindering texture formation) and increasing nanogranular
mobility (facilitating texture formation). At the beginning of unloading,
the latter was more effective: the free space suddenly released from
unscrewing the DAC would perturb C-S-H nanocrystallites; reduced
intergranular friction eases further texture development where the
relative motion between nanocrystallites might have been suppressed
before unloading due to steric obstructions. By the end of unloading, the
tilt of the texture fiber component from the Z-axis suggested that the
recovered chamber had limited confinement to the compacted C-S-H.
This tilt is also found in a previous HP-XRD study of cross-linked C-A-S-H
during the unloading of deviatoric stress [17]. The C-S-H compact
experienced a permanent partial removal of intergranular pores. This
significant pressure-induced porosity change of C-S-H compacts is
supported by a recent study [20], where the gel porosity is lowered by
20-40% under 2000 MPa compaction. Therefore, the low deviatoric
stress level in the present study dominated the obvious weakening of the
preferred orientation, while the high intergranular mobility was

100 MPa - ;
and/or interlayer sliding —

nanocrystallite breakage

Fig. 8. Schematic representation of the change to non-cross-linked C-S-H nanocrystallites under an increasing deviatoric stress. Green/brown straight strokes
represent the basal layers of C-S-H. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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scarcely beneficial in the absence of substantial deviatoric stress, the real
driving force of C-S-H texture formation.

Our recent study unveiled the time-dependent and water-facilitated
development of the preferred orientation of C-A-S-H nanocrystallites
under a sustained load [41]. This nanocrystal preferred orientation has
been correlated to the time-dependent creep of concrete. The noticeable
weakening and retaining of the preferred orientation through the 6-hr
recovery in the present study have refined the correlation between
C-S-H preferred orientation development and creep and relaxation
behaviors of concrete. This improvement in understanding C-S-H
preferred orientation is achieved in a more practical level of deviatoric
stress in the present study. There have been intense debates on the origin
of C-S-H creep. One viewpoint emphasizes the role of interlayer water
[47] which, more specifically, contributes to the creep of C-S-H through
the facilitation of stress-induced interlayer translation [27]. On the
other side, Thomas and Jennings [48] proposed the creep of cement
pastes to the re-organization of C-S-H nanoglobules under stress, and
Haist et al. [49] ascribed the C-S-H creep to slippage between the
nanoglobules. A recent micro-indentation study [50] indicated that
adsorbed water in hardened pastes facilitates the sliding between C-S-H
nanoglobules. The critical water content for sliding free energy barrier
of C-S-H was simulated in Ref. [51]. The present study provides direct
evidence favorable to the intergranular re-organization standpoint and
supplements by specifying the nanogranular re-arrangement pattern: at
deviatoric stresses of 10s of MPa, the typical stress level of cement-based
and alkali-activated materials under service [52,53], creep occurs as a
result of the preferential re-orientation of the C-S-H nanocrystallites
c-axis to the compressive deviatoric stress. Note that hydrostatic pres-
sure does not induce any change in crystal orientation. Although inter-
layer sliding has been proposed as the creep mechanism of cement-based
materials, e.g., concrete [27], the required deviatoric stress for inter-
layer sliding is much higher than the stress level of concrete under
service. It is only at elevated deviatoric stresses (>~100 MPa) that the
intra-particle transformations (e.g., interlayer sliding) occur, which thus
is not the origin of creep of concrete under service-condition. Note that
we do not eliminate the contribution of cement hydration on creep
mechanisms [54,55] as hydration increases packing density and reduces
the distance between outer product C-S-Hs, thus increasing the inter-
granular barrier for C-S-H preferred orientation.

As mentioned above, the deformation of the C-S-H nanocrystallite
itself, e.g., interlayer sliding, seems to be unlikely to happen in real
concrete structures in service life, but that may unavoidably occur in
nanoindentation experiments where the local deviatoric stress could
readily exceed 100s MPa [13,56], typically from 500 MPa to 2 GPa. As a
result, the properties (e.g., Young’s modulus and creep modulus) of the
cement-based materials characterized by nanoindentation may differ
from the properties of the same materials under service conditions. The
elastic modulus and creep modulus of C-S-H fitted from their micro-
chemical properties in nanoindentation studies cannot correctly reflect
the influences of high deviatoric stress on the C-S-H nanocrystallite
orientation. For example in a recent study [57], besides the high degree
of carbonation of C-S-H, the influences of compaction load levels on the
development of preferred orientation were also ignored, which are
critical [41,58]. Nevertheless, micro-indentation, where the applied
deviatoric stress could be controlled well below 100 MPa, could be an
asset to examining the mechanical properties and creep behavior of
cement-based materials so as to advance the understanding of the me-
chanical behaviors of concrete and to provide reliable inputs for
multi-scale simulations of concrete under practical service conditions.
Our findings provide new knowledge to computational studies (e.g.,
molecular dynamics) where the preferred orientation of C-S-H nano-
crystallites (also known as building blocks) is largely neglected for
decades.

The behaviors of C-S-H have both instantaneous responses (elastic
and plastic) and time-dependent responses. An elastic response is always
present through the constitutive relation based on the stiffness tensor of
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each phase, while a plastic response could result from the proposed
interlayer sliding and/or nanocrystallite breakage mechanism. Due to
the presence and mobility of water in interlayers and between nano-
crystallites (i.e., interlayer water and gel water) [20,41,43] of C-S-H,
we also expect additional time-dependent behaviors following visco-
elasticity, in analogue to the relaxation and creep in typical
cement-based systems.

For future studies, the HP-XRD experiments may be improved to
benefit further research with new knowledge. The time of sustained
stress and stress recovery may be extended to tens/hundreds of days in
future experiments to further the understanding of the time-dependent
behavior of C-S-H if the precious beamtime is available and the use of
a DAC is well-managed. The control of stress levels is challenging since
no pressure-transmitting medium can be used for deviatoric stress con-
ditions and the deformations of the gasket and C-S-H are inelastic. The
stress level could be lowered if a larger pair of diamond is used. The
diamond culet diameter in this study is ~400 pm. The maximum culet
diameter of the diamond used for HP-XRD is typically ~1 mm.

4. Conclusions

The development of the preferred orientation of C-S-H nano-
crystallites under compressive loading was studied with high-pressure
XRD using DAC in radial geometry. The preferred orientation of
C-S-H nanocrystallites clearly occurs at deviatoric stress as low as ~12
MPa. The texture is developed through the preferential re-orientation of
the C-S-H nanocrystallites c-axis (normal to the basal plane) towards
the direction of compressive deviatoric stress at < ~100 MPa. Above
100 MPa, texture creases growing and followed by texture weakening,
suggesting a transition of C-S-H behavior under deviatoric stress — from
intergranular re-organization to transformations within C-S-H nano-
crystallite. The creep mechanism of concrete, under tens of MPa
compression, is the preferential alignment of C-S-H nanocrystallites c-
axis to the compressive stress, accompanied by removal of intergranular
pores. Interlayer translation within C-S-H nanocrystallites, which oc-
curs at deviatoric stress over 100 MPa, is not the mechanism of concrete
under service as this stress level is above the typical service loads of
concrete. Experimental characterization of mechanical properties and
creep of cement-based and alkali-activated materials should be designed
with care. Tools that provide high deviatoric stress, e.g., nano-
indentation, should be carefully used in the evaluation and modeling of
cement-based materials, with the consideration of C-S-H nano-
crystallites preferred orientation and translation within C-S-H nano-
crystallite itself. Experimental techniques capable of providing
deviatoric stress under tens of MPa and precluding transformation
within C-S-H nanocrystallite are suggested for the study of concrete
mechanical behaviors. Computational studies should consider C-S-H
preferred orientation under even just tens of MPa deviatoric stress and
translation within C-S-H nanocrystallites (e.g., interlayer sliding and
breakage of silicate chains) at over 100 MPa into their models.
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