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ARTICLE INFO ABSTRACT

Calcium aluminate cement (CAC) has wide application in civil engineering and castable refractory materials. The
main binding phases of hardened CAC paste, CaO-Al,0310H,O (CAH,(), inevitably converts to
2Ca0-Al,03'8H,0 (C2AHg), 3Ca0-Al,03:6H,0 (C3AHg) and Al(OH); (AH3), leading to a significant change in the
mechanical properties of the CAC matrix. This work investigates the mechanical properties of the main crys-
talline components in hydrated and/or converted CAC systems, using synchrotron-radiation-based high-pressure
X-ray diffraction. The anisotropic deformations of CaAl,O4 (CA), CAH;, and C3AHg along each crystallographic
direction are investigated, along with their bulk moduli. The density-driven stiffening hypothesis is validated for
the studied phases and other cement-based minerals. An atom-scale topological analysis is proposed to explain
the unusually high stiffness of CAH;o. The results provide fundamental information to understand the me-
chanical properties of single cement-based phases at molecular level, and enable predicting the changing me-

Keywords:

Calcium aluminate cement (D)
Mechanical properties (B)
High-pressure X-ray diffraction
Crystal structure (B)

chanical properties of converted CAC matrix using homogenization models.

1. Introduction

Calcium aluminate cement (CAC) is an important member of the
hydraulic cement family. In contact with water, its main component CA
(cement chemistry notation, C=CaO and A=Al,03) hydrates rapidly,
accompanied by a quick heat-release and a fast strength-development.
Such cementing performance leads to the wide application of CAC in
civil engineering practices [1,2]. However since the 1970s the concrete
community suggested to limit the use of CAC in structural application,
due to increasing numbers of failure reports of CAC concrete over the
long-term service life [1-4]. In recent years, standards have been pro-
posed to guide the proper use of CAC concrete in civil engineering
[2,5]. Nonetheless, CAC continues to be applied in infrastructures that
face severe chemical and abrasive load [4]. It is also widely used in
producing castable refractory linings [6].

The hydration path of CA is strongly temperature-dependent. It
hydrates to form CAH;, (H=H,0) when the curing temperature is
below 15-20 °C, whereas C,AHg + AHj is the product when the tem-
perature is between 20 and 30 °C. In ordinary service condition, these

* Corresponding author.
E-mail address: guoqing_geng@berkeley.edu (G. Geng).

https://doi.org/10.1016/j.cemconres.2018.03.004

phases account for the rapid early age strength development. However,
CAH;o and C,AHg inevitably convert to C3AHg + AHj, as the latter
phases are thermodynamically more favorable. This conversion reac-
tion significantly accelerates when temperature is higher than 30°C
[7-10]. A recent micro-spectroscopic study reported that CAH;, easily
converts to C,AHg via a solid-state-reaction path where the ion redis-
tribution happens in a very short range inside the CAH;, crystals, re-
sulting in a nanometer scale CoAHg sheet structure [10,11]. The for-
mation of C3AHg is, on the contrary, more likely through solution. Since
C3AHg and AHj have higher densities than CAH;o and C,AHg, the
conversion reaction significantly increases the porosity of the hardened
matrix, and is therefore the major cause of the strength-loss of CAC
concrete.

Homogenization modeling schemes have been proved successful in
predicting the mechanical properties, such as elastic modulus, of har-
dened Portland cement (PC) matrix [12-14]. Such schemes require two
types of input: 1) the microstructural information of each phase, i.e. the
volume fraction, shape and size of the a single phase domain; 2) the
mechanical property of each single phase. Experimental investigations

Received 13 September 2017; Received in revised form 23 January 2018; Accepted 14 March 2018

0008-8846/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2018.03.004
https://doi.org/10.1016/j.cemconres.2018.03.004
mailto:guoqing_geng@berkeley.edu
https://doi.org/10.1016/j.cemconres.2018.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2018.03.004&domain=pdf

G. Geng et al.

of the mechanical property of CAC-based concrete [15,16] and re-
fractory linings [17,18] have been reported, however a homogenization
modeling based on the structural evolution has yet to be proposed. To
enable such modeling, the modulus of individual phases in the CAC
matrix is needed, yet such information has not been systematically re-
ported by the cement and concrete research community. It is also of
mineralogical and materials science interest to understand the mole-
cular-scale mechanism of how these minerals deform under mechanical
loading.

Synchrotron-radiation-based high-pressure X-ray diffraction (HP-
XRD) is reported to be a reliable method to probe the mechanical
property of (nano)crystalline cement-based phases. Compared with
nano-indentation which measures the average information of solid and
porosity at the microscale, HP-XRD has the advantage of measuring the
intrinsic mechanical property of crystalline solids that contains no
contribution from inter-particle pores. It also provides atomistic scale
mechanism of the deformation of crystals [20-24]. The earlier HP-XRD
study [25] and molecular calculation [26] of C3AHg reported bulk
modulus of 66 = 4 GPa and 56.3 GPa, respectively. Both did not ob-
serve any pressure-induced phase transition. A high-pressure single
crystal X-ray diffraction study reported the phase transition from Ia3d
to I-43d symmetry at 5GPa, [27] which is later confirmed by high-
pressure neutron powder diffraction and infrared spectroscopic study
[28]. The reported high-pressure diffraction work on CA mainly focuses
on the chemical environmental evolving with pressure and temperature
increase, yet the lattice deformation is rarely reported [32,33]. There is
no existing report on the HP-XRD work of CAH,.

In the present work, we aim to investigate the mechanical properties
of the three major components in hardened CAC matrix, i.e. CA, CAH;q
and C3AHg, using Synchrotron-radiation-based HP-XRD. The sig-
nificance of the present study is twofold: 1) to provide the mechanical
properties of the single phase as input for homogenization modeling of
the macro-scale mechanical behavior of CAC-based matrix, which dy-
namically evolves via hydration and the conversion reaction; 2) to add
to the basic understanding of the molecular-scale mechanism of the
deformation of cement-based minerals.

2. Materials and methods
2.1. Materials

The CA and C3AHg were provided by Mineral Research Processing Cie.
Pure CAH, crystals were prepared as described in the published work
[9,10]. In brief, CA was mixed with deionized water with a water-to-
solid ratio of 10, which was then cured at 8 = 2°C for seven days,
followed by vacuum-filtering in a N,-protected glove box. The CAH;,
solids were then stored at 5 = 1°C until the X-ray diffraction mea-
surement. These phases were verified by a PANalytical X'Pert Pro’®
diffractometer using a Co anode.

The crystal structure of CAH;, is hexagonal, with space group P63/
m, and lattice parameter a = b ~16.3 i\, c ~83A [29,30]. Under am-
bient condition, C3AHg is commonly known and described as the
garnet-mineral katoite, i.e. the OH-analogue of grossular. It has cubic
symmetry with space group Ia-3d and lattice parameter a =b =c¢
~12.6 A [31]. There is no other polymorph of CAH; or C3AHg reported
under ambient conditions. CA has at least three reported polymorphs as
a function of temperature and pressure, and they may be retained in
ambient condition after a quenching process [32-35]. From a lab XRD
data, the CA used in this study best-fits the structure reported by Ref.
[34], i.e. monoclinic space group P 2,/n, with a ~8.7 1°\, b ~8.1 ;\, c
~15.2A, and § ~90.2°.

2.2. Methods

The HP-XRD experiment was conducted at beamline 12.2.2 of the
Advanced Light Source (ALS) at the Lawrence Berkeley National
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Laboratory (LBNL), [36] using a BX90 diamond anvil cell [37]. A
250 pm steel gasket was pre-indented to 80 um thickness, and a 150 um
diameter hole was drilled into the pre-indentation using a laser mill.
Sample powders, together with one ruby sphere (diameter 3-5pm),
were placed into the whole to fill about half the empty space, followed
by a complete fill with a drop of liquid pressure medium (methanol:
ethanol = 4:1 by volume). With tunable external loading values, all the
solid phases in the chamber are subjected to hydrostatic pressure in the
order of several GPa, which is precisely measured via the florescence
signal of the ruby particle [38]. For each sample, 6-9 diffraction pat-
terns were collected from ambient pressure up to 9-12 GPa, using
synchrotron X-ray (wavelength ~0.49755 A) as the incident beam.

The 2D diffraction pattern were integrated to diffractograms using
Dioptas software [39]. For each sample, the positions of the strong and
isolated diffraction peaks were tracked as functions of applied pressure,
using the XFIT code [40]. The peak positions were then used to refine
the lattice parameters under each pressure value, using the CELREF
code [41]. This approach is applicable in the present study since the
samples yield strong diffraction [22]. The pressure induced volumetric
change is related to the bulk modulus by the second-order Birch-Mur-
naghan equation of state (BM-EoS) [42]:

2"
2 [\K C &)

where V), is the initial unit cell volume at ambient pressure; V is the unit
cell volume at pressure P; Kj is the bulk modulus at ambient pressure.
With the volumetric strain defined as e, = 1-V/Vj, Eq. (1) is written as:

p= %KO [(1 —e) (- EV)_%] -

Due to the limited experiment time available at synchrotron facil-
ities, the first probed pressure value needs to be noticeable via ruby
calibration, which is slightly higher than ambient condition. We use the
diffractograms under this pressure value (~0.2 GPa) to refine the am-
bient lattice parameters of CAH;, and C3AHg. Under the second-order
BM-EoS, this leads to a deviation below 1 GPa in bulk modulus, which is
smaller than the estimated uncertainty (~2GPa), and is therefore
considered acceptable. It will be later shown that the refined volumes
under ~0.2 GPa are different from the reported ambient values by a
negligible amount (smaller than refinement uncertainty). The first
probed pressure for CA (3.5GPa) is much higher than the ambient
condition, therefore its ambient lattice parameters are refined from lab-
XRD data.

3. Results
3.1. Diffractogram as a function of the applied hydrostatic pressure

The powder diffractograms of CA under increasing hydrostatic
pressure are shown in Fig. 1. Note that the ambient pressure (0 GPa)
data was not collected using HP-XRD and the lab XRD data is used
instead. At ambient pressure, the strongest diffraction of CA is at 1/d
~0.337 A1, corresponding to the merged diffraction of the (123) and
(220) peaks. These two peaks maintain the strongest diffraction along
with the increased pressure. To the right-hand-side of the strongest
diffraction, there exists a group of diffractions with 1/d ranging from
0.39 to 0.42 }o\_l; and to the left-hand-side there are several isolated
peaks corresponding to the diffraction of individual Miller indices, as
labeled by the red dashed lines in Fig. 1.

There is a clear peak position drifting as the pressure increases,
since the lattice structure is compressed from all directions. The
shortening of the interplanar distance thus shifts the diffraction peaks
to the direction of increasing 1/d. As the hydrostatic pressure increases,
all diffraction peaks tend to decrease in their absolute intensities, ac-
companied by a significant broadening of the half peak width. This
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Fig. 1. The diffractograms of CA measured under increasing hydrostatic pressure. Peaks
that are marked with red dashed lines are used to refine the lattice parameters. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

peak-broadening is due to the increasing degree of stress-induced
structural disorder at elevated pressure, [19] which is a frequently
observed phenomenon in HP-XRD experiment [20,21,23,43]. When
diffraction peaks are close to each other, they may merge into one
broad hump at higher pressure values. To deconvolute the (123) and
(220) peak, the XFIT code is used and the only input information is the
number of peaks [40]. No other constraints (e.g. peak intensity ratios)
are introduced in order to minimize the amount of artefacts. However,
no attempt was made to deconvolute the group of peaks with ambient
1/d ranging from 0.39 to 0.42 A~!, due to the large number of merged
peaks. Apart from the peak broadening, the emergence of new dif-
fraction peaks are not observed as pressure increases, indicating no
reconstructive phase transition.

To refine the lattice parameters of CA at each pressure value, we
used the monoclinic structure with space group P2,/n [34]. A change of
crystal symmetry would often result in new peaks being generated,
which is not clearly observed here. Therefore the symmetry remains
unchanged at elevated pressure values. It is also worth noticing that,
the angle 8 (90.2°) is very close to 90°. As a result, the diffraction of CA
appears rather similar to an orthorhombic structure. For example, the
(111), (112) and (211) peaks are perfectly overlapped with the (—111),
(—112) and (—211) peaks. As labeled in Fig. 1, seven peak positions
are tracked during the pressurizing, which are then used to refine the
lattice parameters using a least-square-fitting scheme embedded in the
CELREF code [41]. The independent lattice parameters are determined
so that the squared residues between the calculated peak positions and
the experimental values are minimized. A standard error is generated
for each parameter during the fitting process (Table 1). Note that the
positions of some small peaks, i.e. (020) and (211), are not reliably
tracked at elevated pressure [21,22]. The limitation due to the low
data-to-parameter ratio is, however, not necessarily reflected by the
standard error.

The diffractions of CAH;, under increasing pressure are shown in
Fig. 2. The (100), (101) and (200) diffractions are of the dorminating
intensities, and the minor diffraction peaks are clearly resolved in the
magnified plots (green dash squares). Again, there is no generation of
new peaks, apart from the pressure-induced broadening of existing

Table 1
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peaks. The (101) and (200) peaks overlap to form the second strongest
diffraction at 1/d ~0.14 A~ . As showing in Table 2, the ratio between
daooy and dz00) is rather consistent throughout the whole pressure
range, indicating that the (200) peak is reliably differentiated from the
overlap with (101) peak. There are two degrees of freedom of CAH;q
lattice structure with space group P63/m, i.e. a and c. Therefore, the
strongest diffractions at 1/d ~0.07 A~" and 0.14 A~ are sufficient to
determine the lattice parameters. The results are listed in Table 2.
The evolution of the diffractograms of C3AHg is similar to that of CA
and CAHj, as shown in Fig. 3. In the probed d-spacing range, there are
several diffractions of comparable intensities. C3AHg has cubic struc-
ture with only one parameter (a) to be refined, yet the labeled peaks in
Fig. 3 are all tracked to yield a least-squre-fitting of a. The results are
listed in Table 3. A peak with ambient 1/d ~0.39 A~ seems splitted at
elevated pressure, yet it is in fact a separation of a C3AHg peak (dia-
mond symbol in Fig. 3) and a ruby peak (inversed triangle in Fig. 3).
Apart from that, we did not observe the generation of new peaks.

3.2. Axial incompressibilities and bulk moduli

In order to estimate the stiffness along each crystal axis, the applied
hydrostatic pressure is plotted as a function of the shortening of each
unit cell edge calculated as Biot strain ¢ = 1-1/ly, as shown in Fig. 4(a).
The Iy and [ are the unit cell edge lengths under ambient and a certain
pressure value, respectively. The tangential slope of the pressure vs.
Biot strain curve is, by definition, the stiffness along the studied crystal
direction. The error bar of axial Biot strain is usually below 0.004,
which is determined by the standard deviation of fitting the lattice
parameters. This further leads to the error of volumetric strain, as
shown in Tables 1-3 (usually below 0.009). The error bar of the pres-
sure values is the uncertainty of calibrating the pressure using ruby
florescence, which is near 0.2 GPa [22-24].

As shown in Fig. 4(a), CA exhibits clear anisotropy along different
unit cell axis directions. Under hydrostatic pressure, the shortening of
CA crystal along its b-axis is about five times the shortening along c-
axis, and 2-3 times the shortening along a-axis. Therefore CA has the
most rigid response along its c-axis, and the softest response along the
b-axis. The CAH;q crystal exhibits rather isotropic deformation, with
comparable shortening along its a- (b-) axis and the c-axis, until a de-
viation is observed at pressure higher than ~7 GPa. The stiffness of
CAH;, along each axis is comparable with that of the softest axis of CA.
The C3AH;g is structurally isotropic due to its cubic symmetry. Its axial
incompressibility is comparable to that of CAH;.

To estimate the overall bulk modulus K, the applied hydrostatic
pressure is plotted as a function of the unit cell volumetric strains
ey = 1-V/V,, where V is the unit-cell volume at current pressure and V,
is the volume at ambient pressure which is obtained from refining the
ambient pressure XRD data. This plot is then fitted with second-order
Birch-Murnaghan equation of state (BM-EoS; see Eq. (2)), as shown in
Fig. 4(b)—(d). Note that the bulk modulus K} is the only parameter to be
refined. The bulk moduli of CA, CAH;, are 113 +* 5GPa and
63 = 1GPa, respectively. The data points for C3AH¢ follow two dif-
ferent trend lines at lower and higher pressure region, which disjoint at
pressure range ~5 to ~8 GPa. This is consistent with the behavior of the

The interplanar d-spacings, the lattice parameters and unit cell volume of CA under elevated hydrostatic pressure values. The angles a and v are fixed at 90°.

P (GPa) Interplanar d-spacings [?N) Refined lattice parameters V (A% Verror (A3)
aimn 12y (©20 1) @3 123 220 «@ bA) A  awr @ b B @ B Berror

0 5.506 4.661 4.040 3.706 3.057 2969 2960 8.69 8.08 15.21 0.01 0.01 0.04 90.1° 16.8° 1067.3 3.2

3.5 5.429 4616 3972 - 3.023 2926 2910 8.58 7.93 15.12  0.02 0.01 0.05 89.9° 9.6° 1028.4 4.3

6.2 5.402 4.582 3.943 - 3.014 2911 2.893 8.55 7.87 15.07 0.03 0.01 0.06 89.9° 12.9° 10144 5.6

8.0 5.372 4572 - - 3.009 2.898 2.887 8.58 7.80 15.05 0.03 0.03 0.07 90.1° 17.1° 1006.8 7.0

9.5 5.359 4545 - - 2996 2885 2870 8.53 7.76 15.04 0.01 0 0.01 90.0° 2.0° 995 1.2
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Fig. 2. The diffractograms of CAH;o measured under in-
creasing hydrostatic pressure. The green dashed square
magnifies the diffraction with 1/d between 0.17 and

(120) (201) 0.25 A", (For interpretation of the references to color in

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

(300)(211)

1/d (A1) 1/d (A1)
Table 2
The interplanar d-spacings, the lattice parameters (a and b) and unit cell volume V, of CAH;, under elevated hydrostatic pressure values. The angles a and § are both fixed at 90°, and y at
120°.
P (GPa) Interplanar d-spacings A d100)/d(200 Refined lattice parameters A V(A% Verror (A3
(100) (101) (200) a c A error C_error
0.2 14.207 7.179 7.141 1.99 16.45 8.31 0.04 0.01 1947.5 11.9
0.8 14.130 7.151 7.115 1.99 16.37 8.28 0.06 0.01 1922.7 15.8
2.3 14.016 7.101 7.059 1.99 16.24 8.23 0.06 0.01 1879.5 15.9
3.6 13.950 7.060 7.013 1.99 16.15 8.18 0.04 0.01 1847.5 11.7
4.7 13.896 7.029 7.001 1.99 16.11 8.14 0.06 0.01 1828.2 16.1
5.7 13.848 7.006 6.965 1.99 16.04 8.11 0.05 0.01 1807.8 12.6
6.7 13.784 6.968 6.899 2.00 15.92 8.07 0.01 0.00 1773.4 2.3
7.7 13.752 6.963 6.888 2.00 15.89 8.07 0.01 0.00 1765.8 3.7
CagAl,05:6H,0 (CAHG) axial shortening of C3AHg as shown in Fig. 4(a). Such discontinuity on
@00) (420) (431) (521)  (611) the ey vs. Pressure? plot usually implies a p}?as'e transition, [24] as is also
@11) (220) @321) 3 ! observed in previous work [27,28]. By fitting the low pressure data
/\_L\APA A W\— 12.0 GPa points, the bulk modulus of the ambient-pressure C3AHg structure is
e M\__._A A 9.8 GPa 66 = 2GPa, comparable to the reported values [25,26]. When fitting
I /u;,_,_ﬂ/\ 7.9GPa the BM-EoS of the high pressure C3AHg phase, we use Eq. (1) and allow
/\_M,_A N 4.9 GPa both Vp and Kj to be refined, as shown in the inset in Fig. 4(d). They are
w—mﬁ 5% GPa refined to be 2007 + 27 A®and 70 * 10 GPa, respectively. Apart from
— f ] 02GP the relatively large uncertainty, the K, for high-pressure polymorph of
D LMMJU cre C3AHg is slightly larger than that of the ambient pressure phase.
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
1/d (A) 4. Discussion

Fig. 3. The diffractograms of C3;AHe measured under increasing hydrostatic pressure. The
diamond symbol and inversed triangle symbol indicate the split of an overlapped dif-
fraction from C3AHg and ruby (Al,O3), respectively.

Table 3

1.1 Phase transition of C3AHg

On the ¢y vs. pressure plot of C3AHg (Fig. 4(c)), a discontinuity is
observed at pressure between ~5 and ~8 GPa, which is most likely due
to a phase transition. However as shown in Fig. 3, the diffractogram of
C3AHg exhibit a continuous change as pressure increases up to 12 GPa,

The interplanar d-spacings, the lattice parameter a and unit cell volume V, of C3AH, under elevated hydrostatic pressure values. All lattice angles are fixed at 90°.

P (GPa) Interplanar d-spacings A) Refined lattice parameter &) V (A% Verror (A3
(211) (220) (321) (400) (420) (431) (521) (611) a @ error
0.2 3.978 4.594 6.077 6.497 7.266 8.282 8.899 10.024 12.58 0.01 1988.6 4.3
2.7 4.028 4.656 6.159 6.583 7.361 8.393 9.016 10.148 12.41 0.01 1912.5 4.2
4.9 4.065 4.695 6.213 6.633 7.42 8.467 9.094 10.233 12.31 0.02 1864.2 6.8
7.9 4.098 4.731 6.260 6.69 7.474 8.533 9.164 10.312 12.22 0.01 1824.8 6.1
9.8 4.116 4.746 6.286 6.721 7.515 8.576 9.206 10.366 12.16 0.01 1798 5.4
12 4.144 4.786 6.332 6.773 7.574 8.627 9.280 10.443 12.07 0.01 1757.7 2.2

41



G. Geng et al.

(@)
17 100 CA_a-axis A CAH,,_a-axis
1MW CA b-axis A CAH,q_c-axis
< 15 {H CA_c-axis OC;AH,_a-axis
a ]
Q 13
a ] ®
e 11 ]
2 g1 = ©Om
5 1 y
A |
® 5 1
o ]
3 3] 'g
T 1
1 ] ﬁ
-1:|r||||...|....|..
-0.02 0 0.02 0.04
Axial Biot strain ¢
(c)
10
1 CAHy,
T 8]
o ]
9 i
% 61 k=63+1 GPa
5 ]
@ ]
8 4
a ]
0 ]
S 2]
= ]
e 4
g ]
T 0 ]
_2_"|||||||||||||‘|||II
-0.02 0.01 0.04 0.07 0.1

volumetric strain ¢,

Cement and Concrete Research 108 (2018) 38-45

b
()12
ECA

—~ 10 1

= ]

% ]

. 8

o 1 K;=11315 GPa
2 61

(%] 4

2

s 4]

g

8 21

= ]

= ]

T o

-2_"|||||||||||||||||I|III

-0.02 0 0.02 0.04 0.06 0.08
volumetric strain ¢,

(d)
195 13F
17 {81k
— 199F
& 1° §m71:740
e 13 1 viay 1840
a 1 K,=70+10 GPa A
© 11 1V72007£27 A3
2 ] A
e 91
& _ ]
o 7]
IS ]
@ 51
o ]
> 3 K,=66+2 GPa
11
] C3AH,
'1 -""I""l""l""l""

-0.02 0.01 0.04 0.07 0.1 0.13
volumetric strain ¢,

Fig. 4. The hydrostatic pressure plotted as a function of (a) the shortening of each axis of the studied minerals, and the volumetric strains of (b) CA, (c) CAH;, and (d) C3AH¢ crystals. The
black curves in (b)-(d) are the fitted second-order Birch-Murnaghan equation of state (BM-EoS), with the bulk modulus K, also labeled in the plots. The inset in (d) is the BM-EoS fitting of

the high pressure polymorph, where V, is allowed to be refined.

with the absence of new peak being generated. Therefore this trans-
formation is not likely a reconstructive phase change that significantly
alters the crystal structure, but rather a slight displacement of atom
positions which does not require bonds to be disconnected and re-
connected [45]. This pressure-induced displacive phase transition is
often observed in minerals with (alumino)silicate tetrahedra framework
[44,46]. This phase change does not seem to significantly change the
bulk modulus.

Similar conclusions were also drawn in previous studies that the
phase transition is through the slight displacement of Ca and Al atoms,
which enables a few new diffractions that are forbidden by the original
Ia3d symmetry [27,28]. These new diffraction peaks are very weak,
[27] and are not observed in the current study probably due to the
pressure-induced peak broadening. CazAly(SiO4); (grossular) is a
structural analogue of C3AHg where all the (O4H,) tetrahedra are re-
placed by the SiO, tetrahedra. As a result, the ambient pressure bulk
modulus of Ca3Al;(Si04)3 is ~2.5 times that of C3AHg, since the (O4H,4)
tetrahedron is much more compressive than the SiO,4 tetrahedron [25].

42

4.1. Correlation between bulk modulus and mineral density

It is widely accepted that the macro-scale stiffness of a cement-based
matrix largely depends on the porosity, or equivalently the density of
the matrix. This correlation is also validated at microscale, that the
packing density of nanoparticles determines the hardness measured by
nano-indentation [47]. Is this still valid at the molecular level, i.e. is the
stiffness of a single cement-based phase positively proportional to its
density? The reported studies seem to indicate that this hypothesis is
valid with calcium silicate hydrates (C-S-H), the principal binding phase
in hydrated Portland cement. Geng et al. [21] demonstrated that the
bulk modulus of C-S-H is dominated by the shortening and densification
of the interlayer spacing, rather than the linkage of the silicate tetra-
hedral chain. Dharmawardhana et al. [48,49] also proposed that the
total bond order density (TBOD) is an ideal overall metric for assessing
crystal cohesion of C-S-H and anhydrous calcium silicates. Bauchy et al.
[50,51] reported that, similar as glass material with topological net-
work, the stiffness of C-S-H is dominated by the average number of
constraints that one atom bears from its neighbor atoms.
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Fig. 5. (a) The bulk moduli K, as functions of densities, and (b) the specific bulk moduli
(Ko divided by density p), of several cement-based minerals and zeolites. The blue band in
(a) indicates the linear trend (experimental data) of K, increasing along with p. The ab-
breviations in (a) are Ph (phillipsite), La (laumontite), An (analcime), Sc (scolecite), Th
(thomsonite), Na (natrolite), Yu (yugawaralite). The abbreviations in (b) are C (CaO), S
(Si0,), H (H,0), N (Na0), K (Ka0), S (SO3), ¢ (COy). The data are from the current study
and previous reports [20,22-24,27,46,52,54,55,59]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

In order to examine the density-driven stiffening hypothesis among
the calcium aluminate (hydrates), and other cement-based materials,
we plot their bulk moduli as a function of their densities; see Fig. 5(a).
The data are from the nano-indentation, HP-XRD and molecular simu-
lations reported in the past two decades [20,22-27,52-60]. The plot
also contains the data of a few zeolites as they have similar chemical
compositions and crystal structures with cement-based phases [46]. In
general, a positive correlation between the density and bulk modulus is
observed, as indicated by the blue band in Fig. 5(a). The calcium (sulfo/
carbo)aluminate hydrates with LDH (layer-double-hydroxide) structure
exhibit relatively lower density (< 2000kgm ™) and smaller bulk
moduli (< 30 GPa), with the exception of monocarboaluminate. The
anhydrous  calcium  aluminates/silicates are the  densest
(p > 3000 kgvm’3) and stiffest phases (K, > 100 GPa) in cement-
based composites. The nanocrystalline C-S-H, tobermorite group mi-
nerals, C3AHg and zeolite minerals are of intermediate densities and
bulk moduli. Molecular calculations (green circle in Fig. 5(a)) also re-
produced the density-driven trend, although the values are smaller than
experimental data.

We further calculated the specific bulk moduli, i.e. bulk modulus K,
divided by density p, of the experimental studied phases, as shown in
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Fig. 5(b). Apart from the generally linear correlation between density
and bulk modulus, there exist three obvious contradictions: 1) CAH;q
has the highest specific bulk modulus over all hydrate minerals, and is a
complete outliner of the linear trend (blue band in Fig. 5(a)); 2) the
zeolite minerals are of similar density, but their bulk moduli vary in a
broad range between 30 and 70 GPa; 3) the specific moduli of LDH
minerals and calcium (sulfo)aluminate hydrates varies significantly.
These contradictions indicate that, the bulk moduli of cement-based
minerals are not solely determined by their density. Large numbers of
studies in geophysics have demonstrated that, the elastic moduli of
minerals with network of rigid units (e.g. SiO4 and AlO, tetrahedra)
depend greatly on the topology of the network [44,46]. Under hydro-
static pressure, the corner-shared tetrahedra tend to tilt to accom-
modate the compression, instead of the rigid bonds (e.g. Si—O and
Al—-0) being compressed. When the tilting is not permitted by the
symmetry of the topology, the mineral normally develops high stiffness.

We compared the topology of CAH;, framework with two other
minerals in Fig. 6. CAH;o has an interconnected network of AlOg oc-
tahedra and CaOg polyhedra, with water and hydroxyl groups filled
within the channels (not displayed in Fig. 6 for a better vision of the
network). The basic unit of this framework is a (CasAlgOs6)*® ™ super-
structure, with a 3-fold axis indicated by the black dashed line in
Fig. 6(c). Each basic unit is connected with 6 adjacent basic units
through edge-sharing of the AlOg octahedra. The shared edges are in-
dicated by the red arrows in Fig. 6(c). Unlike corner-sharing, edge-
sharing connection has only one possible tilting direction. The 6-shared
edges of the basic structural unit are not in a common plan that is
perpendicular to the 3-fold axis. As a result, the tilting of the 6-shared
edge will basically result in a breaking-down of the structural unit.
Therefore, the network tilting is not an energetically favored de-
formation path of CAH;o. Indeed we observed that CAH;, shortens in
the same rate along a-(b-) axis and the c-axis, i.e. the whole network
shrinks isotropically without a change in the overall shape. This
strongly implies that the deformation is through the shortening of atom
bonds, which explains the high specific bulk modulus of CAH;.

On the contrary, ettringite has rigid calcium aluminate columns but
they are not interconnected. The LDH (strétlingite, hemi-
carboaluminate) minerals only have rigid planer network yet again
there exists no rigid connection between the layers. Under hydrostatic
pressure, neither the rigid column in ettringite, nor the layer structure
in LDH would support the whole structure from shrinking. Meanwhile
large quantities of volumetric strain are expected within the water-
filled region between these rigid parts, as the hydrogen bond network is
much weaker than the primary bonds [27,28,44,58]. As a result, et-
tringite and LDH minerals exhibit smaller bulk moduli.

It should be noted that the monocarboaluminate is significantly
stiffer than strétlingite and hemicarboaluminate, although they share
the same LDH structure. The increasing content of carbonate groups in
the interlayer regions seems to have a significant influence on the
overall stiffness of monocarboaluminate. Besides, the local negative
correlation between density and stiffness for ettringite, stratlingite and
hemicarboaluminate, also mismatches the overall positive trend.
Similar observation is reported for zeolites, that the bulk modulus also
depends on the bonding between the host zeolitic framework and the
stuffed guest species [46]. Future molecular scale calculation on these
cement-based minerals may provide detailed evidence.

5. Conclusions

The current work systematically probes the anisotropic in-
compressibility and bulk moduli of the major component minerals in
calcium aluminate hydration system, using synchrotron-radiation-
based HP-XRD. The main conclusions are summarized as follows:

1. The bulk moduli K, of CA and CAH, are, for the first time, reported
to be 113 = 5GPa and 63 * 1GPa, respectively. Under
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(a) CAH,( (view from (100))
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(b) CAH,, (view from (221))

Fig. 6. The topological structure of CaOg polyhedra (blue), AlO¢ octahedra (green) and SO, tetrahedra (yellow) in (a)-(c) CAH;o, (d) monocarboaluminate and (e) ettringite. The black
dash in (c) indicates the 3-fold rotation axis. The red, brown and pink spheres are oxygen, carbon and hydrogen atoms, respectively. For viewing convenience, the water and hydroxyl
groups in CAH;, are not displayed. The visualization is achieved with VESTA package [61]. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

hydrostatic pressure, CA crystal develops anisotropic deformation,
with the most shortening observed along the b-axis, and the least
shortening long the c-axis. Although the crystal structure of CAH;q is
anisotropic (hexagonal), it has rather isotropic incompressibilities. A
phase transition of C3AHg is observed at pressure between 5 and
8 GPa. The K, of the ambient pressure C3AH¢ phase is 66 + 2 GPa,
and 70 = 10 GPa for the high pressure polymorph.

2. The bulk moduli of cement-based minerals are, in general, propor-
tional to their densities. However the topological structure of the
tetrahedra, octahedra and polyhedra framework has a big influence
on the incompressibility of the minerals. When bond-angle-tilting is
inhibited in the framework deformation, the mineral may develop a
high stiffness even its density is low. One such example is CAH;,.

3. This work adds knowledge to understand the mechanical property of
single cement-based crystalline phase. It also provides fundamental
input for the multiscale homogenization modeling of the mechanical
property of calcium aluminate hydration system.
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