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Thermal processes play a crucial role in the durability problems related to ettringite formation and the appli-
cations of ettringite for thermal energy storage. The complete characterization of the thermal response of
ettringite requires the knowledge of how the thermoelastic properties of the materials evolve with the relative
humidity and temperature. Here, molecular dynamics simulations are deployed to provide ettringite's thermo-
elastic properties, including the collapsing ettringite and metaettringite domains. The thermoelastic properties
remain stable for RH ranging from 10 to 100 % at ambient temperature. The properties evolve linearly with the
temperature in the range 278-328 K. Results from simulations show a good agreement with the experimental
data available, building confidence in the use of molecular simulations to provide the property data in the

conditions in which there is no experimental data available (as is the case of low RH conditions).

1. Introduction

Thermal processes in ettringite play a critical role in delayed
ettringite formation, a significant durability problem involving ettrin-
gite [1]. Applications of ettringite-rich materials for thermal energy
storage (TES) require a precise control of the thermal response of the
material [2-5]. Thermal conductivity is the leading property controlling
thermal transport; heat capacity, coefficient of thermal expansion, and
elastic constants are fundamental to characterize thermoelastic
behavior. Despite the importance of knowing precisely these properties
to predict ettringite-rich materials behavior, to date, how the thermo-
elastic properties of ettringite and metaettringite evolve with the tem-
perature and relative humidity remains unknown.

Gathering fundamental component data in cement systems has been
highlighted as a task with the potential to revolutionize cement and
concrete research [6]. Modeling strategies, especially atomistic simu-
lations, play a leading role in this task. These simulations have been
successfully deployed to understand the physical origins of various
properties, including the thermal properties [7-9], of the different
phases present in cement systems. In the case of ettringite, atomistic
simulations provide estimations of the mechanical properties in agree-
ment in experimental data [10-15]. Sorption and interfacial properties
of ettringite were also successfully simulated using atomistic approaches
[16,17]. At low RH (<1 %), ettringite dehydrates, forming a more
disordered phase called metaettringite [18], whose structural details
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have been only recently described, and that via atomistic simulations
[17]. These results build confidence in the use of atomistic simulations
to provide estimations of ettringite physical properties.

Atomistic simulations focusing on all the relevant thermal properties
of ettringite have not yet been proposed in the literature. A first esti-
mation of the thermal conductivity of ettringite has only been provided
recently [19] and that solely for the saturated case under ambient
temperature. Ettringite exhibits significant water content and volume
changes under relative humidity (RH) and temperature variations
[20,21]. The evolution of the thermal properties with the variation in
the water content has been pointed out as a critical open question in TES
applications of ettringite [2]. Such kind of information might help in the
optimization of the domain of performance [18,21] of ettringite-rich
products in TES. Further, the evolution of the thermoelastic properties
of ettringite with the temperature is also valuable input for multiscale
modeling.

In this work, molecular dynamics simulations are used to compute
the thermoelastic properties of ettringite using classical molecular
simulations. Thermal conductivity is calculated using standard Green-
Kubo formalism and complex frequency-dependent conductivity. The
heat capacity is calculated using classical and semi-classical approaches.
The thermal expansion is computed using the fluctuation approach. The
full stiffness tensor is calculated using finite differences. Configurations
at equilibrium at ambient temperature and under various RH, as pro-
vided in ref. [17], are used as input. These configurations include
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systems in the metaettringite and collapsing ettringite domain. The in-
teractions among atoms are modeled using the updated version [17] of
empirical force field AFFF [14]. The updated version introduces har-
monic covalent bonds and angles for sulfates. Finally, the temperature
dependence of thermoelastic properties in the ettringite, collapsing
ettringite, and metaettringite domains is quantified.

2. Molecular models and methods
2.1. Atomic structure and force field

The atomic structure of ettringite from ref. [22] is adopted. The
structure is hexagonal with a P31c group. In the molecular formula of
ettringite CagAly(SO4)3(OH)12-nH20 the molecular water content is
variable with n = 24-27. This water content is associated with systems at
equilibrium between 2 and 100 % RH at ambient temperature (and that
according to a desorption process, since ettringite exhibits a pronounced
hysteresis under sorption [17]). At lower RH, ettringite converts into
metaettringite, which exhibits a lower water content (n=5-7 according
to [18]). Significant changes in the structure are observed for n < 24
with a decrease in lattice parameters with dehydration with a subse-
quent collapse of the columnar structure of ettringite for n < 12 [18].
Hereafter, three domains are defined:

e Ettringite domain with water content n = 24-27 (corresponding RH:
5-100 % at ambient temperature)

e Collapsing ettringite domain with water content n = 12-24 (corre-
sponding RH: 1-5 % at ambient temperature)

e Metaettringite domain with water content n = 6-12 (corresponding
RH: 0-1 % at ambient temperature)

It must be noted that metaettringite is representative of the behavior
in the adsorption branch up to RH of at least 60 % [17].

In a previous study [17], hybrid GCMC-MD simulations directly
sampling the osmotic ensemble (N;uPT) were deployed to obtain con-
figurations at equilibrium according to various RH at 298 K. In an NjuPT
simulation, the number of particles in the sorbent N, the chemical po-
tential of water y (directly related to the RH), the pressure P, and the
temperature T are kept constant (while, the conjugate variables: the
number of water molecules, the volume and the entropy are allowed to
vary). The simulations outputs are in agreement with experimental data
[21] regarding the water content and the lattice parameters, as shown in
Fig. 1(A) and (B), respectively. The configurations for the various RH are
used as input here. Fig. 1 (right) shows snapshots of the corresponding
structures at equilibrium at various RH.

Atoms interactions are described using the empirical force field AFFF
[14,17], which captures the structural features, elastic response, and
sorption behavior of ettringite [14,17]. AFFF uses flexible SPC/E to
model water and OH groups in the columns; the associated bond and
angles are based on ClayFF parameters [23]. In the last version of AFFF,
bond and angles interactions [17] are introduced for sulfates to capture
the structural changes under sorption-induced deformations better. As
shown in Section 3.1.3, this feature improves the estimation of elastic
constants. However, rigid water model captures better the experimental
thermal conductivity (see Appendix A) and heat capacity of water [24].
Therefore, rigid models are adopted for these properties.

Simulation is run with LAMMPS [25]. A cutoff of 10 A is used for
non-bond pair interactions. Tails corrections are used for Lennard-Jones
potential; Ewald summation is deployed to cope with long-range elec-
trostatics (with a relative error in forces of 10_5). Time integration is
performed using a 0.1 fs timestep.
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Fig. 2. At left, components of the heat flux auto-correlation function (HFACF) of ettringite at RH = 100 % and at ambient temperature (298 K) as a function of the
simulation time. At center, components of the thermal conductivity obtained from direct integration of the HFACFs according to the standard Green-Kubo formalism
(Eq. (1)) as a function of the simulation time. At right, components of the complex frequency-dependent thermal conductivity (Eq. (3)) as a function of the simulation
time. All results are reported in a Cartesian frame ((x, y, 2), where x = a and z = c).

2.2. Thermoelastic properties from molecular simulations

2.2.1. Thermal conductivity

The thermal conductivity tensor can be computed from molecular
simulations using equilibrium and non-equilibrium methods. Non-
equilibrium methods include direct thermostatting method [26], and
reverse perturbation method [27]. The main equilibrium method is the
Green-Kubo formalism, adopted in this work and detailed in the
following.

Using Green-Kubo formalism, the thermal conductivity is the time
integral of the ensemble average (denoted by (.) operator) of the heat
flux J; (i = x, y, 2) auto-correlation (e.g. [28]):

V 00
=g [ GO @50 )ar W

where V is the volume, T is the temperature, k is the Boltzmann constant
and ® stands for the tensor product. The terms ®; = (J{(0) ® J;(t)) are the
components of the heat flux auto-correlation function (HFACF). The
heat flux vector is computed from the viral stress, kinetics and potential
energy per atom:

)= % [ZEPVP - Zspvp:| (2)
» »

where Ej, is the sum of the kinetics and potential energy, v is the velocity
vector, and S, is the stress tensor for atom p.

The conductivity 4; computed from Eq. (1) may not converge as t —
oo in the integration. A solution to overcome this problem if to compute
the thermal conductivity tensor using the frequency-dependent response
of the complex conductivity [29]:

Zij(w) = r‘;z/om (J:(0) ® J;(r) Yexpliwt)dt 3)

The static thermal conductivity /18 can be obtained from fitting, in the
low frequency range, the modulus |4;(w)| of the complex conductivity
with the expression |1;(w) | = /13 + Awf, where /18, A and ¢ are free pa-
rameters in the fitting procedure [7].

Regarding the simulations, prior to the computation of heat fluxes,
the systems are equilibrated during 0.5 ns in an NVT run (Nosé-Hoover
thermostat with a damping parameter of 100 timesteps is adopted).
Then, to avoid the fictitious forces due to the thermostat affecting the
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computation of the thermal conductivity, the heat fluxes are computed
in an NVE run (it was verified that the target temperature is stable
during this run). An extensive convergence study of the correlation
lengths and timesteps was performed. The HFACF shows a high oscil-
latory pattern, which is well captured by the 0.1 fs adopted here. The
diagonal components of the HFACF decay to zero within the 1 ps win-
dow; the out-of-diagonal components oscillated around zero. These as-
pects are depicted in Fig. 2 for the case of ettringite at RH = 100 % and T
= 298 K. The direct integration of these HFACFs according to the
standard Green-Kubo formalism (Eq. (1)) shows convergence for a cor-
relation length of 1 ps. For production, 20 independent trajectories are
considered for each RH and temperature. Each trajectory comprises a 20
ps run in which the HFACF is accumulated during this running with a
sample interval of 1 timestep. Standard deviations for the components of
the thermal conductivity tensor are computed from converged results in
the 20 independent trajectories.

The complex frequency-dependent thermal conductivity (Eq. (3)) is
also depicted in Fig. 2. In the results section, the outcomes obtained
using this strategy are compared with the results from standard Green-
Kubo formalism.

In the strategy presented above, the required symmetry of J; is not
enforced. Verification of such symmetry is also illustrated by the results
shown in Fig. 2. The out-of-diagonal HFACF components are similar, and
the symmetry A; = 4;; is approximately observed for both cases (of direct
integration and complex frequency-dependent thermal conductivity).

2.2.2. Coefficient of thermal expansion
The tensor of thermal expansion can be computed from the definition
(.e.g. [30,31]):

or

or using a the fluctuation formula [30-32]:

_ <H€’I>Nnr — <H>N”7'<8U>Nnr
kT* '

(5)

ajj

where the thermal expansion tensor can obtained from the cross fluc-
tuations of the enthalpy H and the second-order Lagrangian deformation

tensor &; =1 {hg Th"hhy' - I] , obtained from the crystal cell parameters

(h matrix is a matrix formed by arranging the lattice vectors as {a, b, ¢},
the subscript 0 refers to the reference zero stress state). I is the unit 3 x 3
matrix, and the superscript [.]7 is the transpose operator.

The simulations are performed with the fluctuation approach in NoT
ensemble with Nosé-Hoover thermostat and barostat (the barostat is
applied independently according to each direction of the stress tensor)
during 0.5 ns production run after proper equilibration. The enthalpy
and enthalpy/deformation cross-terms are averaged during these 0.5 ns.
Five independent trajectories are considered, and the standard deviation
from these trajectories.

2.2.3. Heat capacity
In a full classical approach, the heat capacity can be computed in a
molecular simulation using the definitions

OE O0H
o= [l 3, ©

and a finite difference method, or by means of fluctuation-dissipation
formula [33]:

_ <E2>er — <E>iVT

Cv kT?

)

)y~

Cr kT?

(3

Cement and Concrete Research 159 (2022) 106865

where V and P are the volume and pressure, and E is the internal energy.

For comparison with experimental data, it can be helpful to report
the heat capacities in terms of specific heat capacities cy, cp (in a unit of
energy per mass-Kelvin) The specific heat capacities can be computed
from the total heat capacity Cy, Cp using cy = Cy/(Myoq) and cp = Cp/
(Myotar), With myyq being the mass.

Various authors show that the incorporation of quantum corrections
are often required to properly reproduce the experimental heat capacity
of crystalline materials [7,34-36]. Due to the high phonon frequency in
crystals (i.e., when Aw ~ kT in ambient conditions), quantum effects
become non-negligible, leading to a heat capacity lower than the clas-
sical estimate may yield. A semi-classical approach can be defined in
which quantum effects are incorporated but the vibrational density of
states is obtained using classical methods [37,38]. In this approach, the
heat capacity at constant volume is

_dE,;, ® (hon(w,T) 2 (10}
Cv =" = 3Nk /0 < o exp{kT]g(a))dw )

where 3Nk corresponds to the Dulong-Petit law, o is the angular fre-
quency, # is the reduced Planck constant, n(w,T) is Bose-Einstein dis-
tribution n(w,T) = 1 > and g(w) is the vibrational density of the

states (VDOS) [37,38]:
1m0 v(0))
g(w) 7;/700 ,- Wexp[twt]dt 10)

The VDOS is obtained from the mass-weighted velocity auto- corre-
lation function (mjvj(t) . Vj(O)), with m; being the mass of particle j; and
vj(t) being the velocity vector of particle j at time t.

A hybrid approach combining the semi-classical method for the dry
mineral and a classical approach for the water has been shown to best
capture the heat capacity of hydrated minerals such as swelling clays
[24]. A way of computing the heat capacity via this hybrid approach is
first to compute the classical approach for the entire system (C$*) and
then subtract the contribution of the dry mineral (the classical approach
applied to the dry mineral yields Dulong-Petit law (C{%5, = 3Nk [241)).
The contribution of water in the classical approach is therefore C{%%, =
C$%5 — 3Nyk. The total heat capacity is then obtained has the sum of the

inter-layer and dry mineral (C™55'%) contributions:

CV — C;lis‘i + C‘szlj’;:[m: — C;la:s _ 3N\k + C:/(’Trir;"rlam (11)
where C™L:€1955 is computed from the semi-classical approach detailed
above applied only to the dry mineral.
In the hybrid approach, the specific heat capacities are given by [24]:
ey = foc§e + (1= fi ey o =
lass semi—class _ SNk 12)
i (1 - g (e - 20)

my

with f,, = my/Myoq and (1 — f,, = mg/Myyq) being the mass fractions of
water and dry mineral, respectively.

The difference between cp and cy is given using Mayer's relation (e.g.
[39]):

T
cp—cy = ; ikl Xij Ot 5 13)

where p is the density.

Full classical simulations are performed with the fluctuation
approach in the NVT ensemble with a 0.1 fs timestep, 0.1 ns are used to
equilibrate the system followed by a 0.5 ns production run. The internal
energy and its square are averaged during these 0.5 ns. Semi-classical
simulations are performed in the NVE ensemble (again, to avoid the
fictitious forces from the thermostats) in 10 ps runs following proper
equilibration (under NVT ensemble). Appendix B shows the velocity and
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Table 1
Thermal properties of ettringite, collapsing ettringite, and metaettringite at T =

1
298 K. Tensorial quantities are symmetrized (i.e., 4; = 3 (4 +/1ji) and a; =

% (@ + aj)). The hybrid approach combing classical and semi-classical methods

is deployed for the heat capacity. Molecular water content n given according to
the structural formula CagAl,(SO4)3(OH)-nH50 (with the total water content

accounting also for OH groups in the columns being (n + 6)).

RH Ettringite Collap-ettr. Meta-ettr.
n 5-100 % 1% 0.1%

24-27 23 10
Jex [W/(m-K)] 3.09 £ 0.90 3.34 +0.73 1.43 £ 0.52
Jyy [W/(m-K)] 2.83 + 0.85 4.95 + 0.72 1.74 + 0.56
zz [W/(m-K)] 2.41 +0.88 5.06 + 0.74 3.00 + 0.82
Ay [W/(m-K)] 0.03 + 1.17 —5.66 + 2.10 —-0.38 £ 1.53
ez [W/(m-K)] 0.32 +1.14 —~1.54 + 2.75 -0.19 £+ 1.71
Jys [W/(m-K)] 0.33 +1.21 3.27 + 4.11 0.89 + 1.68
211 [W/(mK)] 4.87 8.05 3.12
22 [W/(m-K)] 2.33 4.12 1.61
A3z [W/(m-K)] 1.13 1.18 1.45
Ay [W/(m-K)] 2.78 + 0.51 4.45 +0.73 2.06 + 0.65
e [1075/K] 4.40 + 0.63 4.10 + 1.40 4.61 +1.16
ay, [107°/K] 4.41 + 0.63 413 +1.39 4.62 +1.18
az [107°/K] 6.67 + 0.52 6.21 + 3.06 3.47 +£1.38
Ay [1075/K] —0.30 £ 1.56 —~1.87 £ 1.97 0.69 + 1.97
e [107°/K] 0.46 + 1.11 —0.75 + 1.44 0.84 + 1.44
ay; [107%/K] 0.48 + 1.00 -1.23 + 1.74 0.41 + 1.74
a1 [107°/K] 7.61 6.80 5.67
@z, [107°/K] 5.03 5.85 4.01
as3 [1073/K] 2.83 1.79 3.02
a, [1075/K] 15.45 + 1.03 14.4 + 3.87 13.91 + 1.35
cy [J/(kg-K)] 1746 + 48 1805 + 39 1366 =+ 21
cp [J/(kg-K)] 1845 + 75 1879 + 74 1422 + 75

mass-weighted velocity autocorrelation functions and the vibrational
density of states for ettringite and metaettringite. Five independent
trajectories are considered in both full and semi-classical cases, and the

Cement and Concrete Research 159 (2022) 106865

standard deviation is calculated from the c, obtained for each trajectory.

2.2.4. Elastic constants

Despite the focus of this work being on thermal properties, the elastic
constants are required to compute cp — cy (Eq. (13)).

The elastic constants are computed using a finite difference approach
using the definition [33]:

a(,.}
Ci = |
- {051(1 Toeu

in which o is the second-rank stress tensor.

The finite difference approach (here, under finite temperature)
consists of slightly deforming (so that the system remains within the
elastic domain) the simulation box in each one of the six axial and
tangential directions followed by an NVT run in which the ensemble-
averaged pressure tensor is computed. To avoid the effects of any
tension-compression asymmetry under loading, the average of both
negative and positive deformations is considered in the computations.

14

3. Results and discussion

3.1. Thermoelastic properties of ettringite and metaettringite at ambient
temperature: effects of the RH

Table 1 gathers the thermal properties of ettringite and metaet-
tringite at obtained at ambient temperature. For the tensorial quantities,
the results are shown in both Cartesian and principal frames. Details on
the computation and a comparison with available data from the litera-
ture are presented in the following.

3.1.1. Thermal conductivity
The components of the tensor of thermal conductivity of ettringite
and metaettringite (in a Cartesian frame ((x, y, 2)) obtained from MD

10 7 Fig. 3. Components of the tensor of thermal
9 A conductivity of ettringite (and metaet-
F ~ 5 <§ 1?<lxz Axy "’lyz tringite) at ambient temperature (298 K) in
8 < ':} § 5 a Cartesian frame ((x, y, x), where x = a and
7 E - T z = ¢): (A) diagonal A; and (B) out-of- di-
5 6 0 : ' =3 agonal J;(i # j) components. In (A) the lines
£ 0 2 4 é ]‘ X show the average conductivity values in the
ES % %, =1 fx X4 ] ¥ ox l | ettringite domain (RH >1 %). (C) Principal
=4 + é + i E | | | 4— 1 | components of the tensor of thermal con-
'4-3 (I) I 1 L d <1 i x % X 1 4 ductivity of ettringite and metaettringite.
T_ T il i v, Sl (i il W Gy l 1 (D) Volumetric thermal conductivity (A, =
2 (% 3 1 | 1 Tr(%) / 3) of ettringite and metaettringite as
1 {,\ 1 a function of RH. Five MD trajectories are
0 ) ) OAxx Odyy OAz considered for computing the standard de-
0 20 40 60 80 100 -5 0 20 4'0 6.0. .80. — '100 viatio.ns. The insets zoom in the low RH
RH [%] RH [%] domain.
10 10
[]
9 F 9 6
C . D %
—8 @ * 8 < 4
Mo b ® lss ° 7 2 *
= 2 du 0 X ! =
< b *
= 6 A2z 0 2 - -4 s b é 6 0 .
<5 bl | =5 0 2
= 5 B =
.54 P = m P ::;4 l +
£3 LR " 3 + + o B
N AR =
1 ___‘__.__‘_’___3__.__0__u 1
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Fig. 4. Components of the complex frequency-dependent thermal conductivity
at low frequency and fittings for the case of ettringite at ambient temperature
(298 K) in a Cartesian frame ((x, y, x)).
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Fig. 5. Volumetric thermal conductivity (Tr(1) / 3) of ettringite (and metaet-
tringite) at ambient temperature (298 K) as a function of the water content. The
line shows the average conductivity values in the ettringite domain (RH >10
%). The inset zooms in the ettringite domain.

simulations are shown in Fig. 3(A) and (B). In the ettringite domain, on
average, the diagonal components follow Ay > Ay > 4z, (3.09 + 0.90 >
2.83 + 0.85 > 2.41 + 0.88 W/(m-K)), as indicated by the horizontal
lines in Fig. 3(A). The out-of-diagonal components ;(i # j) (Fig. 3(B))
are close to zero (considering the standard deviation of the simulations).
The results obtained by direct integration of HFACF agree with the one
obtained using the complex frequency-dependent conductivity. Fig. 4
shows the complex frequency-dependent thermal conductivity at low
frequency and corresponding fittings for the case of ettringite at ambient
temperature.

The principal components (eingenvalues) of the thermal conductiv-
ity tensor are shown in Fig. 3(C). The average values of the principal
components in the ettringite domain are 417 = 4.87 W/(m-K), 153 = 2.33
W/(m-K), 433 = 1.13 W/(m-K), which shows a non-negligible anisotropy
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Table 2

Thermal conductivity of hydrates and clinker minerals.
Phase Ay [W/(m-K)] Ref.
Ettringite 2.76 £0.51 This work
Collap. ettringite 4.45 + 0.73 This work
Metaettringite 2.06 + 0.65 This work
C-S-H (Ca/Si = 1.0) 0.98 + 0.2 [7]
C-S-H (Ca/Si = 1.75) 0.98 +£ 0.2 [71
Tobermorite 9 A 1.470 [91
Tobermorite 11 A 3.577 [9]
Tobermorite 14 A 4.510 [9]
Jennite 1.007 [9]
Jennite 1.136-1.164 [8]
Porlandite 1.324+0.2 [7]
CsS 3.35+0.3 [7]
p-CaS 3.45+ 0.4 [7]

in the thermal conductivity.

The volumetric thermal conductivity 4, = Tr(4y) / 3 = >_4;/3 (being
an invariant, the trace Tr(.) can be computed using the thermal con-
ductivity tensor in any frame) is shown in Fig. 3(D) as a function of the
RH and in Fig. 5 as a function of the molecular water content. The
variability observed in 1, when plotted as a function of the RH in the
ettringite domain is on the order of the standard deviation of the
simulation results, with the values fluctuating around an average value
(full line in Fig. 3(D), the average was taken over the range 5-100 %
RH). In the ettringite domain, 4, is 2.76 + 0.51 W/(m-K). This value can
be compared with the conductivity of ettringite recently reported in the
literature of 2.19 + 0.4 [19]. The values obtained at low RH are: for
collapsing ettringite 1,=4.45 + 0.73 W/(m-K) (a surprising high value
considering the typical conductivity of hydrated minerals and that is not
yet supported by experimental evidence), and for metaettringite
4=2.06 + 0.65 W/(m-K). Note that the value of thermal conductivity
computed in the ettringite domain takes into consideration all the con-
ductivities in the 10-100 %RH range (i.e. 10 values). The resulting
thermal conductivity is, therefore, more precise than a single value. In
contrast, only one point is considered in the conductivity of the meta-
ettringite and collapsing ettringite; these values are therefore more
prone to variability/uncertainty. In particular, the theoretical thermal
conductivity obtained for collapsing ettringite being almost twice the
values of ettringite and metaettringite raise questions about the preci-
sion and fidelity of the obtained value. The values for ettringite are on
the range of the conductivity of minerals such as dolomite 3.1-5.1 W/
(m-K) [40], other hydrates and clinker minerals (see Table 2).

3.1.2. Thermal expansion

Fig. 6(A) and (B) shows the components of the tensor of thermal
expansion of ettringite (and metaettringite) at ambient temperature in
the Cartesian frame. Due to the hexagonal symmetry ax ~ ayy =~ aq as
expected. These values obtained are to be compared with the experi-
mental results of Hall [41]: ag = 4.2 X 107°/K and ae=2.2 x 1075/K.
The out-of-diagonal a;(i # j) components are close to zero with a larger
deviation observed for a,, which suggest a certain degree of coupling of
thermal expansion in the plane perpendicular to the columns (so that
tensor a would assume a form similar to that of the tensor of crystal
shrinkage of ettringite in ref. [17] with all out-of-diagonal terms being
negligible except ay,). Fig. 6(C) shows the tensor of thermal expansion in
its principal basis. The first principal value corresponds closely to a.. The
volumetric coefficient of thermal expansion (@, = Tr(e)) is shown in
Fig. 6(D) as a function of the RH and in Fig. 7 as a function of the water
content. As for the other thermoelastic properties, the coefficient of
thermal expansion remains stable for RH from 10 to 100 % (i.e., in the
ettringite domain) with a slight decrease in the collapsing ettringite and
metaettringite domains.

3.1.3. Elastic constants
The stiffness tensor of a hexagonal crystal has five independent non-
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Fig. 6. Components of the tensor of thermal
expansion of ettringite (and metaettringite)
at ambient temperature (298 K) in a Carte-
sian frame ((x,y,2), where x = a and z = ¢):
(A) diagonal a;, and (B) out-of- diagonal
I i (i # j) components. In (A) the lines show

x I L the average thermal expansion values in the
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ettringite domain (RH >5 %). (C) Principal
components of the tensor of thermal
expansion of ettringite and metaettringite.
(D) Volumetric thermal expansion (a, = Tr
(@) of ettringite and metaettringite as a
-5 L function of RH. Five MD trajectories are
considered to compute the standard de-
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22 estimations of the bulk, shear, and Young moduli, as well as Poisson

20 F ratio using Voigt-Reuss-Hill (VRH) approximation [42] are provided.

18 £ VRH bulk and shear moduli read:

16 | Kyry = (Kv +Kz)/2; Gvgn = (Gy + Gr) /2; (15)
< 14 ¢ where the subscripts V and R denote the Voigt and Reuss estimates. In
S12E + 22 : the specific case of hexagonal symmetry, these estimates read (e.g.,
= 17 ¢ [431)
<10 . F ?

§12 ¢ 2 1

8 7k KV:§(C11+C12+2C13 +§C33) (16)

6 F L ) 1
4 24 25 26 Gy = 35 (M +12Cis +12Cs) a7

n
2 N L N N N N 1 N N N N L N
8 13 18 23 Kr=c*/M (18)
n per CagAl, [-]

Fig. 7. Volumetric coefficient of thermal expansion ( Tr(a)) of ettringite G > CuCos (19)

o /o X Qy, = a = =

8 P 8 R 2 CZ(C44 + Cﬁﬁ) + 3KvC44C66

(and metaettringite) at ambient temperature (298 K) as a function of the water
content. The line shows the average a, in the ettringite domain (RH >10 %).
The inset zooms in the ettringite domain.

zero components (in Voigt notation): C11(=Cy3), C12, C13(=Cz3), C33 and
C44(=Css), with Cgg = (C11-C12)/2. Fig. 8 shows how these independent
components evolve with the relative humidity and water content.
Additionally, the evolution of Cag, Ca3, Cs5, C16 (expected to be zero),
and Cgg are to confirm that the crystal remains hexagonal under low RH
conditions. Overall the elastic constants remain stable in the ettringite
domain and slightly decrease in the collapsing ettringite and metaet-
tringite domain. However, this decrease is in the order of the variability
on the ettringite domain.

Table 3 gathers the elastic constants considering the average in the
ettringite domain (RH = 10-100 %) and the structures associated with

with M = C1q + C12 + 2C33 — 4C13 and ¢ = (Cy1 + C12)C33 — 2Co. The
VRH Young Eygry modulus and the Poisson ratio vygry can be computed
from the VRH estimates: Eyry = 9KyruGyra/(3Kyry + Gyry) and vygry =
(3Kvru — 2Gvre)/(6KvrH + 2GVRH)-

The elastic tensors obtained from simulation are compared with the
experimental data from Speziale et al. [44] for ettringite. To provide a
single scalar indicator of how the results present here are close to the
experimental data, the Riemannian metric (e.g. [45]):

de (M1, My) = Hzn(M;/zM;‘Mz‘/Q) HR = [>im,
i=1

where M; and M; are two symmetric positive-definite matrices, 4; are the

(20)
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Fig. 8. Components of the rigidity tensor of ettringite (and metaettringite) at ambient temperature (298 K) as a function of the (A)-(B) RH and (C)-(D) water content.

Table 3
Components of stiffness tensor C; (Voigt notation); bulk K and shear G moduli according to Voigt (subscript V), Reuss (subscript R) and Voigt-Reuss-Hill (subscript
VRH) approximation; Poisson ratio v and Young modulus E; universal anisotropy index A%, and Riemannian dg/d, metrics computed with respect to the experimental

o=@ (@)

results provided by Speziale et al. [44] Cj®, with dy = H(}?}.""

Metaett. (RH = 0.1 %) Collap. ettr. (RH =1 %) Ettringite AFFF" Ettringite AFFF” Ettringite exp.©
Cy1 [GPa] 347 +7.1 29.8 + 2.5 35.6 £3.9 36.6 351+0.1
C33 [GPa] 36.0 5.4 39.3+28 45.8 + 3.1 47.5 55.0+1
C2 [GPa] 19.8 + 2.8 154+ 1.7 20.9 £ 2.2 19 21.9+0.1
Cy3 [GPa] 18.5 £ 3.5 15.6 £ 3.0 185+ 2.1 15.9 20.0 £ 0.5
Ca4 [GPa] 7.3+1.1 104 £ 2.1 10.8 +£ 2.3 9.3 11.0 £ 0.2
Cee [GPa] 8.9+ 2.7 8.6 +£0.7 7.4 + 2.0 10.7 6.6 + 0.1
Ky [GPa] 24.3 21.3 25.8 24.7 27.7 £ 0.9
Gy [GPa] 8.3 9.6 9.8 10.9 99 +0.1
Kg [GPa] 22.4 21.3 23.1 22.1 26.9 £ 0.6
Gg [GPa] 8.1 9.5 9.2 10.4 9.0 +£0.1
Kygy [GPa] 23.3 21.3 24.5 23.4 27.3+0.9
Gyru [GPa] 8.2 9.6 9.5 10.7 9.5+0.8
Eygy [GPa] 21.9 25.0 25.2 27.8 25.0 £ 2
vyry [-] 0.34 0.30 0.33 0.30 0.34 £ 0.01
A" [-] 0.21 0.05 0.44 0.34 0.55
dr/do 0.0095 0.0057 0.0028 0.007 0

# This work with AFFF with covalent bonds and angles defined for sulfates as in ref. [17].
b AFFF with no covalent bonds and angles defined for sulfates as in ref. [14].
¢ Experiments from ref. [44].

eigenvalues of the matrix My 1My, is deployed. This metric is invariant identical tensors My and M,. Comparisons are also made with previous
under inversion preserving material symmetry [45] and has been used in results using the version of AFFF with no angle and covalent harmonic
previous works to compare elastic tensors obtained from molecular interaction defined for sulfates [14]. When ettringite is considered, the
simulations and experiments [14,46]. Riemannian metric is zero for two most recent version of AFFF with covalent bonds and angles defined for
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Table 4
Fitting parameters of a linear relation using the data in Fig. 13.

Ettringite Meta (RH = 1 %) Meta (RH = 0.1 %)

Cn —0.028 T + 44.669 —0.081 T + 53.060 —0.065 T + 53.567
[GPa]  (R? = 0.66) (R? = 0.75) (R? = 0.57)

Css —0.012 T + 49.527 —0.052 T + 55.444 —~0.002 T + 35.121
[GPa]  (R?=0.38) (R? = 0.32) (R? = 0.00)

Ciz 0.008 T + 18.144 (R>  —0.072 T + 37.863 0.037 T + 6.794 (R?
[GPa] = 0.25) (R? = 0.67) =0.17)

Ci3 0.003 T +17.992 (R>  —0.027 T + 23.571 0.026 T + 10.933 (R?
[GPa] = 0.01) (R? = 0.44) =0.28)

Cas —0.029 T + 18.742 —0.026 T + 16.104 —0.073 T + 30.487
[GPa]  (R? = 0.59) (R? = 0.20) (R? = 0.48)

Ces —0.010 T + 10.581 —0.035 T + 17.457 —~0.019 T + 12.892
[GPa]  (R?=0.27) (R? = 0.34) (R? = 0.06)

sulfates [17] yields a Riemann metric closer to the experimental value
and with a similar value obtained from DFT simulations [12] (dgr/
dp=0.0027 in this case as computed in ref. [17]). This result shows that
introducing 2- and 3-body harmonic interactions in sulfates improves
the description of the elasticity of ettringite.

The universal anisotropy index A" defined as [47]:

(21)

quantify the extent of anisotropy in crystals. For a locally isotropic
crystal A* = 0. The values of A for ettringite and metaettringite are
shown in Table 3. According to this measure, metaettringite is less
anisotropic than ettringite, which is expected due to the increase in
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disorder observed in the conversion of ettringite into metaettringite
[21].

3.1.4. Heat capacity

Fig. 9(A) shows the comparison of the heat capacity Cy at constant
volume of ettringite (and metaettringite) obtained using full classical,
full semi-classical, and the hybrid approaches. For the full classical ap-
proaches, cases with rigid and flexible SPC/E water models are shown;
and both cases lead to overestimating the heat capacity of ettringite. The
case with flexible SPC/E exceeds the Dulong-Petit estimate for the heat
capacity, as expected due to the additional degree of freedom associated
with intra-molecular vibrations [24]. The comparison with experiments
shows that the full classical approaches cannot capture ettringite heat
capacity correctly. Incorporating some quantum effects is needed, as is
the case of the semi-classical method. The full semi-classical approach
underestimates the heat capacity. The semi-classical applied to water
underestimates the heat capacity of water [24], which justifies the
hybrid approach. The hybrid approach lead to results in agreement with
the experimental data [21,48]. Details on the velocity auto-correlation
functions and vibrational density of states obtained for ettringite and
metaettringite are given in Appendix B.

As for the other thermoelastic properties, the heat capacity cy at
constant volume remains stable for RH from 10 to 100 % (i.e., in the
ettringite domain) with a decrease in the metaettringite domain. On the
other hand, the heat capacity cp at constant pressure shows a slight in-
crease also in the ettringite domain: the line fitting the points in
ettringite domain shown in Fig. 9(B) gives cp = 1.48RH + 1667 (in J/
(kg-K)). In terms of water content (Fig. 10) cp = 1.70n + 1758 in

3000 2500 Fig. 9. (A) Comparison of the specific heat ca-
— E pacity cy at constant volume of ettringite (and
A eeg g g eTd T a0 b
\St_q' e--q é’ M 2000 3 g 0 o o o e o 0@ metaettringite) obtained using full classical
= 2500 én 1500 ‘i_ T T/ T T T methods (when rigid or flexible SPC/E water
M, E 3 e Hybrid models are adopted), semi-classical and hybrid
g 2000 [Oo-8-©- - o L0 -3-0" & 1000 — . ~Experimental approaches. Dulong-Petit estimate (3Nk) is
E. d @« g oo 500 bt xp R Ll shown for comparison. (B) Heat capacity cp at
Z 0y, & * & 3 0 20 40 60 80 100 comstant pressure, according to the hybrid
= 1500 approach, of ettringite (and metaettringite) as
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s Du Or_lg'PetI.t (_3N ) = 100 ° e o ° computed from the full rigidity tensor and tensor
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Fig. 10. Specific heat capacity at constant (A) volume and (B) pressure of ettringite (and metaettringite) at ambient temperature (298 K) as a function of the water
content. The lines shows the average cy and fitted cp in the ettringite domain (RH >10 %). The inset zooms in the ettringite domain.
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Fig. 11. Temperature-dependence of the volumetric thermal conductivity of
ettringite and metaettringite. Twenty MD trajectories are considered to
compute the standard deviations. Dashed lines are the least-squares linear fits.
The coefficients of determination R? are also provided for each fitting.

ettringite domain. The hybrid simulations gives therefore
cp=1454-1920 J/(kg-K) for RH ranging from 10 to 100 %; 1879 J/(kg-K)
for collapsing ettringite, and 1422 J/(kg-K) for metaettringite. Table 1
also gathers the data on the heat capacity from simulations. These values
are to be compared with the experimental data available on ettringite:
cp=1300 J/(kg-K) [3,49], cp = 1717-1732 J/(kg-K) [21], cp = 1732 J/
(kg-K) [48]. Experimental data on metaettringite gives cp=1489-1547
J/(kg-K) [21].

3.2. Temperature dependence of thermoelastic properties

The temperature-dependence of the volumetric thermal conductivity
(Fig. 11), volumetric coefficient of thermal expansion (Fig. 12), elastic
constants (Fig. 13), and heat capacity (Fig. 14) of ettringite and meta-
ettringite is studied in the temperature ranging from 278 to 328 K.
Undrained conditions (i.e., water is not allowed to leave or ingress in the
ettringite structure due to temperature changes) are adopted. Least-
squares linear fitting is provided for all the cases considered.

There is a lack of experimental data on ettringite regarding the
evolution of the thermoelastic properties with the temperature. The
available data concerns the temperature dependence of cp reported by
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Ederova and Satava [48]: cp = 0.63T + 1545 for cp in J/(kg-K) and T in
Kelvin. The variation of cp with T observed in experiments is smaller
than the one obtained from the simulations. The differences observed
can arise from the semi-classical simulations per se, which neglects
quantum effects in water confined in ettringite. Compared to the full
classical approach, quantum corrections would decrease the heat ca-
pacity of water leading to a reduction therefore of the total heat capacity
of ettringite. In this way, the hybrid approach as presented here func-
tions as an upper bound for ettringite heat capacity, and the full semi-
classical as a lower bound. A possible improvement to this work
would be separating the contributions of apical (possibly more con-
strained) and zeolitic water (less constrained): treating apical water with
the semi-classical approach would reduce the total heat capacity
computed for ettringite, but keeping it higher than the semi-classical
approach since zeolitic water would still be treated in the classical
approach. Water exchange with neighboring porosity may also
contribute to changes in the apparent heat capacity in experiments, but
this contribution would lead to an increase in the apparent heat capacity
[24]. Also, since Ederova and Satava [48] data was obtained in 1979, it
should not be excluded the possibility that new measurements with
more precise equipment may yield new temperature evolution that
might be closer to what is observed in simulations.

Considering the standard deviations obtained from simulations, the
volumetric thermal conductivities (Fig. 11) of ettringite, collapsing
ettringite and metaettringite domains are statistically distinct. It is un-
clear why the thermal conductivity of collapsing ettringite is larger than
that of ettringite and metaettringite. A possible reason would be that the
columnar framework in collapsing ettringite remains mostly intact,
contributing to phonon propagation (better than in the disordered
metaettringite) but with a less significant disturbing effect on the water
molecules (as in the ettringite domain).

The coefficients of thermal expansion (Fig. 12) obtained from sim-
ulations in ettringite, collapsing ettringite, and metaettringite domains
are statistically indistinguishable in the range of temperatures tested
when one considers the standard deviations obtained from simulations.

Regarding the elastic constants (Fig. 13), considering the standard
deviations obtained from simulations, the values of C44, C66 and C13
are statistically indistinguishable in the range of temperatures tested.
The axial elastic response along c-direction C33 (i.e., parallel to the
columns) is larger in the ettringite domain, decreasing with the column
collapsing, reaching the lower value for metaettringite (where no or-
dered columns are clearly identifiable). Along a-direction (and b-direc-
tion), Cl1 is statistically indistinguishable for ettringite and
metaettringite but with a decrease in the collapsing ettringite. This
decrease may be due to the water depletion at an almost constant vol-
ume which leaves voids in the crystal structure: in other words, apical
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Fig. 12. Temperature-dependence of the volumetric coefficient of thermal expansion a, of (A) ettringite and (B) metaettringite. Least-squares linear fits and the

corresponding coefficients of determination (R?) are shown for each case.
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Fig. 13. Temperature-dependence of the elastic constants of ettringite and metaettringite. Least-squares linear fits and the corresponding coefficients of determi-

nation (R?) are shown for each case in Table 4.
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and zeolitic water would contribute to the larger rigidity of ettringite.
The larger rigidity of metaettringite compared to collapsing ettringite
might be due to the higher density of the former. The same arguments
apply to the components coupling a and b, and a and c directions (i.e.,
C12 and C13).

4. Conclusion

Molecular simulations were deployed to quantify the thermoelastic
properties of ettringite, collapsing ettringite and metaettringite. For the
first time, the RH-dependence of these properties is quantified ac-
counting for the anisotropies in the thermal conductivity, elastic con-
stants, and coefficient of thermal expansion tensors. As expected,
properties change with the RH is more pronounced at the low RH range
since more significant structural changes occur in that range. For RH
ranging from 10 to 100 % RH, the thermoelastic properties considered
fluctuate around an average value, with fluctuations in the order of the
standard deviation of the simulation results. In this RH range, the
ettringite's thermoelastic properties can be considered a constant at
ambient temperature. This observation allows defining a domain for
ettringite (for RH ranging from 10 to 100 %) in which the thermoelastic
properties can be approximated as a constant.

The heat capacity and thermal expansion of ettringite obtained from
simulation are close to the available experimental data [3,41,48]. A
hybrid approach combining a semi-classical method, in which some
quantum effects are accounted for, and a full classical method for
confined water is required to capture the experimental heat capacity of
ettringite. This is in agreement with previous studies showing that full
classical approaches often overestimate the heat capacity of crystals
[7,34-36]. Still, that anharmonicity in water is better accounted for in a
full classical approach with rigid models [24,50]. The ettringite's ther-
mal conductivity and expansion are anisotropic, respecting the hexag-
onal crystal symmetry. Collapsing ettringite and metaettringite
preserves the hexagonal symmetry.

The temperature dependence of the thermoelastic properties is
quantified under undrained conditions. In most cases, the evolution of
properties with the temperature can be fairly approximated as a linear
evolution.

The values provided in this work for the thermoelastic properties of
ettringite and metaettringite are fundamental data for multiscale
modeling and predicting the thermal behavior of ettringite-rich mate-
rials. As a perspective, the effects of the temperature under drained (i.e.,
when water is allowed to leave or ingress in the ettringite structures due
to temperature changes) conditions on the thermal properties of
ettringite can also be quantified using a similar strategy and GCMC
simulations.

CRediT authorship contribution statement

Tulio Honorio: Conceptualization, Methodology, Investigation,
Formal analysis, Writing— original draft, Writing— review & editing,
Validation.
Declaration of competing interest

The author declare no conflict of interest.

Appendix A. Thermal conductivity and heat capacity of bulk
SPC/E water

Rigid SPC/E model is recognized to better capture the heat capacity
of bulk water than flexible SPC/E [24,50,51]. The values reported for
(bulk) rigid SPC/E water are

e ¢, =4513.39 J/(kg-K) and ¢, = 4123.49 J/(kg-K) [50]
e ¢, = 4516 J/(kgK) and ¢, = 4127 J/(kg-K) [51].
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Fig. 15. Thermal conductivity of bulk SPC/E water: (A) rigid and (B) flexible
models compared with the experimental value (dotted black line). Dashed lines
depict the standard deviations of each simulation.

e ¢, = 4400 £ 108 J/(kg-K) [24].

The experimental values for ¢, and c, of bulk water are 4181.3 J/
(kg-K) and 4137.6 J/(kg-K), respectively [52]. Flexible SPC/E (with
ClayFF parameters for angle and bonds [23]) gives ¢, = 6252 + 592 J/
(kg-K).

In semi-classical estimates of the heat capacity, particles are treated
as harmonic oscillators. Therefore, all the effects of anharmonicity in the
interaction are not accounted for. This approximation is valid for crys-
talline water or water in the solid-state but leads to underestimations of
liquid bulk water heat capacity [24]. Research on clays shows that the
heat capacity of the clays solid layers (in the case montmorillonite with
OH groups present) is best captured using the semi-classical approach
instead of a full classical approach. In the same way, as shown in the
current work, a semi-classical approach is expected to lead to better
estimations of the heat capacity of ettringite columns.

Regarding the thermal conductivity of bulk SPC/E water, results
using rigid and flexible SPC/E models are shown in Fig. 15. Both models
overestimate the thermal conductivity of water. The rigid model yields
result closer to the experimental value.

Appendix B. Velocity auto-correlation functions and vibrational
density of states in ettringite and metaettringite

Fig. 16(A) and (B) shows the normalized total velocity auto-
correlation (v;(t) - v{(0))/ <vj(0)2), and normalized mass-weighted ve-
locity auto-correlation (mjvi(t) - v{(0))/ (mjvj(O)Z) functions required to
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Fig. 16. (A) normalized total velocity auto-correlation (v;(t) - v;(0))/ <vj(0)2>, (B) normalized mass-weighted velocity auto-correlation (m;v;(t) - v;(0))/ (mjvj(O)z), and
(C) vibrational density of states g(w) per RH at ambient temperature (298 K).

compute the vibrational density of states g(w) in the semi-classical

approach.

To identify the full range in which the VDOS does not vanish, fre-
quencies exceeding 1000 THz were considered for selected cases. It was
observed that the g(w) vanished for w/(17) exceeding 70 THz. Therefore,
the integration of g(w) can be performed up to this frequency only in Eq.

9.
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