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Abstract

To potentially enable CO, sequestration, reactive MgO cement is emerging as an alternative binder to
Portland cement. Understanding the mehcanical properties of its binding phase is critical for understanding
the strength development and performing materials design for reactive MgO cement systems; however, the
intrinsic mechanical properties of hydromagnesite (Mgs(CO3)s(OH).-4H,0), a key binding phase, remains
unexplored. The present study utilized synchrotron-based high-pressure X-ray diffraction to determine the
unit cell-scale, intrinsic mechanical properties of hydromagnesite for the first time. Up to hydrostatic
loading of 7.7 GPa, the bulk modulus of hydromagnesite was determined as 59 GPa or 71 GPa fitted using
second-order or third-order Birch-Murnaghan equation of state, which we contextualize with binding
phases in various cement systems. The experiment results are applicable in materials design of low-carbon
concrete and valuable for the validation and calibration of atomistic models.
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1. Introduction

Portland cement production contributes to ~7% of annual global anthoprogenic greenhouse gas emissions
[1]. Cement decarbonation at scale is of great interest to the industry, with substantial efforts having been
made to decarbonize cement and concrete for various applications [2]. Among many emerging
decarbonization technologies in the industry, alternative binders that directly react with and sequester CO»
have recently been investigated extenstively due to the global emphasis on climate change mitigation and
on carbon capture, utilization, and storage (CCUS) [3]. These alternative binders harden via the
mineralization process between CO, and Mg?*/Ca?* from hydroxides, oxides, or silicates, upraising Calera,
Fortera, and Solidia as successful industrial pioneers [4]—[6].

Reactive MgO cement, produced from calcining magnesite (MgCOs) or brucite (Mg(OH),), is a
promising low-carbon alternative binder when Mg is extracted from low-carbon sources (e.g., magnesium
silicate rocks) [3]. Reactive MgO cement can bind CO; to form hydrated magensium carboantes [7]. The
reactive MgO is typically light-burnt at temperatures as low as 700°C and endowed with a porous
microstructure and large specific surface area leading towards high reactivity with CO,. The reactive MgO
cement shows comparable compressive strength to ordinary Portland cement while possessing lower
embodied carbon [8], [9]. The mechanical properties of reactive MgO cement depend on many factors, e.g.,
degree of carbonation, pore structure, and binding phases [10]. Multiple hydrated magnesium carbonate
phases may form during carbonation: nesquehonite (MgCOs-3H,0), dypingite (Mgs(CO3)4(OH),-5H,0),
hydromagnesite (Mgs(COs3)s(OH),-4H,0), and artinite (Mgx(CO3)(OH),-:3H,O) — their preferential
formations are governed by temperature, relative humidity, pH, and CO, abundance [11]. The binding
phases affect strengths through two primary mechanisms: (i) the different crystallite geometries guide
different microstructure formation of hardened pastes, resulting in different porosity and pore connectivity;
and (ii) the unit cell-level intrinsic mechanical properties, e.g., bulk modulus, specific to each crystalline
phase distinguish the cement paste-level mechanical properties based on the phase present [12].

Understanding the intrinsic mechanical properties of hydrated magnesium carbonates is
fundamental to optimizing the mechanical properties of reactive MgO cement, especially in the framework
of bottom-up materials design. This information is essential to experimental validations to computational
modeling, e.g. molecular dynamics simulations, yet it is inaccessible by most experimental techniques, e.g.,
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nanoindenation, which is only capable of probing the micromechanical properties of hardened cement
systems. High-pressure X-ray diffraction (HP-XRD) serves as a powerful technique that probes the crystal
lattice properties of individual phases [13], eliminating the influences of hardened paste-level
microstructure, e.g., presence of pores and preferred orientation, which other characterization techniques
like nanoindentation are inevitably affected by [13], [14].

Hydromagnesite is the most common hydrated magnesium carbonate in nature and in concrete (as
a phase in hydrated pastes and cold-fusion aggregates). It belongs to the monoclinic P2,/c space group (Fig.
1) [15]. The present HP-XRD study evaluates the previously unexplored intrinsic mechanical properties of
hydromagnesite.The results are discussed in comparison with common binding phases in other cement
systems. The work provides important implications to the validation of force fields used in molecular
dynamic simluations %nd approximation methods in density functional theory calculations.

Figure 1. Crystal structure of hydromagnesite viewed along different axis. Mg—O octahedra are shown in
orange, C—O planar triangle in brown, oxygen atoms in red, and hydrogen atoms in grey. The unit cell is indicated
by the black box. Hydrogen bonds are indicated by the dashed lines.

2. Methods
The as-received hydromagnesite sample (Mgs(CO:)s(OH)2-4H2O; Fisher; 99% purity) was dry-ground
using a mortar followed by sieving using a 10 pm screen, with estimated particle size of <10 pm, before
the high-pressure X-ray diffraction (HP-XRD) experiemnt at beamline 12.2.2 of the Advanced Light Source
at the Lawrence Berkeley National Laboratory. The measurements were performed using a monochromatic
synchrotron X-ray with the sample in a Merrill-Bassett diamond anvil cell by the transmission-mode Laue
method. Before mounting the powdery hydromagnesite sample, we first used the diamond anvil pair (Dcyiet
=300 um) to pre-indent the stainless-steel gasket until an indent depth of 80 um and used laser milling to
drill a cylindrical chamber (D = 100 pm) at the center of the indent. Next, the sample and then a small
spherical ruby (a-Al,O; doped with 0.05 wt.% Cr*") were loaded into the chamber. Lastly, we filled the
chamber with a pressure-transmitting medium (methanol-to-ethanol volumeric ratio = 4:1) and sealed the
chamber with the diamond anvil pair.

The wavelength of the incident X-ray beam was 0.4940 A, the sample-to-detecter distance was 330
mm, and the slit-shaped beam cross-section was ~30-um wide. The diamond anvil cell setup was used
throughout the experiment, where the hydrostatic pressure, P, was determined during X-ray measurement
intervals using the ruby fluorescence technique [32], except that for ambient-pressure reference
measurement, the ground hydromagnesite was directly loaded to a glass capillary instead of the anvil cell.
Dioptas [16] was used for calibration and for converting the raw 2D-image data into the line profile; XFIT
code [17] was used for deconvoluting diffraction peaks and extracting their positions (peak type = split
Pearson VII; fitting method = Marquardt); Celref [18] was used for refining the lattice parameters — unit
cell edge lengths a, b, ¢ and angle B (fixing the other two angles oo =y = 90°) at each applied hydrostatic
pressure. Subsequently, the unit cell volume, ¥, was calculated at each pressure as
V = abc(1 — cos?a — cos?B — cos?y + 2cosa - cosf - cosy)'/? (eq.1)
and the bulk modulus, Ky, was estimtaed by the least-square regression using the second-order Birch-
Murnaghan equation of state (BM-EoS), where V) represents / under the ambient condition:
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Which has been widely applied for various cement-related phases for measurements at relatively low
pressures of below 10 GPa, which typically corresponding to V/Vy =0.9 [19, 25], as a simplification from
the third-order BM-EoS by taking Ky’ = 4:
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3. Results and Discussion

Fig. 2A presents the diffractograms of hydromagnesite — from bottom to top, the ambient and
loading/unloading-cycle measurements. The two diffraction peaks at ~ 0.12 and 0.49 A not present in the
ambient reference are attributed to diffraction from the steel gasket, as the vertical dimension of the beam
cross-section could exceed the range of the sample chamber, while no additional impurities were observed.
From the raw 2D pattern (insets to Fig. 2A), the uniform intensity of all diffraction rings irrespective of the
azimuthal angle or the loading pressure confirms the absence of any preferred orientation, which in turn
indicates deviatoric stress-free, purely hydrostatic stress states as it has been shown in HP-XRD studies of
other anisotropic cement-related crystalline phases that applying deviatoric stress induces preferred re-
orientation of the most compliant crystallographic orientation to the loading axis [14]. Systematic position
shifts of diffraction peaks were observed alongside the hydrostatic pressurization, where a shift to higher d°
'suggests decreased lattice interplanar spacings due to compressive loading. At higher elevated pressures,
the diffraction peaks generally became less intense and more diffuse, suggesting possible increased
microstrains and structural disorder, which are regularly identified in high-pressure studies [20]. Figs. 2B
and 2C examines the diffraction peak broadening, via the full width at half maximum (FWHM). In the
context of Williamson-Hall uniform stress deformation model, the broadening comprises of a constant
component inversely proportional to the crystallite size and a varying component linear to d! at a slope of
o/Enq, microstress normalized to the Young’s modulus specific to the (kkl) plane [30,31]. Fig. 2B
demonstrates the systematic increase in FWHM with increasing hydrostatic pressure for selected (/kl)
diffraction peaks. The lines are not straight for each loading step due to anistropic En, a lack of information
of which precludes more quantitative fitting. Fig. 2C further demonstrates the significant linear correlation
between FWHM and hydrostatic pressure, suggesting microstrain as the primary origin of broadening,
while the (hkl)-specific slopes are ascribed to their different (dia)! and different Ena. Besides, no obvious
coalesce of pre-existing diffraction peaks or emergence of new diffraction peaks were observed, suggesting
that hydromagnesite did not go through phase transformation or amorphization up to 7.7 GPa. The fully
unloaded diffractogram highly matches the ambient reference in their diffraction peak positions and relative
intensities, indicating minimal residual lattice strain.
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Figure 2. (A) The diffractograms of hydromagnesite under different hydrostatic pressure, insets showing raw 2D
diffraction pattern measurements at the first and maximum loading steps. Dashed lines are aligned with the
diffraction peak positions in the ambient (capillary) reference measurement for eye guidance. (B and C) Broadening
of diffraction peaks as a function of d! and hydrostatic pressure, respectively.

Table 1. Unit cell parameters for hydromagnesite as a function of applied hydrostatic pressure. Pressure errors
are < 0.15 GPa. The errors of lattice parameters are <0.05%.

P (GPa) a(A) b @A) cd) BC®) V(&)

Ambient 0 10.103 8.924 8.378 114.29 688.4
Loading 2.3 10.043 8.792 8.293 114.27 667.5
2.9 10.017 8.760 8.267 114.09 662.3

3.4 10.002 8.726 8.249 114.15 657.0

4.0 9.980 8.698 8.228 114.09 652.0

4.9 9.962 8.646 8.189 114.13 643.7

5.6 9.957 8.609 8.162 114.24 637.9

6.9 9.902 8.553 8.117 114.11 627.4

7.7 9.859 8.528 8.082 114.05 620.5

Unloading 0.8 10.086 8.847 8.343 1143 678.5
Unloaded 0 10.111 8.922 8.376 114.29 688.7

The evolution of the refined unit-cell parameters of hydromagnesite as a function of P is summarized in
Table 1, showing monotonic decrease in a, b, and ¢ and fluctuation in § during loading. The a, b, and c-
axial B1ot strain, €, = (a- ag)/ao, & = (b-bo)/bo, and &. = (c-co)/co, are therefore calculated with respect to the
reference measurement and plotted as a function of P (Fig. 3A). Least-square linear fitting is applied to
extract the axial incompressibility, up to 7.7 GPa. The material is highly anisotropic along the three unit-
cell axial directions. The highest axial incompressibility of —1/335 GPa™! for the a-axis is attributed to the
continuous chain of Mg—O octahedra along a-axis, where every three units form one edge-sharing and two
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corner-sharing; the intermediate axial incompressibility of —1/219 GPa™! for the c-axis is attributed to the
edge-sharing Mg—O octahedra pairs jointed with C-O planar triangles by corner sharing along the c-axis;
the lowest axial incompressibility of —1/171 GPa™! for the b-axis is explained by the lack of (i) the chain of
Mg-O octahedra and (ii) H-bonding network, which are present only in the orthogonal a-¢ plane. After
unloading, the axial strains were all fully recovered. The value of B, the monoclinic angle between a- and
c-axis, fluctuated close to the ambient value (by < 0.3° or 0.2%) up to the highest 7.7-GPa loading step and
fully recovered after reloading to the ambient condition (Fig. 3B).

A H B
0%
’ SeLL 0.10% |
e
AR Ambient/unloaded 114.29°
] 0.00% O
e O « 000% | ¥ *
f= R R s *
S -2% " NN " @ 335+ 18 GPa) S 010%
17} b. c -
- . © *
Ke] S * e
m N
— 3%+ i i <. o o *
© a-axis loading . 9 . 9 i
5 O a-axis unloading &, 219£2CPa £ 0.20% *
X a-axis ambient % °
4% <« b-axis loading AN . . 4
? <] b-axis unloading <\ 271 5GPa) -0.30%
34 b-axis ambient : )
c-axis loading b Loading
-5% 4 <> c-axis unloading O UnIogdmg .
2 c-axis ambient QZ Ambient (capillary)
T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Hydrostatic pressure (GPa) Hydrostatic pressure (GPa)

Figure 3. (A) Axial Biot strain along a-, b-, and c-axis; (B) relative change of monoclinic angle f as a function of
hydrostatic pressure.

Table 2. Birch-Murnaghan Equation of State fitting for hydromagnesite.

Ko (GPa) Ko’ Vo (A%
2" order 587+1.6 4 (fixed) 691.4+12
3" order 712+ 1.6 1.13+£0.31 688.6 £ 0.4

The volumetric strain, calculated based on the reference measurement, is plotted against P in Fig. 4A, along
with the BM-EoS fitting curves. The fitted parameters to both 2" and 3 order BM-EoS are summarized in
Table 2. From the least-square regression fitting, we determined the bulk modulus of hydromagnesite to be
58.7 GPa by the 2"-order BM-EoS (71.2 GPa by the 3™-order BM-Eo0S), with < 3% standard error. Note
that the unloading point (P = 0.8 GPa) is not considered in axial incompressibility or bulk modulus
estimations; its slight deviation from the general trendline possibly resulted from inaccurate pressure
measurement during partial unloading as the dynamic unloading recovery process takes time.
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Figure 4. Bulk modulus. (A) Hydrostatic pressure as a function of compressive volumetric strain for
hydromagnesite. The black and the red solid lines represent the regression curve to the 2"- and 3"-order BM-EoS,
respectively. The error in volumetric strain is typically < 1%. (B) Bulk modulus of phases related to cement systems
as a function of material density. The present result of hydromagnesite is represented by the black marker. Portland
cement-related phases are represented by blue triangles, calcium-aluminate cement-related phases in orange, green
squares for magnesium phosphate cement-related phases, pink squares for calcium carbonates, and purple triangles
for phases present in multiple cement systems. C-(A-)S-H stands for calcium (alumino)silicate hydrates, labeled with
the respective Ca/Si (or Ca/Si/Al) atomic ratio. CAHjo stands for CaO-Al,03-10H,O, and Cs;AHg¢ for
3Ca0-AlLO3-6H>0. All bulk modulus values are obtained with the second-order BM-EoS as did in the original
literature [13], [20-22], [24-26] or fitted using the original data [23], [27].

The bulk modulus-density relation of hydromagnesite as a key binding phase in reactive MgO cement, a
carbonation-based cement, is compared with various binding phases from a range of cement systems. Fig.
4B presents the general positive correlation between density and bulk modulus. Specifically,
hydromagnesite falls comparable to the synthetic calcium (alumino)silicate hydrates (C-(A-)S-Hs [21]), the
primary binding phase in Portland cement systems, at various compositions and to tobermorites [20], the
crystalline model mineral for C-(A-)S-Hs, in terms of both bulk modulus and density. These C-(A-)S-H
phases comprise of Ca—O intra-layers sandwiched by silicate chains and spaced by interlayer water. Such
lattice structures layered along the c-axis leads to strong anisotropy, where the c-axis is commonly more
compliant than the in-plane a/b-axis — similar to the presently observed anisotropy in hydromagnesite due
to varying degree of edge/corner sharing of Mg—O octahedra.

Compared to lower-density phases common in fast-setting cement systems (ettringite
CagAly(S04)3(OH)12-26H.0 [28], struvite-K MgKPO4-6H,0 [13], and stratlingite
Ca,Al(Si0,)(OH)10-2.5(H20) [29]), hydromagnesite has about two times the bulk modulus while 25%
higher in density, mainly due to the high OH™ and/or H,O content in the crystal formulation, suggesting less
densely packed or connected M—O polyhedral and increased susceptibility to compression. Their M™*/(OH
+H,0) atomic ratios of 0.21, 0.17, and 0.32, respectively, in contrast to 0.83 for hydromagnesite. Compared
to other magnesium-based cement-related phases, periclase (MgO) is of much higher bulk modulus and
density originated from the dense packing of its cubic, Rock-Salt crystal structure, while the sheet-
structured brucite (Mg(OH),) is similar in density but of ~10% lower bulk modulus than hydromagnesite
due to the lack of corner/edge sharing between neighboring Mg—O sheets. Compared to anhydrous calcium
carbonates (calcite [22] and aragonite [26]), hydromagnesite possesses slightly lower bulk modulus and
density by 20% due to the presence of OH and H,O decreasing the packing density and connectivity of
Mg—O polyhedra. Besides, hydromagnesite has very similar bulk modulus with calcium aluminate hydrates,
and its density falls between CAH o and C3AHe., both of which comprises of three-dimensional network of
CaOg and AlQOg¢ polyhedra, as MgQOg polyhedra do in the present hydromagnesite.

4. Conclusions
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The present HP-XRD work examines the intrinsic mechanical properties of the crystal lattice of
hydromagnesite, a primary binding phase in reactive MgO cement. The critical findings are as follows:

(1) The hydromagnesite sample was hydrostatically pressurized to maximumly 7.7 GPa using a diamond
anvil cell and unloaded back to ambient conditions, showing no observable permanent lattice deformation.

(ii) The a, b, and c-axial incompressibility of hydromagnesite are —1/335, —1/171, and —1/219 GPa’,
respectively, up to 7.7 GPa, while the monoclinic angle § remains close (< 0.3°) to its ambient value, all
lattice parameters exhibiting full recovery upon complete unloading.

(iii) The bulk modulus of hydromagnesite was determined to be 58.7 + 1.6 GPa using 2™-order BM-EoS
or 71.2 + 1.6 GPa using 3"-order BM-EoS in the hydrostatic pressure range of 0-7.7 GPa.

(iv) Hydromagnesite possesses comparable bulk modulus-density relation as C-(A-)S-Hs, primary
Portland cement system binding phases and lies within the bulk modulus-density range of various binding
phases from multiple cement systems.

Hydromagnesite is a common binding phase in reactive MgO cement. Understanding of the
intrinsic mechanical properties of hydromagnesite from the present study provides essential guidance for
engineering green alternatives to conventional Portland cement systems. The present knowledge are
valuable for model tuning at the first-principle and atomistic levels and for application in the
continuum/bulk-scale simulation and calculations — facilitating the bottom-up materials design
methodology.
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