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A B S T R A C T

Magnesium potassium phosphate cement (MKPC) is gaining increasing popularity for specialized applications,
e.g., structural rehabilitation, waste encapsulation, and 3D printing. However, the mechanical properties of
struvite-K, the binding phase of MKPC, have rarely been examined. This study utilized synchrotron-based high-
pressure X-ray diffraction to determine the intrinsic mechanical properties of struvite-K at the unit-cell scale, for
the first time. The deformation of the unit cell, axial incompressibility, and bulk modulus was studied under
hydrostatic pressures up to ~10 GPa. The unit cell shifts from orthorhombic to monoclinic lattice below 1 GPa;
phase transition and amorphization occur at ~5 and ~10 GPa, respectively. The axial incompressibility shifts
from anisotropy to isotropy, and the bulk modulus increases from 27 to 37 GPa upon phase transition. The
experimental results are of great importance in calibration of atomistic modelling and provide implications on
the problem with nanoindentation for studying mechanical properties of struvite-K or MKPC.

1. Introduction

Magnesium potassium phosphate cement (MKPC), also termed
chemically-bonded phosphate ceramics [1], has strong chemical
bonding, low drying shrinkage, and high resistance to salts [2–4].
MKPC is often used in structural rehabilitation due to its strong
bonding, high early strength, and rapid setting [5–7]. The relatively low
pH and resistance to salts of MKPC favor its applications in the en-
capsulation of hazardous wastes (e.g., municipal solid waste and in-
dustrial wastes) and protection of aluminum and reactor vessels
[3,8–12]. Applications of MKPC to bone and dental restorations have
also been reported [13–15]. 3-dimensional (3D) printing of MKPC can
be achieved due to rapid setting, and recent attempt at 3D printing of
MKPC have indicated broader applications of MKPC-based materials
[16,17]. Thus, MKPC has attracted significant interest in related re-
search fields.

MKPC is a ternary system consisting of periclase (MgO), mono-
potassium phosphate (KH2PO4), and water. The acid-base reaction be-
tween MgO and KH2PO4 generates a large amount of heat, forming
struvite-K (MgKPO4·6H2O, as termed MKP in a few MKPC studies) as
the primary final product [18], possibly with intermediate products
(e.g., phosphorrösslerite (MgKPO4·7H2O), newberyite (MgKPO4·3H2O),
and Mg2KH(PO4)2·15H2O) during the first hours of reactions [19,20].
Cattiite (MgKPO4·22H2O) often forms in a highly diluted MKPC system,
e.g., at water-to-solid ratios> 100 [21]. Struvite-K is a rare mineral in
the crust [22], but it also occurs as urinary calculi (urolith, e.g., kidney

stone) in animal bodies [23,24]. The unit cell of struvite-K holds the
space group of Pmn21 [22] (Fig. 1). The orthorhombic lattice para-
meters of natural and synthetic struvite-K at ambient pressure and
temperature were reported as a = 6.87–6.90 Å, b = 6.16–6.17 Å, and
c = 11.10–11.15 Å [22]. KeO pentahedra and MgeO octahedra share
either corner or edge, and they bond to PeO tetrahedra mainly through
hydrogen bonds.

The mechanical properties of MKPC are undoubtedly important as
they affect the performances and behavior of MKPC and MKPC-repaired
materials. The strength of MKPC materials has been extensively studied
in recent decades [25–27]. The influences of fly ash [28,29], wollas-
tonite [30], magnesium-to-phosphate ratio [27,31,32], water-to-ce-
ment ratio [31,33,34], MgO reactivity [35,36], and fibers [37] on the
strength developments of MKPC-based materials have been explored.
The elastic modulus of hardened MKPC has been studied using me-
chanical loading and ultrasonic pulse at the macro scale [38,39]. Recent
attempts at homogenization modelling of MKPC pastes indicated the
potential of linking the microstructure and mechanical properties of
MKPC-based materials [40,41]. The mechanical properties of struvite-K
have rarely been explored [42,43]. The mechanical properties of stru-
vite-K are important in homogenization modelling (Mori-Tanaka and
self-consistent methods) and multiscale modelling of struvite-K based
products and the MKPC-repaired materials (e.g., repaired concrete
structures) and the optimization of MKPC products in service.

The elastic modulus of struvite-K was reported to be 22 GPa in a
nanoindentation study [44,45]. In contrast, the elastic modulus of
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struvite-K was suggested to be 37.3 GPa in another nanoindentation
study [40]. The experimental results from nanoindentation studies are
strongly subject to characteristic depth, indent spacing, packing den-
sity, and pore structure of the sample [40,46] and preferred orientation
of struvite-K crystals [22,47]. A molecular dynamics study of the me-
chanical properties of struvite-K avoided the above-mentioned experi-
mental difficulties [43]. However, the gap between the structure and
mechanical properties of struvite-K remains, as the simulated properties
at the unit-cell scale have not been validated by experimental studies.
Thus, a more reliable characterization technique is needed to untangle
the challenges in determining the mechanical properties of struvite-K.
Synchrotron radiation-based high-pressure X-ray diffraction (HP-XRD)
can probe the deformation of materials at the unit-cell scale. HP-XRD
has been recognized as a reliable technique to probe the mechanical
properties of porous crystalline cement-based phases [48–50]. Here, for
the first time, we experimentally determined the mechanical properties
of struvite-K. The hydrostatic pressure-induced axial and volumetric
changes of struvite-K crystal lattice were measured using HP-XRD and
the results were used to calculate its bulk modulus. This work aims to
understand the structure and mechanical behavior of struvite-K, which
are essentially critical in optimizing the properties of MKPC using a
bottom-up design from the lowest level of their hierarchical structure.

2. Methods

2.1. Sample preparation

Struvite-K was prepared by adding KOH solution dropwise to a so-
lution of 10.68 g MgC12·6H2O and 25 g KH2PO4 in 94.32 g deionized
water until the pH reached 7.5 at room temperature [51]. At 100 days,
the sample was vacuum filtered with a 0.45-μm nylon filter. The re-
maining solid was stored in a N2-filled desiccator with a humidity trap
prepared from saturated CaCl2 solution (~30% relative humidity). The
dry struvite-K sample was ground by hand before the first set of mea-
surements. For a repetitive set of measurements, the dry sample was not
ground. The purity of struvite-K formed from this precipitation method
was confirmed using diffraction, see below.

2.2. High pressure X-ray diffraction (HP-XRD)

The HP-XRD experiment was performed at the beamline 12.2.2 of

the Advanced Light Source at Lawrence Berkeley National Laboratory,
using a synchrotron monochromatic x-ray and a Merrill-Bassett dia-
mond anvil cell. A stainless-steel gasket was pre-indented to a thickness
of ~110 um by the diamond anvil pair (culet diameter ~300 μm), then
a cylindrical chamber with a diameter of ~110 μm was drilled at the
center of the indent by laser milling. A small ruby sphere (0.05 wt%
Cr3+ doped α-Al2O3) was loaded into the chamber after the loading of
struvite-K powder. Subsequently, the chamber was filled with pressure-
transmitting medium (methanol: ethanol = 4:1 by volume), then im-
mediately sealed by the diamond anvil pair. The ruby fluorescence
technique was used offline to determine the hydrostatic pressure. The
wavelength of the incident beam was calibrated to 0.4959 Å, and the
sample-to-detector distance was ~330 mm. The beam size was ~30 μm.
Struvite-K at the ambient pressure was loaded into a glass capillary
before analysis. Diffractions of struvite-K at elevated hydrostatic pres-
sure were measured in the diamond anvil cell. Two repetitive mea-
surements at elevated pressure were conducted. The raw data (2D
image) were processed using Dioptas [52]. XFIT code [53] was used to
deconvolute peaks or diffuse scattering of all data. Peak type was se-
lected to be PVII (Split Pearson functions), and the fitting methods was
Marquardt. Celref [54] was used for structural refinement at all pres-
sures (peaks positions are the only inputs). The lattice parameters a, b,
c, and γ are refined while α and β are fixed at 90°.

The pressure-dependent volumetric change is described by the
third-order Birch-Murnaghan equation of state (BM-EoS) Eq. (1):
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where P is the pressure applied to a material, V0 is the volume of unit
cell at ambient pressure; V is the volume of unit cell; K0 and K0′ are the
bulk modulus and its derivative, respectively, at ambient pressure. K0′
is suggested to be fixed at 4 when the measured pressure range is too
low or too high and only a small number of data points are taken
[55,56] and Eq. (2) is reorganized into a simplified second-order form.
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The volume of a unit cell, V, is calculated with the refined lattice
parameters at each pressure as Eq. (3):

= − − − +V abc s α s β s γ α β γ(1 co co co 2 cos cos cos )2 2 2 1/2 (3)

where a, b, and c are the lengths of the unit cell edges, and α, β, and γ
are the angles between the edges.

3. Results and discussion

Diffraction patter of the sample at ambient pressure is shown in the
top of Fig. 2. Impurity of the sample is below the detection limit of XRD.
The powder diffractograms of struvite-K under increasing and de-
creasing hydrostatic pressures are shown in Fig. 2. The diffractogram at
ambient pressure shows the typical diffraction pattern of struvite-K
with the absence of any magnesium phosphate (hydrate) secondary
products. Pronounced shifts in peak positions with increased hydro-
static pressures were observed due to reduced interplanar distances
caused by the compression of the struvite-K lattice structure from all
directions. As the applied pressure increased up to 4.7 GPa, the absolute
intensity of most peaks monotonously decreased, accompanied by evi-
dent peak broadening. As a few peaks merged into diffuse scatterings,
we used XFIT code [53] to deconvolute peaks (e.g., (022) and (212))
from the diffuse scattering (see an example in Supplementary In-
formation). The peak-broadening and decreased peak intensity are at-
tributed to the increased stress-induced structural disordering at ele-
vated pressures. These phenomena are commonly found in high-

Fig. 1. Unit cell of struvite-K with KeO pentahedra in purple, MgeO octahedra
in orange, PO4 in grey, O atom in red, H atom in white, and hydrogen bond as
dash line [22]. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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pressure studies [57–60]. At pressure> 2 GPa, a very low-intensity
peak (100) at ~1.6 Å−1 emerged, indicating a deviation of struvite-K
unit cell from Pmn21 space group.

As hydrostatic pressure reached> 4.7 GPa, the (100) at ~0.16 Å−1

appeared as a clear peak, and other existing peaks further broadened.
This (100) peak was initially forbidden by the Pmn21 symmetry at
ambient pressure. Its gradual appearance with increasing pressure in-
dicates pressure-induced structural deviation from Pmn21, and the
sudden increase in (100) peak intensity signifies a clear phase transi-
tion. While the diffractograms at 4.7 GPa and 6.1 GPa seem apparently
different in peak intensity and diffusivity, multiple peaks, e.g., (012),
(022), and (212), are traceable across the phase transition, suggesting
that the transition is not totally reconstructive. This transition causes a
slight displacement of atoms rather than a significantly altered struc-
ture, which requires massive disconnection and reconnection of bonds.
This pressure-induced phase transition was also observed for cement-
based phases (e.g., katoite [55,57] and thaumasite [56]).

As pressure reached 10.6 GPa, struvite-K was fully amorphized,
evidenced by the few diffuse scatterings. This stress-induced full
amorphization was not observed for many cement-based phases (e.g.,
calcium (alumino) silicate hydrate, the hydration product of Portland

cement) at pressure of ~10 GPa [48,58,61,62]. As the sample was
unloaded, the diffraction pattern recovered. The comparable peak po-
sitions before loading and after full unloading suggest that the struc-
tural deformation was fully reversible.

Table 1 shows the unit cell parameter as a function of applied hy-
drostatic pressure. Lattice parameters a, b, and c gradually decrease as
the applied hydrostatic pressure increases with an exception that a
sudden decrease of c was observed when phase transition occurred at
6.1 GPa. When pressure further increased, a, b, and c gradually de-
creased. After pressure unloaded to 0, the cell parameters recovered.
The cell parameters at ambient pressure and fully unloading were
highly comparable.

The changes in Biot strain along a-, b-, and c-axis are plotted against
applied hydrostatic pressure (Fig. 3A), revealing a phase transition and
the anisotropy in the axial stiffnesses. The crystal structure of struvite-K
sheds light on the stiffness anisotropy where the b- and c-axis were
apparently stiffer than the a-axis before the phase transition. KeO
pentahedron and MgeO octahedron share one edge perpendicular to
both b- and c-axis, which can effectively act against distortion in the
two directions. KeO pentahedra, being asymmetric, has the shortest
bond (2.83 Å) – thus the greatest resistance to deformation – in the bc

Fig. 2. The diffractograms of struvite-K exposed to different hydrostatic pressures. Grey and red dashed lines indicate the peak shifts of struvite-K. Blue dot line
indicates diffraction from the gasket. Other impurity was below the detection limit of XRD through the experiment. Labelled peaks were used for refinement. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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plane, compared to the rest four bonds (2.99–3.13 Å) with components
parallel to the a-axis. While PeO tetrahedra and KeO pentahedra share
one corner O, which bonds to both P and K in the bc plane, the two
polyhedra are only linked by hydrogen bonds along the a-axis. Thus,
the crystal maintained the least stiffening mechanisms in a-axis, which
explains the anisotropy before phase transition. A molecular dynamics
study [43] also suggests that the a-axis is the softest and the stiffness of
the b- and c- axes is comparble, and they assigned this anisotropy of
strain development to the stability of MgeO, KeO, and H-bond.

Phase transition (occurring at ~5 GPa, determined from XRD pat-
terns of a repetitive dataset in Appendix A) is unveiled by the dis-
continuity in the lattice parameters and their respective axial stiff-
nesses. Note that, in Appendix A, the measured struvite-K crystals were
relatively large, resulting in the “anomalous” strong diffractions of a
few lattice planes. As the unit cell refinement only requires peak posi-
tions as inputs, the peak intensity of the repetitive measurements in
Appendix A does not affect any part of the present study. With proper
grinding, the diffraction patterns of fine struvite-K crystals in Fig. 2 do
not show the “anomalous” strong diffractions from large crystals as in

Appendix A. Fig. 3A suggests a high consistency between the repetitive
measurements (unfilled symbols) and the original measurements (filled
symbol).

Before the phase transition, the incompressibility was lowest along
a-axis (Fig. 3A), which experienced stiffening ~1–2 GPa that did not
apply to the b- or c-axis. Upon the phase transition, the lattice was most
significantly shortened in c-axis while the changes in a- and b-axis were
less abrupt. After the phase transition, the incompressibility along a-,
b-, and c-axis became comparable (−1/183 to−1/198 GPa−1), despite
the initial anisotropy (−1/106 to −1/150 GPa−1).

The refined value of γ is 89.95° at ambient pressure (Fig. 3B),
conforming to the proposed orthorhombic space group of Pmn21 for
struvite-K. Whereas, γ rapidly dropped to ~87.2° at 0.9 GPa, gradually
decreased and stabilized at 86.6–86.7° between 1.4 and 3.6 GPa, and

Table 1
Pressure–volume data with unit cell parameters for struvite-K as a function of
hydrostatic pressure. Pressure error is< 0.15 GPa. The error of lattice para-
meters is< 0.2%.

Pressure (GPa) a (Å) b (Å) c (Å) γ (°) V (Å3)

Ambient 0 6.865 6.165 11.098 89.80 469.7
Loading 0.9 6.724 6.130 11.017 87.17 453.1

1.4 6.653 6.104 10.966 86.67 444.0
2.0 6.613 6.081 10.915 86.65 437.6
2.5 6.575 6.056 10.867 86.67 430.6
2.9 6.544 6.042 10.838 86.62 426.7
3.6 6.498 6.017 10.787 86.69 420.0
4.1 6.478 6.000 10.748 86.99 415.9

(Before transition) 4.7 6.448 5.976 10.712 87.20 411.4
(After transition) 6.1 6.447 5.925 10.400 86.19 405.2

6.6 6.426 5.915 10.346 86.12 401.2
7.3 6.398 5.886 10.322 86.25 396.6
7.8 6.380 5.872 10.280 86.52 393.4
8.6 6.356 5.848 10.244 86.63 389.4

Unloading 0 6.870 6.166 11.096 89.95 470.7

Fig. 3. (A) Axial Biot strain along a-, b-, and c-axis as a function of applied hydrostatic pressure. The filled square, triangle, and diamond represent data collected
from one-time continuous measurements; the unfilled symbols represent data from repetitive measurements. The solid lines are best-linearly-fitted lines to the filled
symbols, with the indicated slopes; the dash lines across the phase transition are present for eye-guidance. (B) Lattice parameter γ as a function of applied hydrostatic
pressure. Filled and unfilled points represent data from one-time continuous measurements and repetitive measurements, respectively. The vertical dash line in-
dicates the approximate pressure of phase transition. The error in axial Biot strain is< 0.7%; the error in hydrostatic pressure is< 0.15 GPa.

Fig. 4. Hydrostatic pressure as a function of volumetric strain. The dash lines
indicate regression curves to the 2nd-order BM-EoS; the solid line indicate re-
gression curve to the 3rd-order BM-EoS. The error in volumetric strain is ty-
pically< 1%.
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then recovered to 87.2° close to the phase transition, at which γ de-
creased by ~1°, recovering to 86.6° after 8 GPa. Struvite-K developed
monoclinic lattice at elevated hydrostatic pressures, as opposed to the
orthorhombic lattice at ambient conditions.

The unit cell experienced 17% compressive volumetric strain up to
hydrostatic pressure of 8.6 GPa (Fig. 4). The data before and after the
phase transition were fitted separately to 2nd- and/or 3rd-order BM-
EoS. The bulk modulus before phase transition is fitted with both the
filled and unfilled data points (Fig. 4) – i.e., data from multiple mea-
surements – to reduce the statistical errors, especially when the 3rd-
orderBM-EoS was applied. The bulk modulus after the phase change
was not fitted to the 3rd-order but only the 2nd-order BM-EoS due to
limited data points (Table 2). The featureless XRD pattern collected at
10.6 GPa (Fig. 2) suggests that the crystal became X-ray amorphous.
Thus, only five measurements were collected in the limited pressure
range (~5–10 GPa) for the high-pressure crystalline phase. The crystal
gained higher bulk modulus after the phase transition (37.1 GPa com-
pared to 27.3 GPa).

Struvite-K, as the binding phase in MKPC, has comparable density-
bulk modulus combination with ettringite and stratlingite, the binding
phases in other systems of fast-setting, expansive cement (Fig. 5) while
calcium silicate hydrate (C-S-H), the major binding phase of Portland
cement, possess ~1.5 times the density and ~3 times the bulk modulus
as struvite-K. Periclase, the Mg-bearing raw phase in MKPC, is of both
high bulk modulus and high density for the denser atomic packing of
this anhydrate. Brucite, sometimes a secondary phase in MKPC origi-
nated from excessive Mg content, lies close to the primary hydration

products in calcium-aluminate cement and Portland cement in the
density-bulk modulus correlation. In general, a strong positive corre-
lation exists between density and bulk modulus of cement-related
phases, CAH10 being the only outlier. The anomalously high bulk
modulus of CAH10 for its density is explained that the edge-sharing
CaO8 and AlO6 polyhedra resists deformation through tilting but allows
deformation through the shortening of atomic bonds [57].

The observation of phase transition at ~5 GPa and amorphization at
~10 GPa suggests the inappropriateness of studying the material using
nanoindentation. In a nanoindentation study of MKPC [44], the average
stress of the indenter very likely reached 8 GPa, and the stress of the
indenter tip could approach even higher values, very likely over
10 GPa, due to stress concentration [68]. Note that the elastic modulus
of samples obtained from the Basic method used in nanoindentation
studies heavily relies on the initial unloading curve [69,70]. This fact
implicates that the stress condition of the indenter bypassed the reliable
stress range for determining the mechanical properties of struvite-K as
the binding phase in MKPC for real applications, where stress rarely
exceeds 100 s MPa. Nanoindentation using the Basic method essentially
measures the mechanical properties of monoclinic distorted struvite-K,
densified phase-changed struvite-K, or even amorphized struvite-K, but
it does not measure the original orthorhombic struvite-K. Additionally,
as the Poisson's ratio in the nanoindentation study [44] was not given,
one can not validate the measured elastic modulus in their study with
our measured K0. Another nanoindentation study of MKPC [40] is not
discussed here as the loading/unloading parameters were not given (the
maximum stress can not be estimated).

4. Conclusions

The present work studies the mechanical properties of struvite-K,
the binding phase in MKPC, at the unit-cell scale using HP-XRD for the
first time. This study provides knowledge on the fundamental me-
chanical properties of struvite-K. The critical findings include:

1. The unit cell transforms from orthorhombic at ambient pressure to
monoclinic at hydrostatic pressure< 1GPa. A phase transition oc-
curs at ~5 GPa with an abrupt change in both the unit cell edge
length and angle. Further pressurization induces amorphization at
~10 GPa.

2. The unit cell is anisotropic in terms of incompressibility. Before
phase transition, the structure is softest in a-axis and comparably
stiff in the b- and c-axis; after phase transition, the axial in-
compressibilities are all enhanced and become isotropic.

3. The bulk modulus of struvite-K is 27 GPa (37 GPa after phase
transition), comparable to the binding phases in other cement sys-
tems of similar density. The value is an essential input parameter to
the multiscale homogenization modelling of the mechanical beha-
vior of MKPC systems.

4. The observed evolution in the struvite-K structure up to 10 GPa
suggests an issue with nanoindentation (which applies stress
possibly> 10 GPa) to provide reliable information on the me-
chanical properties of struvite-K under relatively low stress in real
structures.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cemconres.2020.106171.
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Table 2
Fitted parameters of struvite-K.

K0 (GPa) K0′

Before phase transition
3rd-order BM-EoS 19.9 ± 3.5 9.0 ± 2.7
2nd-order BM-EoS 27.3 ± 1.1 4 (fixed)

After phase transition
2nd-order BM-EoS 37.1 ± 1.8 4 (fixed)

Fig. 5. K0 of phases related to cement systems as a function of density. C-S-H
stands for calcium silicate hydrates, CAH10 for CaO·Al2O3·10H2O, and C3AH6

(katoite) for 3CaO·Al2O3·6H2O. Light blue triangles correspond to Portland
cement-based binding phases [48,63–65]; yellow circles correspond to binding
phases in calcium-aluminate cement [57]; purple squares correspond to phases
in MKPC [66,67]; dark blue triangles correspond to binding phases in multiple
cement systems [55,60]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

J. Li, et al. Cement and Concrete Research 136 (2020) 106171

5

https://doi.org/10.1016/j.cemconres.2020.106171
https://doi.org/10.1016/j.cemconres.2020.106171


Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

This study is funded by the Republic of Singapore National Research

Foundation through a grant to the Berkeley Education Alliance for
Research in Singapore (BEARS) for the Singapore-Berkeley Building
Efficiency and Sustainability in the Tropics (SinBerBEST) Program. The
research conducted at Advanced Light Source is supported by the
Director, Office of Science, Office of Basic Energy Sciences, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231. The
authors acknowledge Dr. M. Kunz and Dr. J. Yan for technical assis-
tance at the ALS.

Appendix A. The diffractograms of struvite-K exposed to different hydrostatic pressures from a repetitive series of measurements. Phase
transition between 3.8 and 5.0 GPa was observed from the emergence of (100) diffraction peak. The variation in peak intensity from the
same (hkl) plane at different pressures is explained by the different preferred orientation of the large struvite-K crystals in regions
measured at the different pressures. Only peak positions are need for unit cell refinement. The peak intensity here does not affect any part
of the present study
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