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In this study, coarse magnetite (>63 μm) is introduced as a reactive component in wollastonite-based chemically
bonded phosphate ceramics (WPC). It is found that WPC with coarse magnetite results in the formation of new
stable microstructural phases such as iron phosphate cementitious matrix. The new ceramics (M-WCP) exhibit
much lower shrinkage than WPC even after heating at elevated temperatures —eight times less shrinkage at
200 ◦ C. Stiffness increases sharply from the 11.4 GPa of WPC to 23.4 GPa by adding coarse magnetite filler (MWPC). The stiffness of WPC is reduced by more than 50% by heating above 100 ◦ C, while M-WPC preserves more
than 70% of its stiffness when heated up to 700 ◦ C. Compressive strength increases from the 52 MPa of WPC, up
to 80 MPa (M-WPC) by introducing coarse magnetite as reactive component. The new iron phosphate cemen
titious material —with attractive microstructural and mechanical properties besides high dimensional and
thermal stability— can be recommended for many applications in construction, waste stabilization, and storage
systems for radioactive materials.

1. Introduction
In recent years, chemically bonded ceramics have received much
attention from the scientific community for various engineering and
medical applications [1–3]. These materials do not require a high tem
perature for their processing, and they yield a high mechanical perfor
mance [4]. In addition, they are fire-resistant materials that do not emit
gases under high temperatures. The waste that results from these ce
ramics is not toxic or hazardous, and has the potential to be reused [5,6].
In other words, chemically bonded ceramics can be used to produce
green materials that have a positive impact on the environment.
Over the past thirty years, researchers at the Vrije Universiteit
Brussel (VUB) have worked to develop wollastonite-based phosphate
ceramics or inorganic phosphate cement (IPC) [7–9]. The new IPC or
chemically bonded phosphate ceramic, commercially named Vubonite®
[10], hardens at room temperature and its setting time can be controlled
[9]. A similar material is called wollastonite-based brushite cement by

other research groups [12]. In this study, the abbreviation WPC is used
to refer to this phosphate cement. As a result of low-temperature re
actions, ceramic or phosphate cement with good mechanical properties
and high fire resistance can be produced [8]. Chemical reactions take
place in an acidic environment, so their effect is limited to common fi
bres such as glass fibres, which can be used as a reinforcement for this
ceramic to produce composites [10]. Such phosphate ceramics maintain
acceptable mechanical performance even after exposure to temperatures
up to 1000 ◦ C without emitting any toxic or hazardous materials [11,
12].
Despite the attractive properties of wollastonite-based phosphate
ceramic (WPC), some challenges have been indicated in previous studies
[8]. Relatively high shrinkage as well as the occurrence of cracking at
low temperature hampered its use in engineering applications. More
over, the final phases of this ceramic contain brushite and amorphous
calcium phosphates, which are metastable phases at ambient conditions
[8]. This implies reductions in the material’s mechanical properties and
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for different tests by removing the edges and cutting them to the
required dimensions. Another series of chemically bonded ceramics was
prepared following the same procedure but adding magnetite to the
WCP powder (M-WCP), and then continuing the mixing as described
above. Specimens are described in weight-weight fraction as shown in
Table 1. The grain size distribution of magnetite, M-WCP, is illustrated
in Fig. 1.
The grain sizes of magnetite were chosen to be greater than 63 μm in
order to reduce its reactivity with phosphoric acid-based solution, and
thus make possible the involvement of wollastonite in the setting re
actions. Larger magnetite grains (1.19 mm) served for comparison with
the overall bulk volume of the specimens. The amount of magnetite was
determined based on the workability of the mixture.

Table 1
Composition of the phosphate acid-based solution of metal oxides [7,16].
Component

Phosphoric
acid

Al3+from (Al
(OH)3)

Zn2+ from
ZnO

borax
(Na2B4O7)

mol/L

9.3

1.3

1.3

0.15

2.2. Microstructure analysis
The amorphous and major crystalline phases of the powdered sam
ples were determined qualitatively using a Shimadzu diffractometer6000 (Japan) with a cobalt tube, and a scanning range from 10◦ to
60◦ 2-theta at a scan rate of 2◦ /min.
A Scanning Electron Microscope (Inspect F50, The Netherlands) was
used to characterize the morphology of the specimens. The elemental
compositions of the specimens’ surfaces were analyzed by means of
Energy-dispersive X-ray spectroscopy (EDX).

Fig. 1. Grain size distribution of magnetite filler (M-WCP).

2.3. Mechanical characterization

its stability. Preventing cracking and reducing shrinkage to a reasonable
level would optimize the properties of the material for many structural
applications, including heat resistant materials [11].
Magnetite has been proposed as a reactive component of iron-based
phosphate ceramics [14,15] The reactivity of magnetite can be reduced
by increasing its grain size and thus reducing the overall surface area.
Therefore, the present study aims to improve the chemically bonded
phosphate matrix by introducing coarse magnetite, with grain sizes over
63 μm, as the reactive filler. The new chemically bonded phosphate
matrix is investigated to determine its microstructural properties,
shrinkage, and mechanical performance.

The E modulus of the specimens (dimensions 15 × 30 × 320 mm3)
was determined using the Impulse Excitation Technique (IET) [18]. The
samples were supported on the device and then hit with a metal stick in
the middle to generate the resonant frequency. This frequency was
registered by a piezoelectric transducer fixed to the specimen. Further
details on this test methodology and the calculations can be found in
Ref. [19]. The equation used to calculate the stiffness (assuming an
isotropic behaviour) is:
m l
E = 0.9465 f 2 ( )3 T1
w t

2. Materials and methods

where m = mass of the specimen (g), w = width (mm), L = length (mm),
t = thickness (mm), f = fundamental resonant frequency for flexural
vibration, and T1 is a shape factor which, for a long, thin rectangular bar
with L/t ≥ 20, can be approximated by:

2.1. Synthesis of the chemically bonded ceramics
Chemically bonded ceramics (WPC) consist of a calcium silicate
powder (wollastonite mineral) plus a phosphate acid-based solution of
metal oxides, hence a two-component system. The mixing solution
contains a phosphoric acid, metal cations, and borax as an agent to slow
down chemical reactions [10,18]. The composition of the WPC solution
is reported in Table 1.
The powder component is referred to here as N2 and the liquid
mixture is denoted as B23. The optimum weight ratio of liquid to powder
used for the WPC mixture is 1.25 [7,16,17]. The liquid (B23) and the
powder (N2) were mixed for 5 min using a “Eurostar Power Control
Overhead Mixer” at a relatively slow speed (500 revs/min). After the
primary mixing of the two components, the speed of the mixer was
increased to 1500 revs/min for another 5 min to prevent agglomeration
of the powder. Then the mixture was left to rest for 5 min so that
entrapped air bubbles would rise to the surface. Afterwards, the bowl
was vibrated for 3 min to remove as many air bubbles as possible. To
avoid any separation of components due to the vibration, mixing was
resumed at a low speed for another 3 min.
After preparation of the mixture, it was gradually poured into a mold
under continuous vibration. When molding was done, the mold was
closed completely using tape. The total period of mixing and molding
did not exceed 30 min, avoiding water evaporation. The mold was then
left one day at ambient conditions. Once the material had set, the plates
of WPC were demolded. The final step involved preparing the samples

t
T1 = 1 + 6.858( )2
L
The mass and dimensions of the specimens are measured prior to
testing, and measurements of the resonant frequency are taken at
ambient conditions (RT). At least three tests were carried out for each
specimen and the mean frequency value was taken to calculate the
stiffness.
The flexural strength of the specimens —having dimensions height
= 15 mm, width = 30 mm, and length 160 mm— was measured with a
universal testing machine (Instron, USA). The test was performed at
ambient conditions, with a distance between the supports of 120 mm,
and a moving head speed of 0.1 mm/min. The broken specimens were
subjected to a compression test after cutting them to height = 30 mm
and loading area = 40 × 15 mm2, while the speed of the machine head
during testing was 2 mm/min. Three specimens were subjected to me
chanical tests, the mean value being used to calculate the strength.
2.4. Shrinkage
Linear shrinkage is calculated by considering the length of the
hardened specimens (160 mm) as a reference measurement (L0). Any
change in the length of specimen, after each heating step, is measured at
ambient conditions to exclude the effect of thermal expansion. The
2
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Fig. 2. SEM image of wollastonite.

Fig. 3. XRD analysis of the wollastonite-based phosphate ceramics (TCP, tricalcium phosphate).

shrinkage of each heating step is calculated based on the following
equation:
Shrinkage =

3. Results and discussion
3.1. Microstructural characteristics

L0 − Lt
L0

High purity micro-fibre wollastonite powder was used to prepare the
chemically bonded ceramics as reported in Fig. 2. The X-ray diffraction
(XRD) patterns of the powdered WPC samples (Fig. 3) show crystalline
phases and the corresponding peaks. XRD peaks confirm the presence of
significant amounts of brushite and wollastonite in the chemically
bonded phosphate ceramics of reference (WPC). The sample shows three
strong peaks corresponding to brushite at different positions of the 2theta scale from 20◦ to 40 ◦ C, while at the same 2-theta scale, five
wollastonite peaks are evident. Brushite is the major crystalline phase of
WPC and results from the reaction between HPO42− resulting from the
dissociation of H3PO4 (phosphoric acid) and Ca2+ originating from
CaSiO3 (wollastonite) [1].

where Lt is length after heating. Shrinkage as a function of temperature
is measured for all the specimens up to 700 ◦ C. The linear shrinkage of
three specimens was measured, and the mean value was recorded.
2.5. Crack detection
To check the cracking visually, an ink solution was applied on the
specimen’s surface. An optical microscope was used to scan the speci
mens at a certain magnification, while a digital camera fixed to the
microscope served to capture images of the specimen.
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Fig. 4. SEM images and EDX analysis of WPC, brushite crystals (a) amorphous matrix (b), and residual wollastonite (c).

Fig. 5. SEM images and EDX analysis of M-WPC, magnetite grain (a), residual wollastonite (b), calcium phosphate crystals (c), and iron sodium phosphate matrix (d).

The X-ray diffraction pattern displays diffraction lines as a result of
the crystalline phases, with a prominent hump extension. The hump (a
high background) in the data implies the formation of microcrystalline
or amorphous phases [8,11]. The possible amorphous phases in WPC
would be amorphous silica and amorphous calcium phosphate [9].
The addition of magnetite, M-WCP, led to the diminishing of XRD
peaks associated with brushite and wollastonite and a strong appearance
of elements of iron phosphate and tricalcium phosphate-like phase.
These preliminary results are promising because both brushite and
wollastonite do not exhibit high stability at ambient conditions, and
their disappearance improves the long-term stability of phosphate ce
ramics. Brushite is usually stable at pH below 6.5 [20], while

wollastonite absorbs the CO2 from the air to form calcium carbonate [8].
These findings confirm that most of the phosphate ceramics (WPC)
transformed from low stability phases, i.e. brushite [21,22] and
wollastonite [23], to more stable phases, i.e. TCP-like phase and iron
phosphate, as the result of adding magnetite as the reactive filler.
Accordingly, magnetite does not only act as a filler, but it also in
corporates reactions to form new, more stable phases.
The microstructure of WPC consists of three main phases as reported
in Fig. 4. The needle-like brushite particles [24] with a dendritic
network structure, can be seen as point (a). The length of the particle is
around 50 μm. The EDX analysis confirmed that this brushite phase is
composed of: P (10.95%) and Ca (12.04%). The atomic ratio of Ca and P
4
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Fig. 6. Profile of shrinkage after heating at different temperatures (each point is the mean of the three specimen).

is almost one, and is in good agreement with the theoretical Ca/P atomic
percentage of brushite [16,17,25]. The amorphous phase in WPC, Fig. 4
point (b), results from a combination of the broken and distorted bonds
of silicate (from wollastonite) during the setting reactions and the ACP
(amorphous calcium phosphate). Based on the EDX measurements, the
amorphous phase consists, by atomic percentage, of: O (68.1%), Al
(1.3%), Si (11.9%), P (6.5%), Ca (9.6%) and Zn (2.6%).
The powder ingredient of WPC is wollastonite (CaSiO3), Fig. 1 [8]. As
a result of its high Ca contents, this mineral is held to be one of the main
compounds for capturing CO2, lending a high potential to form stable
CaCO3 [26]. During the setting and hardening reactions of WPC, Ca+2
ions released from CaSiO3 react with HPO42− ions in the phosphoric
acid-based solution, leaving poor crystalline silica [8]. The EDX mea
surements indicates a reduction of the Ca/Si ratio in residual CaSiO3
grains, from 1 to 0.8, as shown in Fig. 4 (c) [27].
The SEM image and the EDX analysis, Fig. 5, evidence a significant
incorporation of magnetite in the microstructure of the chemically
bonded phosphate ceramics. The grains of magnetite can preserve their
features as a filler, point (a). Most of the calcium ions in wollastonite
were released during the setting reactions, leaving amorphous silica rich
zones, point (b). A new crystal morphology formed as a result of adding
magnetite, point (c). The crystal structure of fibrous brushite, Fig. 4 (a),
is transformed to a semi-platy structure, Fig. 5 (c). The EDX analysis of
the M-WPC matrix, displayed in Fig. 5 (d), indicates the presence of iron
in significant amounts.
Microstructural analyses using XRD, SEM and EDX confirm that the
magnetite is incorporated into the chemically bonded phosphate ce
ramics as a reactive filler and a source of iron. Different microstructural
phases are formed owing to the use of magnetite, M-WPC — including
the formation of new crystal morphology and iron phosphate matrix (MWPC) instead of metastable calcium phosphates, brushite, and amor
phous calcium phosphates (WCP). These findings prove that magnetite
as reactive filler is an active source of iron ions that stabilize the
cementitious phosphate matrix and form a new iron phosphate-based
binding material.

Table 2
Compositions of phosphate ceramics.
Phase
Reference
I
II

ID
WCP
MWPC
MWPC1
MWPC2
MWPC3
MWPC4

Composition (weight fraction)

Grain size of
magnetite (μm)

Liquid

Wollastonite

Magnetite

100
100

80
80

0
320

–
63–1190

100

80

320

125–250

100

80

320

250–500

100

80

600

500–841

100

80

720

841–1190

especially in elevated-temperature composite material applications
[28]. It is therefore important to characterize the dimensional stability
of the material before taking further steps towards optimizing the
properties of WPC.
Fig. 6 illustrates the change in dimensions of phosphate ceramics
WPC and M-WPC after heating at different temperatures up to 700 ◦ C. At
temperatures lower than 150 ◦ C, the shrinkage induces cracking that can
severely decrease WPC’s life expectancy [8]. These dimensional changes
are mainly attributed to the evaporation of free water and physi
ochemically bound water, as well as phase transformation [8]. The
dehydration of ACP and the transformation of brushite (with skeletal
density of 2.32 g/cm3) to monetite (with skeletal density 2.89 g/cm3)
within the temperature range from 60 ◦ C to 150 ◦ C causes compaction in
the structure of the phases (local shrinkage) and in the bulk structure of
the WPC (bulk shrinkage), Fig. 5 [29]. Introducing magnetite to the
wollastonite-based chemically bonded ceramics could serve to over
come the challenge imposed by high WPC shrinkage, Fig. 6. The
shrinkage of the reference material, WPC, is reduced after heating at
200 ◦ C, from 3.14% to 0.38% (M-WPC). This means an overall reduction
in shrinkage of 88% by adding magnetite, Table 2, as reactive filler.
For mechanical characterization, stiffness as a function of the tem
perature is determined for the two groups of specimens. Fig. 9 illustrates
the profile of the specimens’ stiffness as a function of the temperature.
The stiffness of the chemically bonded ceramics increases sharply by
adding magnetite, M-WPC. The reference specimens, WPC, exhibit
stiffness of 11.3 GPa, while adding magnetite increases the stiffness to
23.3 GPa. The series with magnetite filler, M-WPC retains more than

3.2. Shrinkage and stiffness
Previous studies [8,11] claim that high shrinkage is a most serious
challenge when using WPC in construction. High shrinkage causes re
ductions in the material’s mechanical properties and affects its stability.
Any sharp variation of the material’s dimensions at intermediate tem
peratures poses an obstacle for its use in a number of applications,
5
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Fig. 7. Stiffness behaviour of chemically bonded phosphate ceramics as a function of temperature (each point is the mean of the three specimen).

Fig. 8. Magnetite’s effect on the strength of the chemically bonded phosphate ceramics (each bar represents the measurement of the individual sample).
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cracking, even at temperatures lower than 150 ◦ C, the M-WPC speci
mens show no visible cracks until 700 ◦ C.
The results of strength and cracking are in good agreement with the
stiffness profile as already reported, Fig. 7. Magnetite as reactive filler
improves the resistance capacity of the material against the mechanical
and thermal loads, enabling the material to retain most of its mechanical
performance even after heating at elevated temperatures.
3.4. Effect of magnetite grain size on shrinkage and stiffness
Four additional series, M-WPC1, M-WPC2, M-WPC3, and M-WPC4,
of chemically bonded phosphate ceramics were prepared using magne
tite with different sizes. The sizes of magnetite vary from 125 μm to
1190 μm, as reported in Table 2. The quantity of the filler was deter
mined based on the workability of the mixture.
The magnetite particles are assumed to partially react with the WPC
matrix, thus forming a strong chemical bond (calcium phosphates and
iron phosphates) on the matrix-aggregate interface as shown in Fig. 5.
This process involves a limited reaction only on the boundary of the
particles. The coarse magnetite particles, see Table 2, embedded in the
IPC matrix increase the non-shrinking phase percentage of the overall
matrix [30–32], thereby decreasing shrinkage, Fig. 10. However, using a
large amount of coarse particles increases the micro-cracking that ap
pears under heating, and thus decreases the stiffness of the end product
as seen in Fig. 11.
By using magnetite as a functional and reactive filler, the mechanical
properties of the material are assumed to be improved because the
interface zone between the particles and the matrix is strengthened. Yet
using large particles could reduce the reactions between the matrix and
the filler, giving rise to inert filler. On the other hand, using fine particles
accelerates the reaction of magnetite with the liquid component of IPC,
thereby forming a new binding material, iron calcium phosphate. In this
case, magnetite is considered to be a reactive filler.
These results confirm that there are two functions of magnetite that
depend mainly on the size of the particles. The first function is con
cerned with the fine particles: they react with the phosphoric-based
solution and wollastonite to form iron-calcium-phosphate as a binder
instead of metastable calcium phosphates, i.e. brushite and ACP. This
new matrix of M-WPC is composed mainly of an iron-calcium-phosphate
phase, and it is characterized by great stability when compared to the
reference material (WPC). The other function observed is for large
particles that retain such properties as high density, and are dimen
sionally stable. This leads to a sharp reduction in the overall shrinkage of
the products. Accordingly, it is concluded that using both fine and coarse
sizes of magnetite particles can be recommended to obtain products
having high mechanical performance and good dimensional stability at
a wide range of temperatures.

Fig. 9. WPC compared with M-WPC in cracking as a function of temperature
(optical microscopy).

70% of its stiffness up to 700 ◦ C.
3.3. Effects of magnetite filler on strength and cracking

4. Conclusions

The specimens of study exhibited an increase in flexural strength
from 10 MPa to 12 MPa by introducing magnetite, M-WPC, as reactive
filler after drying at 40 ◦ C, as reported in Fig. 8A. Drying specimens at
warm room temperature (40 ◦ C) prior to mechanical testing is preferable
to accelerate any further hardening reactions of WPC phases, such as
amorphous calcium phosphates [8]. The compressive strength of the
specimens increases from 52 MPa up to 80 MPa by adding magnetite,
Fig. 8B. After heating at 300 ◦ C, the M-WPC2 retains around 66% of its
flexural strength, while the reference material, WPC, retains only 45% of
its original strength.
Fig. 9 shows the microscopic structure of typical WPC and M-WPC
material. The filler particles, M-WPC, are the darker, irregular magnetite
granules. The matrix is the lighter material that surrounds them. A
highly filled composite, shown in the right frame of Fig. 8, is charac
terized by closely packed filler particles. Cracks in WPC are the result of
capillary stresses, thermally induced chemical transformation, and
thermal gradients. Fig. 9 offers a comparison between WPC and M-WPC.
Whereas the first series exhibits severe micro-cracking and macro-

Magnetite is one of several iron oxides, namely a ferromagnetic
mineral form of iron (II,III) oxide, with the chemical formula Fe3O4. In
addition to being inert, non-toxic, and environmentally friendly,
magnetite offers high purity, high density and substantial heat retaining
capacity. It is useful in many different industries and applications. This
general study explores the properties of magnetite and its effectiveness
as a reactive filler in wollastonite-based chemically bonded ceramics,
WPC, for dimensional, phase and thermal stability, as well as mechan
ical performance.
Magnetite was found to react with the WPC mixture to form a new
binding material: iron calcium phosphate. The coarse magnetite aggre
gates are assumed to partially react with the WPC matrix, giving rise to
strong chemical bonding (calcium phosphates and iron phosphates) on
the matrix-aggregate interface. This process involves a limited reaction
only on the boundary of the coarse aggregates (>μm) —the two main
components of the composite could be distinguished easily.
7
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Fig. 10. Effect of magnetite grain size on shrinkage of phosphate ceramics (see Table 2).

Fig. 11. Effect of magnetite grain size on stiffness of phosphate ceramics (see Table 2).

In addition to using magnetite as a reactive or functional filler, it is
assumed to highly improve the mechanical properties of the material by
strengthening the interface zone between the aggregates and the matrix.
Nonetheless, using large aggregates could completely block the re
actions between the matrix and the filler, so that inert filler may be
obtained. Contrariwise, using fine particles accelerates the reaction of
magnetite with the WPC and thus a new material is formed. In this case,
magnetite is considered to be a reactive component. Still, the optimum
particle size of magnetite entails the inclusion of both fine and coarse
particles, M-WPC. The first component reacts with the phosphoric acidbased solution to form iron phosphate as a strong and stable binding
material, while the coarse particles serve as stable filler with high
stiffness, density and dimensional stability.
The shrinkage of the end IPC product decreases sharply as a result of
adding magnetite. The M-WPC shrinkage of ~0.38% recorded at 200 ◦ C
is eight times less than that of WPC. These findings reveal that magnetite
highly improves the dimensional stability of the end IPC products at
various temperatures. Furthermore, magnetite filler significantly

increases the stiffness and tensile bending strength of the end products,
both at 40 ◦ C and higher temperatures. The material retains a high
percentage of its strength when using magnetite filler.
We may conclude that magnetite as reactive filler can be used to
improve the dimensional and thermal stability of WPC. These materials
are characterized by an ability to retain their mechanical properties at
elevated temperatures without severe cracking and with low shrinkage.
In addition, using filler highly improved the thermo-mechanical stability
of the material. An end product that is highly resistant to cracking,
shows high strength at various temperatures, and undergoes low
shrinkage can be obtained through an appropriate selection of magnetite
particle sizes. Also, the cost of the end products is reduced by using a
high percentage of filler.
This new matrix of attractive mechanical properties, M-WPC, is
recommended for various applications where high thermal and me
chanical loads are applied, for instance in construction, waste stabili
zation or storage systems for radioactive materials.

8

M. Alshaaer et al.

Journal of Physics and Chemistry of Solids 162 (2022) 110531

CRediT author statement

[13] E. Abdelrazek, A.G.A. Oraby, A. Abdelghany, A. Alshehari, Effect of addition of a
mixed filler of CoCl2 and LiBr into PEMA and its morphological, thermal and
electrical properties, Bull. Mater. Sci. 43 (1) (2020).
[14] A.S. Wagh, S.Y. Jeong, Chemically bonded phosphate ceramics: III, reduction
mechanism and its application to iron phosphate ceramics, J. Am. Ceram. Soc. 86
(11) (2003) 1850–1855.
[15] A. S. Wagh, “Chemically Bonded Phosphate Ceramics”, second ed., Amsterdam:
Elsevier. DOI: 10.1016/C2014-0-02562-2.
[16] P. Laniesse, C.C.D. Coumesa, A. Poulesquen, A. Bourchy, A. Mesbahb, G.L. Saout,
P. Gaveau, Setting and hardening process of a wollastonite-based brushite cement,
Cement Concr. Res. 106 (2018) 65–76.
[17] G. Mosselmans, M. Biesemans, R. Willem, J. Wastiels, M. Leermakers, H. Rahier,
S. Brughmans, B. Van Mele, Thermal hardening and structure of a phosphorus
containing cementitious model material, J. Therm. Anal. Calorim. 88 (2007)
723–729.
[18] T. Lauwagie, H. Sol, G. Roebben, W. Heylen, Y. Shi, Validation of the Resonalyser
method: an inverse method for material identification, in: International Conference
on Noise and Vibration Engineering, Leuven, Belgium, 2002.
[19] G. Pickett, Equations for Computing Elastic Constants from Flexural and Tensional
Resonant Frequencies of Vibration of Prisms and Cylinders, Proceedings ASTM
International, 1945.
[20] A. Dosen, R.F. Giese, Thermal decomposition of brushite, CaHPO4⋅2H2O to
monetite CaHPO4 and the formation of an amorphous phase, Am. Mineral. 96
(2–3) (2011) 368–373.
[21] A. Bhojani, H. Jethva, M. Joshi, Growth inhibition study of urinary type brushite
crystal using potassium dihydrogen citrate solution, AIP Conf. Proc. 2115 (2019),
030417, https://doi.org/10.1063/1.5113256.
[22] K. Dharmalingam, G. Padmavathi, A.B. Kunnumakkara, R. Anandalakshmi,
Microwave-assisted synthesis of cellulose/zinc-sulfate-calcium-phosphate (ZSCAP)
nanocomposites for biomedical applications, Mater. Sci. Eng. C 100 (2019)
535–543.
[23] M.O. Kangal, G. Bulut, O. Guven, Physicochemical characterization of natural
wollastonite and calcite, Minerals 10 (3) (2020) 228.
[24] F. Tamimi, D.L. Nihouannen, H. Eimar, Z. Sheikh, S. Komarova, J. Barralet, The
effect of autoclaving on the physical and biological properties of dicalcium
phosphate dihydrate bioceramics: brushite vs. monetite, Acta Biomater. 8 (8)
(2012) 3161–3169.
[25] J.L. Meyer, E.D. Eanes, A thermodynamic analysis of the amorphous to crystalline
calcium phosphate transformation, Calcif. Tissue Res. 25 (1) (1978) 59–68.
[26] S. Yadav, A. Mehra, Mathematical modelling and experimental study of
carbonation of wollastonite in the aqueous media, J. CO2 Util. 31 (2019) 181–191.
[27] J. Zhang, W. Liu, V. Schnitzler, F. Tancret, J.-M. Bouler, Calcium phosphate
cements for bone substitution: chemistry, handling and mechanical properties,
Acta Biomater. 10 (2014) 1035–1049.
[28] V. Kodur, Properties of concrete at elevated temperatures, ISRN Civil Eng. 2014
(15) (2014).
[29] D. Ren, R. Qichao, J. Tao, J. Lo, S. Nutt, J. Moradian-Oldak, Amelogenin affects
brushite crystal morphology and promotes its phase transformation to monetite,
Cryst. Growth Des. 16 (9) (2016).
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