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Phase and mechanical changes of Inorganic Phosphate Cement (IPC) are identified along with changes in macro
properties as functions of temperature and time. In addition to amorphous phases, the presence of significant
amounts of brushite and wollastonite in the reference IPC is confirmed using X-ray diffraction. The thermal
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conditions. It is found that the strength of IPC increases with ageing at ambient conditions but the formation
microcracksbelow105 °C causes a sharp reduction in themechanical performance of IPC. According to the results
obtained by Mercury intrusion porosimetry, the pore system of the reference IPC is dominated by mesopores.
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1. Introduction

Calcium phosphate cement is the generic term to describe chemical
formulations in the chemical system that can experience a transforma-
tion from a liquid or pasty state to a solid state, and in which the end
product of the reaction is a calcium phosphate. These cements consist
generally of a concentratedmixture of one or several calciumphosphate
powders and an aqueous solution (e.g. water), but it may also consist of
amixture of two ormore solutions [1,2]. These cements have the ability
to precipitate different end products (e.g. hydroxyapatite, calcium
deficient apatite, brushite, etc.) after full conversion [3]. The calcium
phosphate cements (CPCs) are commonly used in dentistry and
orthopedic bone filling surgeries, which require extremely invasive
procedures [1–6]. The discovery of CPCs has been ascribed to Brownand
Chow for an abstract published in 1983 [4]. However, several authors
workedwith similar reactions before 1983. For example, Kingery looked
at formulations based on CaO and phosphoric acid in 1950 [5]. Over the
last few years, researchers at the Vrije Universiteit Brussel (VUB) have
been developing a chemically bonded Inorganic Phosphate Cement
(IPC) for structural and industrial applications where (accidental) and
high temperatures may occur. This material is called Inorganic
Phosphate Cement (IPC) and is available under the commercial brand
name Vubonite [7]. IPC is a newmaterial that sets at room temperature,
with unique properties for manufacturing E-glass fiber reinforced
compositematerials. Such a textile reinforced cementitious composite is
an interesting material in those applications where high load-bearing
capacity, good temperature or fire resistance, and lightweight construc-
tions are demanded [8]. IPC is a two-component system, consisting of a
calcium silicate powder and a phosphoric acid-based solution of metal
oxides. After hardening, the material's properties are similar to those of
Portland cement based materials. IPC can be used in elevated
temperature applications such as moulds for shaping of composites
with thermoplasticmatrix or post curing of thermosets. Because the IPC
belongs to a novel class of room-temperature-setting chemically
bonded materials with remarkable thermal, structural and rheological
properties that are ideal for matrices of fibre reinforced composite
materials, the main objective of this paper is to study the impact of
temperature and time on its properties. The thermal and dimensional
stability of the material is evaluated in order to provide an overview of
themain challenges that will be encountered when using IPC in various
applications. Specifically, the problemswhichwill limit the use of IPC in
structural applications will be investigated and identified, particularly
those related to heat resistance and ageing. A link between mechanical
properties and molecular and microstructure is looked for.

2. Basic chemistry of IPC

The setting reaction of IPC was described in previous work [9]. A
small overviewwill be given here. The reaction between the Ca source
wollastonite (CaSiO3) and the phosphoric acid solution starts in a very
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acidic environment (pH around 1). During the reaction, the pH
increases, reaching about 7 at completion. For molar ratios P/Ca
between 0.39 and 1, only one type of calcium phosphate (brushite,
CaHPO4.2H2O) is formed. This reaction is represented in Eq. (1).

CaSiO3 + H3PO4 + 1 + xð ÞH2O = SiO2:xH2O + CaHPO4:2H2O ð1Þ

Alongside brushite, also amorphous silica is formed as a result of the
leaching out of Ca from thewollastonite. The Ca cations recombinewith
phosphate anions and the precipitation layers glue together the silica
and remainingwollastonite particles. The first precipitate is amorphous
and only in a later stage of the reaction crystalline brushite is formed.

Calcium phosphate phases (CaP) belong to the family of apatites.
There are several CaP phases, themost ubiquitous being hydroxyapatite
(HAp, Ca10(PO4)6(OH)2). Other CaP structures include brushite (DCPD,
CaHPO4.2H2O) and tricalcium phosphate (TCP, Ca3(PO4)2). Several low-
and high-temperature approaches have been reported for synthesizing
HAp and brushite (DCPD),while tricalciumphosphate (TCP) is primarily
synthesized using high-temperature methods [10]. An overview of the
most important calcium phosphate phases can be found in [11–13]. It
appears that brushite is a stable mineral during a large part of the
reaction, but at the end of the reaction the pH reaches 7, thus above the
stability window of brushite, which is between 2 and 6. The study of the
ageing is thus important since brushitemay transform into amore stable
form.

3. Experimental procedure

3.1. Materials and Inorganic Phosphate Cement (IPC) synthesis

IPC is a two-component system, consisting of a calcium silicate
powder and a phosphate acid-based solution of metal oxides [7]. As
powder component, Wollastonite (CaSiO3) NYAD®200 of NYCO was
used. The liquid mixture was a phosphoric acid solution, containing
metal cations and a retarding agent following [14]. The weight ratio of
powder to liquid used for all IPC mixtures in this research was 1/1.25,
corresponding to a Ca/P ratio of 1.23. The two components of the IPC
weremixed for fiveminutes at a speed of 1500 rpmwith a blademixer,
in order to obtain a homogeneous mixture. The mixture was poured
slowly, while being vibrated, into polycarbonate moulds. After the
mould was filled, it was sealed by tape and left for 24 hours at ambient
conditions, during which period the material sets. After that, the plates
of IPCwere removed from themould,wrapped in a plastic foil and put in
an oven at 60 °C for another 24 hours for further post curing. The last
step was preparing the specimens for the mechanical tests by cutting
them to the desired shape and dimensions. These new specimens were
referred to as “reference specimens” in this research. This definition
indicates that these specimens were not yet exposed to ageing, heating
or any other treatment.

3.2. Heat exposure procedure (bulk specimens)

The effect of heating on the properties of IPC was determined after
exposing bulk specimens to various temperatures. All subsequent
tests were performed at room temperature. The following heat
exposure procedure was used in this research:

1. The zero measurements (reference) were recorded immediately
after curing at room temperature for 24 hours.

2. The test specimens were placed in the oven.
3. The oven was brought to the required temperature.
4. The required temperature was maintained during the specified

period of time (usually 24 hours).
5. After the exposure period, the specimens were removed from the

oven, weighed, and then brought back to ambient temperature
before further testing.
6. The properties of interest were measured (e.g. weight, length,
stiffness ….).

7. After placing the same specimens in the oven, the temperature was
increased to the next required temperature and steps 4 to 7 were
repeated with the same specimens until the highest required
temperature (usually 300 °C or 1000 °C) was reached.

The test specimens (e.g. dimensions, shape …) were prepared
according to the appropriate test method(s) for the evaluation of any
exposure effects on the relevant product characteristics as specified.
Moreover, to obtain more accurate values, at least three specimens
were used for each test, with their average measurements used for
analysis. The specimens were examined visually before and after each
exposure step. Any visual exposure effects were recorded. Afterwards,
the differences in appearance of the test specimens before and after
exposure was observed, compared and recorded. Finally, the changes
in the relevant characteristics were plotted or compared as a function
of temperature.

3.3. Ageing

The reference specimens were aged for different periods at ambient
conditions without any sealing.

3.4. Analytical techniques

3.4.1. Impulse Excitation Technique (IET)
The stiffness of the specimens was measured by using the Impulse

Excitation Technique (IET). In this investigation, specimens with
dimensions 15×30×320 mm3 were prepared to meet the require-
ments of this technique [15]. The specimens were supported at the
first bending resonance mode and struck by a small metallic stick at
their centre. The fundamental resonant frequency was measured via a
piezoelectric transducer in contact with the specimen. Further details
on the test methodology and calculations were given in references
[16,17].

3.4.2. Optical microscope
In this research, we restricted our study to the cracking patterns on

the surface of the specimens. To detect the cracking, an ink solution
was used to colour the specimen surface. An optical microscope was
then used to scan the specimens, while a digital camera fixed to this
microscope captures the images.

3.4.3. Compressive and three-point bending strength
The specimens were tested in three-point bending and in compres-

sion. Testing was performed at room temperature with an Instron
universal testing machine model 1195. The bending specimen's dimen-
sions were: height=15mm, width=30 mm and length 160 mm, the
distance between the supports was 120 mm and the speed of the
machine head during testing was 0.1 mm/minute. Compression tests
were performed on the failed bending specimens, placed on their side
with a loading area=40×15mm2andheight=30mm. The speed of the
machine head during testing was 2 mm/minute. Some of the specimens
were tested in the condition they reached after ageing (denoted as
‘dry’), while others were immersed in water until saturated (denoted as
‘immersed’).

3.4.4. Thermogravimetric analysis, thermomechanical and dynamic
mechanical analysis

A TGA7 from PerkinElmer was used, purgedwith Helium. Powdered
samples (~40 mg) were tested. The heating rate was 5 °C/min. A DMA7
instrument from PerkinElmer was used purged with Helium, with a
quartz parallel plate probe (diameter 1 mm). A cube of 5×5×5 mm3

was tested.
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3.4.5. XRD
X-ray diffraction (XRD) was carried out on powdered and non-

powdered samples using a Siemens D5000 diffractometer, generating a
Cu Kθ radiation with an applied voltage of 40 kV and a current of 40 mA.
XRD scansweremeasured from15° to 70° 2-theta at a scan rate of 2°/min.
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Fig. 2. Stiffness and cracking of IPC specimens as a function of temperature (IET and
optical microscope).
3.4.6. Helium pycnometry
The skeletal density of the IPC specimens was determined using the

Helium pycnometer (Micrometrics AccuPyc 1330). Four specimens of
IPC were prepared for this testing. The first specimen was used as
reference IPC, while the other three specimens were heated at 105 °C,
150 °C and 200 °C using the heat exposure procedure [see Section 3.2].
These specimens were crushed into aggregates with a size of around
4 mm. The first specimen (reference IPC) was placed under vacuum for
24 hours to remove themoisture. The other three specimenswere dried
in a convection oven at 105 °C for 24 hours. A 10-cm3 sample chamber
was filled by the dried IPC aggregates. Afterward, the sample chamber
wasfilledwith heliumgas and pressurewasmeasured. The helium then
enters another empty chamber and the pressure in both chambers was
measured. The sample volumewas calculated based on these pressures
and then with the known weight of the sample, the density was
calculated. The heliumwas able to fill all spaces and all but the smallest
micropores open to the atmosphere.
3.4.7. Mercury intrusion porosimetry
An AutoPore IV Serie 9500 from Micromeritics was used. The

samples were placed in a closed cell called Penetrometer and
evacuated. After a low vacuum level was reached (around 3 kPa),
the cell was filled with mercury and pressure was increased
continuously to 400 MPa. The maximum pore diameter was 300 μm,
the surface tension 0.485 N/m and the contact angle: 130°.
12
4. Results and discussion

4.1. Phase constituents of reference IPC

Since the phosphoric acid solution used in this work differs from
the one used in the previous work [9], it was checked if the same
reaction products were obtained. The X-ray diffraction (XRD) patterns
of the powdered reference IPC sample (see Fig. 1) show peaks
corresponding to brushite and remaining wollastonite. No other
crystalline products are obvious. Since the P/Ca ratio is below unity,
remaining wollastonite is expected.

The X-ray diffraction pattern (Fig. 1) displays diffraction lines due
to the crystalline phases, but also a prominent high background is
observed between 15 and 40° 2θ. The hump in the diffractogram
implies the presence of amorphous silica and eventually residual
amorphous calcium phosphates [9,10]. It can thus be concluded that
to a first approximation, the reaction products are comparable to the
ones obtained with the model system of previous work [9].
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Fig. 1. Qualitative XRD patterns of reference IPC with crystalline peaks of brushite (B)
and wollastonite (W).
4.2. Evaluation of mechanical properties and structural changes of IPC as
a function of temperature

The variation of the stiffness with temperature, measured with the
Impulse Excitation Technique, is plotted in Fig. 2. As the temperature
increases from 80 °C to 200 °C, the specimens show a sharp drop in
their stiffness: it is observed that the stiffness decreases by around
50%, from 14.2 GPa to 7.2 GPa, within the temperature range of 80 °C–
200 °C. Images of the specimens' surface are taken with the optical
microscope to detect the cracking in this temperature range. As a
result of heating, map crack patterns are observed on the surface of
the reference specimens at 105 °C, as shown in Fig. 2. Increasing the
temperature further from 200 °C to 700 °C has only a limited effect on
the stiffness of the IPC specimens. At temperatures between 700 °C
and 800 °C, the stiffness starts to increase, as a result of reaching the
glass transition temperature of some phases of the IPC, see Fig. 2.

Figs. 3 and 4 show the bending and the compressive strength of the
IPC specimens after heating at various temperatures up to 1000 °C.
Similar to the stiffness, the bending strength of dry specimens decreases
sharply till around 105 °C and increases again at around 700 °C–800 °C.
This indicates that cracking up to 105 °C and the effect of the glass
transition temperature at about 800 °C are the major contributions to
these variations. The bending strength of immersed specimens is almost
the sameas thebending strengthof dry specimensat roomtemperature,
but after heating at a temperature of 105 °C andhigher, thewet strength
is about twice as low as the dry one. The bending strength of the
immersed specimens shows the same trend as the dry specimens as a
function of temperature, Fig. 3. On the other hand, the observed
microcracking has only a limited influence on the compressive strength,
see Fig. 4: the increase in defect size has a more pronounced effect on a
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Fig. 3. Bending strength of IPC at room temperature after heating the specimens at
different temperatures.



0

10

20

30

40

50

60

70

80

90

0

Temperature (°C)

C
om

pr
es

si
on

 s
tr

en
gt

h
(M

P
a)

 
Dry specimens
Immersed specimens

200 400 600 800 1000

Fig. 4. Compressive strength of IPC at room temperature after heating the specimens at
different temperatures.

Fig. 5. Thermograms of TGA and DMA of reference IPC: A) weight loss and the derivative
of the weight loss, B) shrinkage and the derivative of the shrinkage, C) loss modulus
obtained by DMA analysis, and D) expansion of the material during a second scan in the
DMA analysis. The vertical dotted lines indicate the temperatures where the mass
losses or the height changes are observed.

Fig. 6. TGA thermograms of reference IPC (r=0.83), pure brushite and pure calcium
dihydrogenphosphate mono hydrate. The mass at a temperature of 550 °C is used as a
reference mass (=100%). The curves are shifted for clarity.
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Griffith type of failure. Compressive strengthdoesnot changenotably by
heating up to 600 °C. Exposure above 800 °C causes an increase in the
specimen's compressive strength.

Based on the above results, we can conclude that the network of
microcracks plays a major role in the reduction of IPC's mechanical
performance after exposure to temperatures above 100 °C.

4.3. Evaluation of mass loss, shrinkage and phase changes of IPC as a
function of temperature

To understand the behavior of the IPC at elevated temperature, a
more fundamental study is carried out.

4.3.1. TGA and TMA (small samples, ~40 mg)
IPC might be used as a construction material in situations where

elevated temperatures may occur. Its thermomechanical behavior is
shown in Fig. 5. Some distinct shrinkage is observed in the first
heating curve up to 850 °C. During a second heating none of these
steps is reproduced and a normal expansion is seen. To understand
the changes going on during the first heating, the weight loss is also
measured over the same temperature interval. The derivatives ofmass
and length variations, obtained by TGA and TMA are also plotted in
Fig. 5 to better visualize small steps. One can distinguish four steps in
mass loss: the first one occurring from the beginning of the
experiment (due to the evaporation of free water present in the
material), the second one around 130 °C, the third one around 205 °C
and the fourth one around 440 °C. Furthermore there are two steps of
shrinkage observed above 515 °C without a corresponding loss of
mass.

Next to amorphous silica, brushite is one of the main components
of IPC. The dehydration of brushite is known to occur in several steps
[18]. The crystal structure of brushite contains compact sheets,
consisting of parallel chains, in which calcium ions are coordinated
by six phosphate oxygen and two oxygen atoms belonging to the
water molecules. Besides the adsorbedwater molecules on its surface,
two kinds of water molecules exist in brushite differing in the
strength of the hydrogen bonding [19]: one (W1) is linked to the
phosphate oxygen by strong hydrogen bonds, whereas the other one
(W2) presents longer and weaker hydrogen bonds.

The dehydration of the reference IPC was also studied by XRD,
showing the appearance of monetite after heating to 150 °C for 1 day.
We can summarize the transformation of brushite tomonetite (Eq. 2) in
the following two statements: 1) The removal of W1 between 105 °C
and 150 °C transforms brushite into an intermediate phase 2)Heating to
temperatures above 220 °C causes the complete dehydration of the
intermediate phase, into monetite. Also for amorphous calcium
phosphates (ACP), it is reported that there are different types of
water: 1)adsorbedwaterwhichevaporates under105 °Cand2)hydrate
water [18]. The free and adsorbed water is released continuously, Fig. 6.
ACP as an amorphous phase loses its bound hydrate water in a broad
temperature range [18]. The loss ofmass resulting from the dehydration
of ACP's free, adsorbed and hydratewater can probably also be observed
in Fig. 6 as part of the continuous weight loss below 200 °C.

CaHPO4:2H2O → CaHPO4 þ 2H2O ð2Þ

image of Fig.�6


Fig. 8. XRD spectra of IPC heated up to the temperature mentioned.
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2 CaHPO4 → Ca2P2O7 þ H2O ð3Þ

The next distinct mass loss was observed between 390 °C and
515 °C, see Fig. 5. This can be ascribed to the decomposition of
monetite into calcium pyrophosphate (Ca2P2O7) and H2O (see Eq. 3)
around 440 °C according to TGA [20]. The same evolutions are
observed by means of XRD at more or less the same temperatures.

The dehydration of brushite (CaHPO4.2H2O) in the temperature
range 80 °C–450 °C is reflected in the shrinkage pattern as seen in Fig. 5.
At about 500 °C, just after the last weight loss, a next shrinkage step is
observed. Starting from 700 °C, the material seems to shrink again. The
lossmodulusmeasuredwithDMA, starts to increase in this temperature
interval, pointing to the softening of the material. The last ‘shrinkage’
observed is thus rather due to viscous flow than 3-dimensional
shrinkage. At this moment it is not clear yet whether this transition is
due to the silica phase or to one of the calcium phosphate phases.

XRD helps to further elucidate the structural changes (Fig. 7). The
intensity of the signals at the typical diffraction angles of monetite
diminish and disappear at 470 °C. Starting from470 °C a new crystalline
component is formed. From 650 °C on the presence of calcium
pyrophosphate is very clear. The structural rearrangements, and
especially the crystallization, probably cause the shrinkage at 500 °C.
In addition to calciumpyrophosphate (Ca2P2O7), some other XRDpeaks
corresponding to new crystalline CaP phases, possibly Ca4P6O19 and
CaP4O11, at this temperature can be observed, Fig. 8. No information
about a possible transition in the amorphous silica could be obtained.
Nevertheless, such a transition may possibly happen because the glass
transition temperature of amorphous silica may be exceeded. Pure
amorphous silica has a glass transition temperature of about 1200 °C
[21–23]. When hydrogen or metal ions are present in the amorphous
phase, its glass transition temperature decreases. In the formed
materials, hydrogen and calcium atoms (remaining in the amorphous
structure that was originally wollastonite) can cause a drop in the glass
transition of the silica phase, possibly below 1000 °C. If the temperature
rises above the glass transition, structural changes are possible.
4.3.2. Porosity and pore structure
Fig. 9 presents a typical mercury intrusion porosimetry (MIP)

result on reference IPC. Two measurements on different reference
samples are plotted to show the reproducibility. The incremental
volume versus pore diameter shows only one peak, centered at
20 nm, indicating the presence of mesopores in the sample. Such
results certainly indicate a very limited amount of macropores
(greater than 0.1 μm), ~1% of the total volume, in the reference
specimens. Remark however that large cracks and voids cannot be
measured with this technique. According to mercury intrusion
porosimetry the total porosity of IPC is around 30%.
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Fig. 7. Qualitative XRD patterns of reference IPC and after heating at 150 °C for 24 hours
(powder specimens).
Fig. 10 A illustrates the cumulative distribution of the pores and
the total pore volume in the reference IPC in these scenarios: at room
temperature, after heating it at 110 °C and after heating it at 150 °C.
The regions of the mesopores and the macropores are separated by a
dotted line. The derivatives of pore distributions of these specimens
are shown in Fig. 10B. These results show that the relative amount of
macropores increases from 1% to 16% when heated from room
temperature to 150 °C.
4.3.3. Mechanism of the thermal IPC shrinkage resulting from phase
transformations

IPC shrinkage is of increasing concern when focusing on maintaining
durable structures with composite materials at elevated temperatures.
Although chemical transformations take place at certain temperature
ranges, they depend also on ageing and pore moisture. At temperatures
even below 105 °C the shrinkage induces cracking which can severely
decrease IPC life expectancy. These dimensional changes are mainly
attributed to evaporation of water without phase transformation.
Fig. 9. Pore size distributions of two reference IPC specimens obtained by using MIP
technique (percentage of the total specimen's volume).
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Subsequently high bulk shrinkage occurs simultaneously with little
changes in skeletal densitymeasured via heliumpycnometry as shown in
Fig. 11. The chemical transformations of the calcium phosphates above
105 °C cause compaction in the structure of the phases (local shrinkage)
as well as the bulk structure of the IPC (bulk shrinkage), Fig. 12. The
transformationof brushite (with skeletal density 2.32 g/cm3) tomonetite
(with skeletal density 2.89 g/cm3) is themain factor behind the shrinkage
in IPC in the temperature rangeof105 °C to220 °C. Local shrinkageoccurs
only in the shrinking phases of the solid skeleton, in the first place
brushite and ACP and possibly also amorphous silica. The non-shrinking
phase, residual wollastonite, also influences the development of internal
stresses because of the differential shrinkage between the non-shrinking
and shrinking phases. Therefore, the prediction of bulk shrinkage
depends on the shrinking phases, the non-shrinking phase and the
pore phase. The bulk structure of IPC is composed out of a solid skeleton,
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Fig. 11. Shrinkage and corresponding skeletal density of IPC as function of temperature
(Helium pycnometer).
water phases and a pore system. The variations of this structure as a
function of temperature are rather complex. Fig. 10 shows that pore size
distribution of IPC is a function of temperature. Accordingly, a case study
of the bulk structure of IPC is discussed as a function of temperature up to
200 °C.

Fig. 12 illustrates the shrinkage of the solid skeleton and the
shrinkage of the IPC (bulk shrinkage). Pore size distributions of the
first three specimens (room temperature, 110 °C, and 150 °C) are
presented already in Fig. 10. Limited changes take place in skeletal
density and pore system in the temperature range RT — 110 °C.
Accordingly, we will focus on the changes that take place in the
temperature range of transformation of brushite to monetite: 110 °C
to 200 °C. Significant shrinkage occurs in the solid phase when
brushite transforms into monetite and into an intermediate phase at a
temperature range of 110 °C to 150 °C. In this temperature range, bulk
shrinkage continues, but at a lower rate than observed at the room
temperature to 110 °C range. Increasing the temperature up to 200 °C
further dehydrates the IPC and transforms most of the brushite to
monetite. A strong discrepancy is observed between the skeletal
density increasingmuch faster than the corresponding bulk shrinkage
which hardly changes. Since the strong compaction of the solid phase
(skeletal density) is not observed on the external dimensions this
implies that the porosity still increases.
4.4. Ageing effects on the mechanical properties of IPC

Three groups of IPC specimens are prepared, and the effects of
ageing at ambient conditions on their strength are evaluated. The first
group is subjected to three point bending and compression tests seven
days after post curing; the second group is aged at ambient conditions
for 12 months before the same tests are conducted; and the last group
is aged for 20 months before undergoing the tests. Fig. 13 illustrates
Fig. 13. Increment in bending strength of IPC after ageing at ambient conditions for 12
and 20 months.
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Fig. 14. Increment in compression strength of IPC after ageing at ambient conditions.
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the bending strength of non-aged and aged specimens. It is observed
that the average bending strength of the IPC increases 1.4 times by
ageing at ambient conditions for 12 months and nearly doubles when
the ageing period is increased to 20 months. The compressive
strength of such a specimen also increases 1.5 times as shown in
Fig. 14. These changes in the mechanical properties of IPC over time
are probably related to the changes observed after the transformation
of brushite, as shown in Fig. 7.
4.5. Evaluation of ageing effects on the mass loss, shrinkage and phase
changes of IPC

4.5.1. TGA and TMA (small samples, ~40 mg)
Fig. 15 illustrates the redistribution of the IPC's bound water, with

ageing time. Specimens that are not subjected to post curing, Fig. 15B,
Fig. 15. Redistribution of IPC bound water by post curing and ageing for 20 months (TGA)
A. Heating to 900 °C; B. derivative of weight loss curves up to 300 °C; (1) specimenswithout
post curing; (2) Reference specimens; (3) Aged specimens for 20 months.
show the highest release of boundwater and physico-chemically bound
water between 80 °C and 130 °C, while aged specimens exhibit the
lowest degree of dehydration and evaporation. A shift in the relative
amount of W2 to W1 is observed by post curing and ageing. This
increment in W1 is an indication of increment in brushite phase over
time, whichmight be a result of continuation of the chemical reactions,
especially the transformation of wollastonite to brushite and/or
crystallization of ACP to form brushite. The shrinkage shows a
comparable evolution, with a shift to higher temperatures and an
increasing shrinkage at 215 °C (W1). The formation of more calcium
phosphates (e.g. brushite andACP) contributes to the ongoing reactions,
and they play a major role in the recovery of the mechanical properties
of the IPC after ageing. This was clearly shown in Section 4.4.
4.5.2. Crystalline phases
To detect the formation of new chemical phases as a result of

transformations over time XRD patterns are obtained on specimens
aged for different periods up to 20 months at ambient conditions
(Fig. 16). In general, the XRD patterns in Fig. 16 do not indicate that
the IPC exhibit new crystalline phases or phase transformations after
20 months of ageing at ambient conditions. From these diffractograms
it is also not clear if the relative amount of wollastonite, brushite and
monetite changes. Further studies on the behavior of bound water in
IPC need to be conducted to allow for a more thorough understanding
of structural changes and shrinkage under the effects of ageing.
5. Conclusion

The Inorganic Phosphate Cement studied is composed of brushite,
some amorphous Ca-phosphate, amorphous silica and remaining
wollastonite.Duringheatingof the Inorganic PhosphateCement, different
transitions are observed:

− The dehydration from brushite to monetite (till 220 °C)

CaHPO4:2H2O → CaHPO4 þ 2H2O

− The dehydration from monetite to calcium pyrophosphate (till
415 °C)

2CaHPO4 → Ca2P2O7 þ H2O

− Possible (re)crystallization (above 500 °C) glass transition of one
of the phases of the material (at about 800 °C)
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Fig. 16. XRD pattern of specimens after ageing for 20 months (powdered samples).
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The dehydration of brushite and the crystallization cause shrink-
age of the material. Since not all of the phases shrink, this introduces
stress and cracks. The skeleton density even increases more than the
bulk density, resulting in an increased porosity. The initial pore size
distribution is narrow and centered at about 20 nm. The pore size
distribution of the heat treated IPC (150 °C) is however much broader
and shifted to larger values.

The cracking explains the decreased bending strength of heat
treated IPC up to 700 °C, which is only about half of the strength of the
reference specimens. The compression strength is not influenced by
this effect. At higher temperatures the strength increases again due to
the healing effect of the glass transition.

As a result of ageing of IPC at ambient conditions the meta-stable
calcium phosphate phases, brushite and amorphous calcium phosphate,
dehydrate partially. Also the chemical reactions continue even after the
substance has set. These ongoing chemical transformations and reactions
over time contribute significantly to the enhancement of the material's
mechanical properties. It has been established that ageing the IPC for
20 months at ambient conditions doubles its bending strength and
increases its compressive strength by 50%. An attempt was done to study
the molecular changes at the base of the ageing effects observed in
mechanical strength. However, XRD did not reveal anymore pronounced
crystallization or the formation of a new crystalline component.

This article shows that several challenges arise when using IPC for
construction and other industrial applications, in particular for high
temperature applications. These challenges include shrinkage, early
cracking and ageing effects. In another article we will present a post
curing technique to overcome these shortcomings and to obtain an
end product with an improved dimensional and thermal stability.
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