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sccepted: 7 November 2018 Magnesium potassium phosphate ceramics are chemically bonded ceramics

employed as biomaterials, in nuclear waste encapsulation and for concrete

© The Author(s) 2018 repair. The microstructure dictates material performance and depends on the
raw mix composition. Synchrotron X-ray computed microtomography was
employed to describe the 3D microstructure and its time evolution during
hardening and gain insights into the reaction mechanisms. Any excess water
with respect to the stoichiometry of the reaction brought about an increase in
porosity, but, notably, a reduction in the average pore size. Crystals filled the
water ‘pockets’ in the ceramic volume by growing larger, although less densely
packed, increasing the complexity of the pore shape. Platelet over elongated
crystal habit was favoured. Such a change in shape is likely related to a change
in reaction mechanism, as crystallization from a gel-like amorphous precursor is
hindered and progressively substituted by a through-solution mechanism. It is
proposed that the time evolution of the microstructure is dictated by the balance
between crystallization from amorphous precursor, prevailing in relatively
‘dense’ systems (with stoichiometric water or in low excess), and water segre-
gation, prevailing at higher water contents. The former mechanism was shown
to produce an increase in porosity with time, because of the density mismatch
between the amorphous and the crystalline phase.

Introduction have been employed as bioengineering materials [1],

in dentistry as materials for dental investments [2], as
cements for nuclear waste encapsulation [3] and in

Magnesium potassium phosphate ceramics (MPCs) ) )
the rapid repair of concrete [4]. For the type of MPCs

set at room temperature through the aqueous reac-
tion between basic MgO and an acid phosphate. They
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studied in this work, the reaction is usually written
as:

MgO + KH,PO, + 5H,0 = MgKPO, - 6H,0O(MKP)
(1)

In order to optimize working time, rheological
properties and performance, the influence of mag-
nesia-to-phosphate molar ratio, water-to-solid weight
ratio (w/s), grain size distribution and reactivity of
MgO has been extensively studied [5-9]. The body of
literature is far from systematic, due to the variation
in the use of retarders, sand and aggregate fraction,
and type of MgO [10]. Commonly, effective formu-
lations contain an excess of MgO [11, 12], resulting in
a molar ratio between MgO and potassium di-hy-
drogen phosphate (KH,PO,, KDP) higher than 1. The
first reaction product is amorphous/paracrystalline
[13-15], and even if at w/s = 5 an intermediate phase
(MgoKH(POy4),-15H,O) has been detected, from
30 min on, the only crystalline phase present in the
system is MKP [16]. The strength seems to be driven
mostly by the progressive development of a network
of elongated or tabular crystals of MKP in the ceramic
volume [17, 18]. However, the time evolution of the
microstructure should depend not only on crystal-
lization of MKP, but also on the water content of the
mix.

In principle, the optimal amount of water must
satisfy Eq. 1; a lower content would leave a fraction
of unreacted reagents and any excess should be seg-
regated in pores within the volume. Studies on pastes
and suspensions with large water contents have been
frequently reported [16, 19-22], and Mg-P-based
materials with excess of water have been considered
for specific applications, like in the fabrication of
injectable biomedical cements [23] (w/s up to 1).
However, detailed characterization of the role of
water in defining the microstructure in MPC is lack-
ing. Quantitative data on the MPC microstructure
have been obtained only from mercury intrusion
porosimetry (MIP) and indicate that any increase in
w/fs ratio above the stoichiometric amount brings
about an increase in porosity [7, 24, 25]. Moreover,
MIP porosity was reported to decrease during the
course of the reaction and with sample ageing (up to
28 days). This decrease interested mainly the fine
porosity (diameter D < 4 pm [7, 25] or D < 0.12 pm
[18]). For larger pores, the trend is less clear, and the
results from the literature sometimes disagree (see for
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example [7, 25]). Therefore, the concept of a pro-
gressively dense body, with lower total porosity and
lower specific surface area of pores (Sy), employed in
the formulation of predictive models [7], is still not
supported by conclusive experimental evidences.

In general, it is of practical importance to verify the
role of water on the development of the coarse
microstructure of MPCs (up to mm in pore size),
because it may help to shed light on the reaction
mechanisms, and, ultimately, help in product design.
In fact, different reaction sequences have been
reported in function of MPC formulation
[16, 20, 22, 26]. There is indication that this occurs in
reason of the degree of supersaturation achieved in
solution in the first stages of the reaction. High
supersaturation drives the reaction towards kinetic
control, dictating the relative amount and the nature
of the amorphous and crystalline products, together
with the crystal habit of MKP [26, 27].

In this work, we report on the three-dimensional
(3D) quantitative image analysis of the pore structure
in MPCs with different w/s ratio, based on results
from phase-contrast synchrotron radiation computed
microtomography (SR-pCT). SR-pCT allows for
retrieving microscale information of the sample pore
network in a fully non-destructive fashion [28, 29],
overcoming some drawbacks of the MIP technique.
For example, under the vacuum conditions needed
for the MIP tests, the material loses a consistent
fraction of structural water [13], a process common to
other hydrated systems [30, 31], which invariably
leads to the deterioration of the microstructure,
impairing the accuracy of the results.

Materials and methods

MgO samples were obtained by calcining pharma-
ceutical grade MgCO; at 1600 °C for 40 min. The
powder was milled for 2 min in a Mini-Mill Pul-
verisette 23 (Fritsch) at 30 oscillations/min and stored
in desiccator until use. Particle size analysis was
conducted in triplicate, resulting in a BET surface
area of 0.9 m? g*1 and dsp = 5.5 um. Water was
added to mixtures of MgO and KDP with magnesia-
to-phosphate molar ratio of 1.75 to attain w/s ratio of
0.44, 1.00, 2.07 and 4.00. The formulation with w/
s =0.44 is stoichiometric with respect to KDP,
whereas 10.2 wt% of the mix will be unreacted MgO
(supposing complete consumption of KDP, according



to Eq. 1). The pastes were produced at room tem-
perature. After mixing for 20 s, the samples were
casted in form of cylinders (3.8 mm diame-
ter, ~ 20 mm height) and kept sealed in plastic bags
at 20 °C until measurement. SR-uCT data were col-
lected after 15 days. In addition, in order to study the
time evolution of the microstructure of a sample with
water content slightly exceeding the stoichiometric
amount, the 0.51 w/s ratio was chosen, and SR-uCT
data were collected at 1, 4, 9 and 12 h after mixing.
None of the samples showed effects of water bleed-
ing or inhomogeneities at the macroscopic, as well as
at the scale of optical microscopy.

The naming convention adopted in this paper for
the MPC samples is MPC_X_Y, where X identifies the
w/s ratio (044, 051, 100, 207, 400) and Y the ageing
time (1 h, 4 h, 9 h, 12 h and 15d).

Phase-contrast SR-pCT measurements

High-resolution SR-uCT data have been collected at the
SYRMEP beamline of the Elettra Sincrotrone facility in
Basovizza (Trieste, Italy). The cylindrical samples were
covered with Parafilm M® to prevent water loss and
mounted on a rotating stage. A filtered white X-ray
beam (1.5 mm Si + 1 mm Al) was used to image the
samples in local or region-of-interest mode [28]. In total,
1800 radiographic projections over a total angular range
of 180° were acquired with an exposure time/ projection
of 1.5 s for the most stable samples MPC_044_15d,
MPC_100_15d, MPC _207_15d and MPC_400_15d. To
follow the time evolution of the microstructure (sample
MPC_051_Y), 900 projections with an exposure time/
projection of 1.0 s, were acquired.

The detector used was an air-cooled 16-bit sSCMOS
camera  (Hamamatsu  C11440-22C) with a
2048 x 2048 pixel chip and an effective pixel size of
0.9 pm x 0.9 pm. In order to enhance the visibility of
phases with similar linear attenuation coefficients
and the pore edges, we worked in propagation-based
phase-contrast mode, setting the sample-to-detector
distance to 80 mm [32, 33].

The tomographic reconstruction of the SR-uCT ima-
ges was performed by the SYRMEP Tomo Project soft-
ware developed at Elettra [34, 35], using the filtered
back projection algorithm [36]. A single-distance phase-
retrieval algorithm [37] was applied to the projection
images in order to improve the reliability of quantitative
morphological analysis and enhance the contrast
between the pores and the solid. To this aim, the ratio

y = 6/ between the real and imaginary parts of the
refractive index in the samples has been optimized for
each sample typology and ranged from 20 to 40.

Processing and analysis of SR-pCT images

Processing and quantitative analysis of the recon-
structed volumes were performed by means of
Pore3D software library [38] (http://www.elettra.eu
/pore3D) developed at Elettra. The freeware software
Fiji [39] was adopted to visualize the reconstructed or
processed bi-dimensional (2D) slices, while the com-
mercial software VGStudio Max 3.0 (Volume
Graphics) was employed for the 3D visualization by
using volume rendering procedures.

For the purpose of this study, image segmentation
was aimed at isolating the pores from the matrix of
the sample, in order to obtain a binary image com-
posed by voids and matrix. Pore edge recognition
was facilitated by the application of an anisotropic
diffusion filter [40]. Segmentation was then per-
formed using the automatic Otsu’s method [41]. Fil-
tering and segmentation were performed on the
whole investigated volume, whereas the more com-
putationally intensive steps of the quantitative image
analysis have been performed on a suitable volume
of interest (VOI). The significance/representativeness
of the VOIs has been assessed by determining the
representative elementary volumes (REVs) for each
sample. This approach, which has become standard
in the analysis of SR-uCT data of porous media [42],
is based on the definition of the REV as the volume in
which the measurement of a sample property (i.e.
porosity) is scale independent and accurately repre-
sents a larger volume, that is, the whole investigated
sample [43]. The REV was identified through plots of
porosity, calculated on progressively larger concen-
tric cubic volumes (an example is provided as Online
Resource 1), as already showed elsewhere [42, 44, 45].
A larger VOI of 1280 x 1280 x 1280 voxels, corre-
sponding to a volume of 1.529 mm?, was chosen. For
a meaningful description of the VOI, voids with
volume less than 27 voxels (volume < 19.7 um®) have
been excluded from the quantitative analysis. The
parameters obtained from the quantitative image
analysis of each VOI were: porosity [® (%)]; surface
area per unit volume [Sy (mm™")]; fractal dimension
(Dp) according to the fractal theory [46], employing
the box-counting method; distribution of pore vol-
umes; connectivity density [CD (mm™)]. CD is a
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scalar value derived from the skeleton of the con-
nected pore network representing the number of
redundant connections normalized to the total sam-
ple volume. The skeletonization is a 1D representa-
tion of 3D objects which preserves their topology
[38, 47]. This computationally intensive process has
been conducted by applying the GFV algorithm [48].

Scanning electron microscope (SEM)
analysis

SEM images were collected from the freshly fractured
surface of the specimens. Samples were mounted on
aluminium stubs and coated with 5 nm thick gold
film. Observations have been conducted with a FEI
QUANTA FEG 450 instrument, equipped with an
energy-dispersive detector, at 20 kV accelerating
voltage. A gaseous backscatter electron detector
working at 200 Pa pressure was chosen, in order to
limit the water loss from the samples.

Results

Figure 1 depicts axial 2D SR-uCT views after tomo-
graphic reconstruction of the specimens with differ-
ent water content aged 15 days.

Phase composition has been controlled with X-ray
powder diffraction (diffraction spectra are reported
in Online Resource 2), and the presence of only MKP
as crystalline reaction product has been confirmed, in
agreement with results from MPC samples with dif-
ferent w/s ratio [8, 16, 18]. Previous results of quan-
titative phase analysis indicated that MKP largely
prevails over the amorphous phase [13, 14, 18]. The
compact microstructure exhibited by sample
MPC 044 15d confirms that, at low w/s ratio, the
crystals are densely packed and embedded in the
amorphous phase from which they crystallized
[16, 17, 25, 49]. Few large pores (size > 200 pm) of
irregular shape are observed.

As the w/s ratio increased, the number of voids
increased as well. In section, pores are more irregular,
and the microstructure appears less compact as more
elongated features are present in the sample volume.
The outline of these features is compatible with the
crystal habit of MKP crystals, which ranges from
acicular/elongated to platelet-like [27, 50]. This
indicates that the number of euhedral to subhedral
MKRP crystals increases with w/s ratio.
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The 3D visualization of a VOI at different w/s ratio,
reported in Fig. 2, clearly illustrates this evolution. In
the samples MPC_207_15d and MPC_400_15d, the
voids are more pervasive and crystals likely allowed
to grow larger. The number of spherical to sub-
spherical pores, previously attributed to air entrap-
ment during mixing [9], is insignificant. Increasing w/
s, the crystal network becomes sparser and individ-
uals can be better distinguished because they are less
packed and more isolated.

Figure 3a, b illustrates an example of 2D axial
views after segmentation, obtained from the sample
MPC _051 after 1 h and 12 h. The two pictures iden-
tify the same portion of sample and are very similar,
indicating small changes in porosity. Figure 3¢
depicts a detail of the image obtained by subtracting
the previous two. The formation of new small pores
(white phase in figure) can be observed.

Results from quantitative image analysis are sum-
marized in Table 1. They reflect the sample features
in the range of sizes made accessible by the resolution
of the experiment.

The increase in water content of the mix above the
stoichiometric amount, increased the values of
porosity ® and specific surface area Sy. The latter also
reflects the increased complexity of pore shape
mentioned above, which is accompanied by an
increasing complexity of the pore network, as testi-
fied by higher CD (from 355 to > 10000 mm ). Fig-
ure 4 shows an example of 3D volume rendering
including the skeletonized volume. A more complex
skeleton increasing w/s ratio is evident.

The fractal dimension Dg is obtained by applying
the concepts of fractal geometry to describe the pore
network, in analogy with several examples in rocks,
cements and ceramics [28, 29, 51-53]. The theoretical
foundations of this approach can be found elsewhere
[54, 55]. In this study, D can be simply considered as
an indicator of roughness of the pore surface [56]
which can assume values from 2 (smooth surface) to
3 (irregular or rough surface). In agreement with the
other parameters of the quantitative image analysis
and in parallel with the increasing complexity of the
pore—matrix interface, Dr increases with wy/s.

A visual representation of the pore size distribu-
tion, expressed as incremental volume plotted
against the pore volume, for samples produced with
different w/s ratio, is reported in Fig. 5a. The sample
with the lowest w/s ratio exhibits a broad distribution
which extends to large volumes (> 10° pm?). As the



Figure 1 SR-uCT axial slices
of sample MPC 044 15d (a),
MPC _100_15d (b),

MPC 207 _15d (c) and

MPC 400 _15d (d).

w/s ratio increases, the distribution narrows and the
maximum shifts towards smaller volumes. With w/s
ratio 4.0, the porosity is mostly contributed by pores
with volume between 100 and 2000 pm®, corre-
sponding to diameter D of the sphere having the
same volume, between 5.8 and 15.6 um. Since the
porosity also increases (this aspect cannot be appre-
ciated in Fig. 5, since the sum of the contributions is
100% for each curve), excess water results in the
development of more pores, smaller in size, more
interconnected and with more complex pore shape
(Table 1).

The time evolution of the distribution for the
sample MPC_051 is illustrated in Fig. 5b. As for the
other results of quantitative image analysis reported
in Table 1, most of the changes are observed between
1 and 4 h. They consist in a shift of the maximum of
the distribution towards smaller pore volumes (from
5 x 10% to 1 x 10> pm®) and a decrease in the con-
tribution from pores larger than 4 x 10* pm®

(D > 42 pm). Notably, this does not coincide with a
decrease in porosity, but rather to a small increase
(Table 1). The detected porosity and Sy remain
slightly higher than at 1 h, even after 12 h. An evi-
dence which agrees with the two snapshots in Fig. 3,
which show some new pores with D <25 pm
detected at 12 h. The results reported in Table 1
coherently indicate a porosity and a connectivity
density intermediate between samples with w/s ratio
0.44 and 1.0 aged 15 days. The same does not occur
for Sy, which is higher than in sample MPC_100_15d.
This might suggest that the slight decrease in poros-
ity and Sy, observed between 4 and 12 h, continues
for longer times.

Figure 6 reports examples of SEM micrographs
collected from the fractured surface of the specimens.

When no excess water was employed (sample
MPC_044_15d), the microstructure appears more
compact. Pores are isolated and occasionally larger
than 20 pm, as illustrated in Fig. 6a. MKP crystals
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Figure 2 Gallery of 3D
volume renderings

(VOI = 1.529 mm®) of the
MPC microstructure for
sample MPC 044 15d (a),
MPC 100 _15d (b),

MPC 207 15d (c) and
MPC _400_15d (d).

exhibiting two habits, tabular and more elongated/
acicular, are intimately mixed together. In the matrix,
they are roughly 5 um in size (as indicated by arrow
in Fig. 6a), but in correspondence with the large
pores, where they are clearly distinguishable, they
grew bigger protruding into the pore volume. As the
w/s ratio increases, the microstructure becomes less
compact, MKP crystals grow on average larger
(> 50 um) and the tabular crystal habit prevails. This
suggests a relationship between the crystal size and
shape, and the space available for the crystals to
grow. At high w/s ratio (samples MPC_207_15d and
MPC_400_15d), small crystals of MKP (<5 pum),
whose chemistry has been confirmed by EDS analysis
(Online Resource 3), are also observed on the surface
of the large tabular ones shown in Fig. 6¢, d. Their
diffuse presence in sample MPC_207_15d explains
why, with SR-pCT, MKP individuals appear less
sharply defined in this sample (Figs. 1c, 2c).

@ Springer
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Discussion

The observed relationship between mix formulation
and development of microstructure will be inter-
preted in the light of the existing theories on reaction
mechanisms. In this view should also be intended the
use of a wide range of w/s ratio. As already showed,
formulations with very different water contents may
help to gain insights into the process leading to the
development of properties in this class of ceramics
[16, 19-23].

It has to be noted that, when comparing with data
from the literature, the w/s ratio is a simplified way to
describe the MPC formulation, because of the fre-
quent introduction of fillers and the variable MgO/
KDP molar ratios employed. Nonetheless, this index
still finds widespread use in the literature, and for
this reason it has been adopted also in this work.

It is well known that the microstructure of MPCs
develops very quickly. Reaction rates slow down
after the first hour; by this time, a compact solid has



Figure 3 Examples of
segmented SR-HCT slices of
sample MPC 051 1h (a) and
MPC_051_12h (b). Detail of
the image obtained by
subtraction of the previous two
(c), evidencing new pores
(white phase) formed after

12 h.

100 pm

Table 1 Results of quantitative image analysis of the pore
network for the investigated samples

Sample ®/%  Sy/mm™! CD/mm™> Dr

MPC_044_15d 7.8 113 355 2.40
MPC 100 15d 142 343 4121 2.57
MPC 207 15d  27.6 415 11302 2.70
MPC 400 15d  45.1 81.8 10247 2.82
MPC_051_1h 129 360 2447 2.55
MPC_051_4h 13.8 402 2405 257
MPC 051 9h 136 394 2453 2.57
MPC 051 12h 135 38.6 2361 2.57

already formed [50, 57]. Recent works pointed to
amorphous gel-like phases as first reaction products
[13, 14, 18, 57, 58], in agreement with previous
models of ceramic formation [59, 60]. It has been
proposed that the amorphous fraction forms thanks
to the high degree of supersaturation established in
solution in proximity of the MgO grains [50, 61]. This
process is later hindered by the increase in the pH of
the solution and the isolation of MgO particles due to
the development of the reaction products. It follows
that the amount of water in the starting mix is
expected to affect the kinetics of the setting reaction,

by modifying the supersaturation conditions in
solution, and, consequently, the amount of MKP
formed at each time. These aspects are still poorly
understood.

The results presented in the previous section indi-
cate that the increase in w/s ratio above the stoichio-
metric value brings about a net increase in porosity of
the ceramic body. For the formulations with w/s
< 1.00, the pore size interested by this increase in
porosity (7.2 pm < D < 15.6 um) is larger than the
one detected with MIP in some previous studies
[7, 24, 25]. But a porous structure with pores of size
around 10 um, with detriment for the continuity of
the microstructure, has been reported to form when
excess water with respect to the stoichiometric
amount (i.e. w/s = 0.44, in our case) was employed
[60]. In that work, the samples spanned a range in
water corresponding to our w/s 0.44--0.7, but also
contained a large amount of unreacted solid powder.
Nonetheless, this ‘critical’ pore size is in good
agreement with the one observed in our study. It is
worth noting that contribution from pores with
D larger than 40-70 pm falls to zero by increasing
water content, which seems at variance with the
commonly accepted view that water segregation
leads to the formation of inhomogeneities at large
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Figure 4 Skeletonized volumes (VOI = 1.529 mm®) from samples MPC_044 _15d (a), MPC_100_15d (b) and MPC_400_15 (c).
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Figure 5 Incremental volume distribution for samples with different w/s ratio (a) and for sample MPC 051 at increasing times (b), as
indicated.

Figure 6 Gallery of SEM
micrographs from the fractured
surface of samples
MPC_044_15d (a),
MPC_100_15d (b),
MPC_207_15d (c) and
MPC_400_15d (d).
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scale. For the formulations adopted in this study, the
absence of very large pores can be explained by
considering that in less dense systems, containing
more water, MKP crystals are allowed to grow larger
(as illustrated in Figs. 1, 2, 6), with the net result of a
more ‘fragmented’ pore volume. This may also lead
to a reduction in the average pore size, producing a
more complex pore network of higher specific surface
area and connectivity, as testified by the parameters
reported in Table 1.

The growth of larger crystals of magnesium
ammonium phosphate (isostructural with MKP)
increasing w/s ratio has been reported in mortars
obtained using ammonium phosphate in place of
KDP and with addition of inert fillers [60]. The
increase in water content of the mix also favoured the
formation of tabular over needle-like crystals [24].
Similar change in crystal habit was observed in
solution, when decreasing the degree of supersatu-
ration [62]. These facts were considered an indirect
evidence of crystallization via a through-solution
process, a mechanism alternative to the one involving
a gel-like precursor. In fact, it is plausible that, in
diluted systems, leaving the kinetic path, the reaction
follows a different mechanism. The crystallization of
metastable intermediate phases at high water con-
tents (w/s ratios between 5 and 100) [16, 20-22] agrees
with this view. For water contents in the range cov-
ered in the present experiment, after 30 min MKP
was the only crystalline product detected [16, 22], as
confirmed by the obtained X-ray powder diffraction
(Online Resource 2) and SEM results.

Crystallization and growth of MKP from the
amorphous precursor likely predominates when the
excess of water in the mix is low, as in the sample
MPC_051. In such ‘dense’ systems, the time evolution
of the microstructure can be explained considering
that crystalline MKP, owing to its peculiar crystal
habit (from tabular to acicular [50]), fills the space in a
different way with respect to the amorphous phase.
Moreover, it can be argued that MKP possesses a
slightly higher density, since amorphous materials
are known to be less dense than the corresponding
crystalline solids [63]. The small increase in porosity
observed between 1 and 4 h might be thus explained
by considering that crystal growth produces some
new voids (still observed after 12 h, as shown in
Fig. 3c). As the material ages, amorphous is replaced
by MKP at slower rate and without big microstruc-
tural changes. The crystal growth in the large pores

results in a limited reduction in porosity and in the
shift of the distribution towards smaller pore vol-
umes (Fig. 5b). The very small shrinkage of MPCs
(2.6—34 x 10~° after 28 days [64, 65]) seems in
agreement with crystallization of a denser phase
(MKP) counterbalanced by the appearance of addi-
tional porosity.

It can be speculated that MPC microstructure is
controlled by MKP crystallization on the one side and
water segregation on the other. When the water is in
stoichiometric amount (according to Eq. 1) or in small
excess, high supersaturation levels are attained in
proximity of MgQO grains, the reaction occurs far from
equilibrium (kinetically driven) and condensation of
phosphate groups and hydrated Mg complexes [66]
produce large amount of amorphous phase, filling
the volume [18]. Upon crystallization, new pores will
form because of the higher density of MKP. As the
amount of water increases, a small number of new
pores will develop this way, but the volume of water
‘pockets’” in the sample increases, allowing MKP
crystals to grow larger. Lower supersaturation
degrees are attained, and the through-solution crys-
tallization mechanism will be favoured. In this view,
the presence of small excess of water in the mix in the
sample MPC_051 might explain why only a limited
number of new pores formed in time.

Conclusions

For the first time, the 3D microstructure of magne-
sium potassium phosphate ceramics has been inves-
tigated in a fully non-invasive fashion by synchrotron
X-ray computed microtomography in phase-contrast
mode to derive information on the reaction mecha-
nisms. Quantitative image analysis has been per-
formed on samples with different water content, and
the results can be summarized as follows:

e The increase in water content of the mix yielded
an increase in detected porosity, due to the
segregation of water in excess with respect to
the stoichiometry of the setting reaction. As a
consequence, the interlocked lath-shaped
microstructure, constituted by MKP crystals, loses
compactness. This is well reflected in the dramatic
increase in the CD of the pore network. Moreover,
the complexity of the pore shape increased, since
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crystals were allowed to grow larger in the water
‘pockets” developed in the sample volume.

e The growth of large crystals explains why, by
increasing the water content of the mix, porosity is
mostly contributed by smaller (7.2 pm < D < 15.6
um) pores, with a decrease in the fraction of larger
(D > 50 pum) ones.

e The increase in water content favours crystalliza-
tion of platelet over elongated/acicular crystals.
This change in crystal habit is likely related to a
change in reaction mechanism. The formation of a
gel-like amorphous precursor is hindered and
substituted by a through-solution mechanism.

e [t is proposed that in MPCs the porosity develops
thanks to two contributions. The first is the
crystallization of MKP from amorphous, which
predominates in relatively ‘dense’ systems (with
stoichiometric water or in low excess), and the
second is the water segregation, which predom-
inates at higher water content. According to the
results of microstructural time evolution, the first
process causes the porosity to increase due to the
density mismatch between the amorphous phase
and MKP, and their different way to fill the
volume.
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