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ARTICLE INFO ABSTRACT

Keywords: The feasibility of sintering Portland cement clinker powders by Spark Plasma Sintering (SPS) has been studied.
Portland cement clinker Different SPSed compacts have been successfully obtained by this technique. The compacts have been charac-
Garnet o terized by means of X-Ray Diffraction, InfraRed spectroscopy, Scanning Electron Microscopy, Raman Microscopy
iﬁi;ﬁgiﬁ:ﬁ;mtermg (§PS) and Vickers hardness. It is worth noting the finding that slight mineralogical variations in the starting compo-

sitions may induce dramatic changes, both in the final mineralogical composition and in the morphology, which
can affect the properties of the SPSed compacts. Thus, we find that SPS allows artificial garnets to be obtained in
the laboratory by applying pressures as low as 50 MPa, while they are materials that would require much higher
pressures in natural environments (2-10 GPa). According to the Selsing model, it has been calculated that the
material itself acts as a pressure amplifier at the micrometric level by a factor of 40-200 times. A new model
describing the formation of garnets considering the emergence of two transitory eutectic liquids has been
explained to justify this phenomenon. This result opens the door to looking for compositions for specific ap-
plications with high added value in the field (i.e. high hardness), mainly in the manufacturing of high-pressure
(GPa) phases by applying relatively low pressures (MPa).

1. Introduction

From a chemical point of view, Portland clinkers can be considered
as mixtures of tricalcium silicate (3Ca0-SiO», i.e., C3S), dicalcium sili-
cate (2Ca0-SiO,, i.e., C3S), small amounts of tricalcium aluminate
(8Ca0-Al,0s, i.e., C3A), calcium alumina-ferrites (4CaO-Al,O3-Fe,0s3, i.
e., C4AF) plus some other mineralogical species such as limestone,
gypsum, etc. The main components are C3S (50-55%) followed by C2S
(19-24%). The addition of different oxides, such as Fe03, AloO3, MgO,
BaO, etc., stabilizes the C3S phases after quenching. Once calcined,
Portland clinkers become concrete by a series of different hydration
processes of silicates and aluminates, topic about which a very large

volume of scientific and technical reports have been published over the
years [1-8].

However, manufacturing dense ceramics from Portland clinkers has
not been stated in the scientific literature except for a few works in the
90’s [9-13]. The main component of clinkers is C3S, known as hartrurite
in its crystalline phase, which may appear as seven different polymorphs
[14] with very different specific volumes. For this reason, this phase is
very difficult to sinter by pressureless techniques, which prevents the
manufacturing of sintered bodies [15]. In this sense, there is no abun-
dant literature about sintered clinkers [16]. Conversely, wollastonite or
other calcium monosilicate compounds have been successfully sintered
and are currently employed as biomaterials [17-19].
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In order to avoid the difficulties related to the sintering of lime-rich
silicates, we have used the Spark Plasma Sintering (SPS) technique. SPS
is a relatively new sintering method that employs high electric current
pulses with low pressures and allows the achievement of dense bodies in
minutes [20-24]. Moreover, it allows obtaining dense compacts from
powdered systems that are difficult to sinter by conventional techniques.
Due to the extremely fast heating and cooling processes, the sintered
bodies are totally out of thermodynamic equilibrium.

The aim of this work is to study the feasibility of sintering Portland
cement clinker powders by Spark Plasma Sintering starting from
different formulations of powders. All the ceramics have been charac-
terized by multiple techniques to determine their different microstruc-
tural features.

2. Materials and methods
2.1. Starting materials

The chemical and mineralogical compositions of ordinary Portland
clinker powders used to obtain the SPSed compacts are listed in Table 1.
They were provided by the Official Laboratory for Testing of Construction
Materials (LOEMCO, Getafe, Madrid, Spain).

2.2. Spark plasma sintering

The powders were consolidated by Spark Plasma Sintering (SPS)
using a HP D 25/3 furnace (FCT Systeme GmbH, Germany) in a 20 mm
cylindrical die at 1400 °C, using a heating rate of 100 °C/min from room
temperature. The holding time was 15 min And the compaction pressure
was 50 MPa. The selection of these SPS conditions was made after an
optimization process by testing different conditions with the main goal
of achieving the highest density of the compacts.

2.3. Densities

The bulk densities of the obtained samples were determined using
the Archimedes method by immersion in distilled water. The relative
densities were calculated from the theoretical values according to the
following formula [25]:

RD (%) = 100 / £ o;-p; @

where w; is the mass fraction of each component, and p; is the theoretical
density of each component. For this estimation, we have taken into
consideration the four main components of each clinker (C3S, C5S, C3A
and C4AF).

2.4. Vickers hardness

The Vickers hardness of the polished surfaces was determined using a
Buehler Micromet 5103 Microindentation Hardness Tester.

2.5. FESEM-EDX and optical microscopy
The fresh fracture surface morphology of the samples was studied by

Field Emission Scanning Electron Microscopy at ultra-high resolution
with Energy Dispersive X-ray spectroscopy (FESEM-EDX), with a FEI

Table 1
Mineralogical and chemical composition of the clinkers.
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NOVA NanoSEM 230 FE-SEM (Eindhoven, Netherlands) operating at a
maximum voltage of 30 kV. A semi-quantitative analysis of elements
was accomplished with the Apollo 10 EDAX detector (Leicester, UK).

The samples were embedded in resin. The cross-sections were pol-
ished down to 1 pm for microscopy study using an optical Leica DMRM
microscope (Cambridge, UK).

2.6. X-ray diffraction

A Bruker D8 Advance A25 X-Ray Diffractometer (XRD) with Cu Ka
and a PSD-XE with positive discrimination (DAVINCI) was used to
characterize both the powder samples and the sintered samples.

2.7. Infrared spectroscopy

Infrared (IR) spectroscopy on powdered and sintered samples was
carried out with a Bruker Vertex 70V spectrophotometer from 200 pm to
2 pm (50-5000 cm ™)), In the case of the powders, conventional trans-
mittance spectra of particles dispersed into a cesium iodide matrix were
taken. However, for sintered and polished samples, reflectance spectra
were taken using a near-normal reflectance attachment. By a Kramers-
Kronig transformation, the reflectance phase was obtained to then, using
the Fresnel equations, calculate the complex refractive index. In order to
simulate the cesium iodide-powder spectra, the effective medium theory
has been used as described in the literature [26-30].

2.8. Raman spectroscopy

Raman experiments have been performed at room temperature with
a portable Raman analyser (EZ-Raman-N, Enwave Optronics, USA),
coupled to an optical microscope (Leica DM300) with an Nd:YAG (532
nm) laser.

3. Results
3.1. X-ray diffraction

The X-ray powder diffraction data analyzed by using the Rietveld
method resulted in the crystalline mineralogical composition of the sam-
ples as shown in Table 1. Samples have been labelled with ordinal
numbers (from 1 to 4) according to the total amount of CsS, in
decreasing order.

Fig. 1 shows the diffractograms of the starting powders and the
sintered compacts. Samples S1 and S2 in powder form presented the
maxima corresponding to C3S stronger than those in sintered bodies. As
the diffraction patterns were not normalized, the observed peak
lowering is even more significant when we consider that the atomic
density in the powder state is around half of that of the sintered body.
The origin of such a reduction of crystalline phases in samples S1 and S2
can be linked with the appearance of a background at lower angles in the
diffractograms, suggesting the presence of large amounts of a glassy
phase. Additionally, the intensity of the peaks of the secondary com-
pound, C5S, has largely decreased in sintered samples. Furthermore, all
the minor components, such as aluminates (C3A, C4AF), lime and gyp-
sum, nearly vanish.

However, the most striking feature of these two SPSed samples is the

Mineralogical composition (wt. %)

Chemical composition (wt. %)

C3S CaS C3A C4AF Ca0o SiO2 Al:03 Fe203 MgO Free CaO
S1 67.60 14.30 7.45 8.64 66.32 20.3 4.62 2.84 1.56 0.96
S2 65.29 17.54 10.61 0.94 67.09 23.29 4.20 0.31 0.81 0.51
S3 59.38 16.17 6.81 11.60 65.18 21.26 5.00 3.81 1.37 1.29
S4 55.72 21.04 3.95 12.19 66.85 22.00 4.05 4.01 1.69 0.99
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Fig. 1. XRD diffractograms of the powder and SPSed samples. In the diffractograms of the SPSed samples S1 and S2, the main peaks of garnets pyrope and almandine

have been indicated.

strong peak around 20 = 61°. As the intensity of the x-ray diffraction
peak reduces at high angles due to the profile of the radial atomic
electron, this feature becomes a unique fingerprint, which points to the
presence of an unusual substance. In this case, the better fit corresponds
to the (642) plane of garnet crystals. Silica-based garnets [31] are sub-
stances with a chemical composition of X3Y5 (SiO4)3, where X2+ and Y3+
are respectively divalent and trivalent cations, which are often used as
gemstones, hard materials, and are key minerals to determine the nature
of the geological process of rocks. Depending on the type of the X2+ and
Y3+ cations, different minerals can be distinguished, although it is very
common to find solid solutions with divalent and trivalent cations
together [32-34]. The most likely compositions in this case, which fit
better with the high angle strong peaks in samples S1 and S2, could be
almandine (Fe3Alx(SiO4)3), pyrope (MgsAlx(SiO4)s3), or a solid solution
of both. The presence in the sintered compacts of Fe?! instead of the

Fe3™ of the precursor would be a direct consequence of the SPS reducing
conditions.

The diffractograms of sintered samples S3 and S4 do not present
large backgrounds corresponding to an amorphous phase. Instead, their
XRD patterns look similar to those of powders of S1 and S2, with the
exception of the elimination of some small peaks corresponding to lime
or gypsum. Anecdotally, the presence of small peaks corresponding to
garnets is also visible.

3.2. Infrared spectroscopy

Large area infrared spectra complement the XRD information
because nanocrystals or even amorphous structures present a strong
electromagnetic response at the IR wavelengths. As IR spectroscopy is
sensitive to the dipolar momentum, it can excite both local and
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Fig. 2. IR spectra of samples S1, S2, S3 and S4. Red
lines (the one above for each sample) stand for
powder absorbance of non-sintered clinker powders
dispersed into a CsI matrix. Equivalent absorbance of
the four sintered samples appear as black lines (the
one below for each sample). These spectra were
calculated from Kramers-Kronig transformations on
specular reflectance on polished sintered samples.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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collective vibrations, so that large-range order at the analyzed samples is
not a requirement for this technique. The collected spectra appear in
Fig. 2 where we have employed conventional absorbance of dispersed
powder and near-normal reflectance for sintered bodies. In order to
compare both sets of data, a Kramers-Kronig transformation was carried
out on reflectance spectra to obtain the phase. Using Fresnel equations,
it was possible to determine the dielectric constant, which was modeled
by an effective medium model [29,30] to simulate the absorption
spectra of powder in cesium iodide.

The spectra of precursors present features at specific wavelength
ranges, defining families of modes, at diverse spectral ranges corre-
sponding to different atomic groups. From higher to lower wave-
numbers, they can be classified as follows: (a) modes from 1400 to 1500
em ™! are CO%~ stretching vibrations (mostly, from calcium and mag-
nesium carbonates); (b) around 1100 cm™! appear the IR activity of
different salts of hydrated calcium sulphate (gypsum); (c) from 800 to
1050 cm~! the characteristic symmetrical and antisymmetrical
stretching modes of SiO4 tetrahedral appear.

According to published references [35-37], small peaks seem to be
associated with C,S while broad shoulders match with C3S modes. Such
a difference seems to indicate that C,S particles have a higher degree of
crystallinity, while the space correlation length of C3S is quite small. At
lower frequencies, from 700 to 800 cm™}, one can see the stretching
modes of aluminates. Finally, below 600 em ™}, IR modes are due to
metallic cation vibrations. It should be pointed out that, for experi-
mental reasons, all the references found do not show frequencies below
400 em™ [35,36].

As shown in Fig. 2, the spectra of sintered bodies are definitely
different from those of powders. Firstly, for sintered samples, neither
carbonates nor sulfates appear, as those compounds decompose at
relatively low temperatures. Additionally, aluminate bands nearly
vanish, which suggests that AI>* cations entered into a solid solution of
silicate. In S1 and S2, no sharp peaks appear at the Si-O stretching re-
gion, which suggests an amorphous structure for this silicate, and the
small contribution of CyS has totally disappeared. On the other hand, S3
and S4 display similar spectral features to those of powdered samples.
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3.3. FE-SEM

Fig. 3 shows FE-SEM images of the polished surfaces and fracture
surfaces of the four sintered samples. Regarding polished samples, S1
and S2 display smoother surfaces than S3 and S4. This fact could be due
to the large amount of glassy phase in S1 and S2, while polishing in
samples S3 and S4 induces pulling-out grains. Regarding the fracture
surfaces, S1 and S2 present a uniform, smooth and clean fracture surface
with few sharp edges, corresponding to a transgranular fracture. On the
contrary, in S3 and S4, the fracture surface is much steeper, with large
irregularities corresponding to an intergranular fracture. The composi-
tion of the clinkers, therefore, involves a change in the behavior in the
fracture mechanism. Their appearance seems to be related to a micro-
structure softening, becoming more homogeneous.

3.4. Densities

The shrinkage of the sintered powders was analyzed based on the
punch displacement dependences on the holding time and is shown in
Fig. 4. It is seen that densification of S1, S2, S3 and S4 powder is
completed under certain conditions. The plateau of the sintering curves
is clearly seen for S1, S3 and S4 after ~9-11 min holding time. For S2
powder, the plateau was achieved after ~14 min 40 s holding time.
According to Table 2, the measured densities of the four clinkers are
similar, while the relative densities decrease significantly with CsS
content. Thus, this decrease in hardness may be related to the decrease
in density. However, it is worth noting that the highest Vickers hardness
values correspond to S1 and S2, which are the compacts that present
garnets in their microstructure (manifest by a strong peak at 61° in the
X-Ray diffractograms), and the hardness of the garnets reaches really
high values in the range of 13-15 GPa [38]. Thus, as the C3S content
decreases, the relative densities decrease, as well as the amount of
garnets (according to XRD), and both factors may contribute to the
decrease in the final hardness of the compacts.

3.5. Optical microscopy and FESEM-EDX

In order to detect the presence of garnets, we have taken into account
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Fig. 3. FE-SEM images of the fresh fracture surfaces (samples labelled with f) and polished surfaces (samples labelled with p) of every composition. On the right-hand
side of the figure, EDX element mapping (Ca, Al, Si, Fe) obtained on the surface of each polished sample.

that all the crystalline calcium silicates have a non-isotropic phase,
while garnets have cubic symmetry. It means that, under crossed
polarizers, they should appear black through optical microscopy, while
anisotropic phases should present some light. In this respect, black areas
have been identified by reflectance optical microscopy in samples S1
and S2 (Fig. 5). The use of crossed polarizers ensures that the crystal-
lographic system of the particles in Fig. 5-B is cubic and eliminates the
possibility of residual carbon from the Spark Plasma Sintering.

In order to determine the chemical composition, the FESEM-EDX
technique has been used (Fig. 5). We have chosen the signals of Ca-
Ka, Si-Ka, and Al-Ka to be mapped in blue, red and green, respectively.
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The fourth image is a composition of these three images over a SEM
image of the sample surface. The color composite image shows large
areas rich in Al and poor in Si, which have been assigned to calcium
aluminates segregated domains (in green color). Moreover, a rich Si
stripe runs along the top of the figure. We have identified this region as
having a higher garnet concentration. Specifically, this area has been
studied by Raman Microscopy.

3.6. Raman microscopy

In this regard, three different types of spectra were recorded. In
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Fig. 4. Sintering curves of: (A) S1, (B) S2, (C) S3, (D) S4 SPSed samples.
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Table 2
Measured density, relative density and Vickers hardness of the compacts
obtained.
d (g/cm®) d (%) Hv (GPa)
S1 3.2+0.2 99.79 5.4+0.2
S2 3.1+0.1 94.72 4.1+ 0.1
S3 3.1+£0.2 92.34 3.4+03
S4 31+0.1 91.52 3.6 £0.2

Fig. 6, the spectrum of nearly amorphous hartrurite has been plotted in
blue (identified by the letter H). As the device approaches the garnet-
rich region, new peaks appear, associated with garnet (spectrum
labelled as H + G). Finally, in some specific spots, spectra that corre-
spond to almost pure garnet phases (labelled as G) can be seen. It should
be noted that the hartrurite and garnet spectra differ sufficiently in Si-O
stretching Raman modes to be unambiguously identified, particularly
those with frequencies greater than 900 em ! [39,40].

4. Discussion

In order to understand the processes that occur during spark plasma
sintering, we must consider the microstructure of the powder at the
beginning of the process into the graphite die. Before applying any
current, we have a particle agglomerate mainly constituted by C3S with
variable amounts of CyS. Regarding the ternary CaO-SiO2-Al,O3 phase
diagram shown in Fig. 7 [41], if we pay attention to the relative amounts
of cations, we can conclude that all the four powders may be located
around the region of C3S but very close to the CyS primary field.

Taking into account that the SPS heating process is very fast, solid-
state diffusion is quite limited. This process is characterized by being
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carried out with a high heating rate (100 °C/min) and a very short
plateau at the maximum temperature. For this reason, thermodynamic
equilibrium phases may not be fully achieved and, therefore, it is not
surprising that transitory phases appear at the end of the SPS process (i.
e., low temperature eutectic/peritectic liquids). Additionally, new
phases that do not conform to what the equilibrium diagram predicts at
normal conditions may appear, as is certainly the case at hand. There-
fore, due to the very high heating and cooling rates, solid state reactions
driven by atomic diffusion require times much longer than those allowed
by SPS, and, therefore, we can expect that the chemical reactions will
only take place in the presence of a liquid phase [42]. Taking into ac-
count that clinkers are mainly a mixture of C3S and CsS, two different
thermodynamic processes must be considered: one for C,S and a second
one for C3S.

First, according to the calculated phase diagram of the
Ca0-Al;03-SiO; system (Fig. 7) [41], above 1308 °C, C2S decomposes
into C3S + C3Sg, and C3S2 quickly decomposes into C3S + CS, reaching
the lowest eutectic point at 1270 °C. If we do not take into account the
presence of Al,O3 or Fe, we can simplify the reaction as:

2C,S (solid) — C3S (solid) 4+ CS (liquid)

As a result, almost half of the amount of C,S becomes liquid and the
other half increases the amount of C3S solid.

On the other hand, the primary crystallization field of C3S (labelled
in Fig. 7 as “Hat” for “Hatrurite”) presents multiple peritectic points
around 1400 °C. In a real SPS cycle, at the plateau temperature of
around 1406 °C, we find two immiscible liquid phases corresponding to
C3S and CS. After the holding time, the very fast SPS cooling makes the
C3S magma quickly solidify, while the eutectic liquid CS may remain in
such a state as a metastable glassy phase for a longer time. At this point,
the amount of C3S will define the type of structure we are going to find. If
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Fig. 5. On the left-hand side of the figure, optical microscope images obtained from polished sample S2 showing: (A) Image obtained under directly transmitted light;
(B) image of the same area obtained by observation under crossed polarized light; (C) magnification of the rectangle area indicated in picture (B). Micrograph (B)
represents the most common morphology in samples S1 and S2. On the right-hand side of the figure, EDX element mapping (Ca, Si, Al) obtained on the surface of
sample S2, and the composition of the three maps on the corresponding SEM image. The rich Si stripe in the upper part corresponds to garnet rich region.
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area (G). from Ref. [41]. The C3S primary field corresponds to that of hatrurite (labelled

as “Hat”); the C,S primary field is labelled as CazSiO4. Portland cement com-
the amount of C3S is large enough to surround the CS liquid drops, they positions are located in the region of the red oval. The eutectic point marked
will stay isolated and entrapped during the cooling process (Fig. 8-A). with the circle occurs at 1270 °C. The eutectic point marked with the triangle
However, if the C3S concentration is lower than a specific threshold, occurs at 1308 °C. The peritectic reaction marked with a star occurs at 1406 °C.

(Ano: anorthite; C;A;: CaO-Al>03; C1A5: Ca0-2A1,05; C1Ag: Ca0-6Al503; C3A1:
3:Ca0-Al,03; Cor: corundum; Cri: cristobalite; Geh: gehlenite; Hat: Hatrurite;
Mul: mullite; Pse-Wol: pseudo-wollastanite; Ran: rankinite; Tri: tridymite). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

liquid will percolate and permeate all over the sample (see Fig. 8-B).

In Fig. 9-A, we have plotted the weight fraction of the main miner-
alogical components of the powders. In Fig. 9-B, we have plotted the
relative concentrations of C3S and CS in the melt. Taking into account
the reaction (1), the [C3S] and [CS] concentrations at the high tem-
perature regime (HT) can be calculated as:

[C3S]ur = [C3Slpwat 2 [C2Slpwa 2
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Fig. 8. Schematics of the microstructure of SPSed samples. (A) Solid glass (in grey color) entraps eutectic liquid drops (in blue), corresponding to samples S1 and S2.
(B) Solid crystals (grey) have open paths for the percolation of eutectic liquid (blue), corresponding to samples S3 and S4. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

[CS]ur = 2 [CaS]pwa 3

where HT stands for “high T” and pwd for “powder”. In Fig. 9, it can be
seen how samples S1 and S2 have a total amount of [C3S]yr of around
75%, while for compositions S3 and S4, this value drops below 70%.

As we have mentioned before, in the case of samples S1 and S2, and
due to the large concentration of [C3S]lyr, the solid magma creates a
close structure, trapping drops of the remaining CS liquid. The effect of
this phase segregation can be seen in Fig. 5, where areas of calcium
aluminate, (CA, green), CsS (blue) and CS (red) coexist according to
EDX. It should be noted that these three components (CA, C3S and CS)
are the products present in the two triple points considered in Fig. 7. For
these pictures, we have neglected minority elements, such as Mg, Fe, etc.
If we consider it like this, the CS fraction will correspond to the garnet
phase. From the image analysis of Fig. 5, and taking into account this
“cellular” structure of the melt, one can state that a percolation
threshold in the C3S concentration may exist, above which the liquid
migrates/flows through an open pore network (Fig. 8). According to
Fig. 9, we estimate that below 75% of C3S, it completely isolates liquid
cavities of CS. We have found a similar situation in rigid and plastic
composites, such as the one observed in the case of monoclinic-ZrOs/Ni
composites [43].

Grain growth and crystallization are much more effective in the
liquid phase than in the solid. Therefore, in the case that all the liquid
phase is confined, as is the case of S1 and S2, grain growth and chemical
reactions are hindered, and, consequently, C3S will stay in a glassy state
similar to the melt. The existence of this glassy phase confirms this hy-
pothesis in the XRD diffractograms of S1 and S2 sintered samples, where
a broad hump in the baseline is observed for low diffraction angles
(Fig. 1).

On the other hand, it should be noted in Fig. 7 how the lowest
eutectic temperature has a chemical composition very close to that of
garnet (grossular for the herewith treated ternary diagram of phases,
and marked with a circle). Therefore, on cooling below 1270 °C, isolated
drops of such liquid solidify. As the thermal expansion coefficient of
such material is different from that of the matrix, adiabatic thermal
stresses should appear in such cavities, which may exceed several GPa as
the cooling temperature range is larger than 1000 °C. A simple internal
stress calculation, according to the Selsing’s model [44,45], has been
carried out:

Aa-AT

Ty, 1w
3 T 5

where Aa is the difference in thermal expansion, AT is the cooling range,
E is the modulus of elasticity and v is the Poisson’s ratio. Likewise,
subscript 1 refers to the matrix and subscript 2 refers to the isolated
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cavities. The calculation has been made using the following thermal
coefficients (o) and elastic moduli (E) of C3S and garnet [46,47]: a (C3S)
= 481075 K}, o (garnet) = 26:10 ® K1, E (C3S) = E (garnet) = 160
GPa, v (C3S) = 0.2), v (garnet) = 0.4. The result is that a pressure of up
to 6.5 GPa may appear on the CS cavities. Specifically, high pressure is
one of the main requisites for the formation of garnets [33,48,49]. In
fact, transparent garnet windows have been obtained by high pressure
sintering [46]. Moreover, garnets are used in geology as a pressure proxy
in the study of rock formation [48]. In this system and for the first time,
due to its particular microstructure and chemical composition, it has
been possible to obtain garnets by applying quite moderate external
pressures (50 MPa) [34]. The highest Vickers hardness values obtained
for samples S1 and S2 versus those corresponding to samples S3 and S4
(Table 2) are consistent with the presence of garnet nanoparticles.

Samples S3 and S4 have a smaller fraction of C3S. As mentioned
above, we think that a percolation threshold should exist in this system
around 70-75% of [C3S + ' CsS]. For lower CsS contents, liquid CS
phase may flow all along the system inducing a recrystallization, so that
the final product is close to the thermodynamic equilibrium, very similar
to the initial powders.

One relevant observation that deserves to be pointed out in this work
is that artificial sintering routes, such as SPS or hot pressing, have a close
resemblance to metamorphic geological processes. In fact, the panoply
of different sintering treatments with different ranges of pressure and
temperature may reproduce at laboratory level many of the natural
rocks found in nature. In particular, SPS has many resemblances to
contact metamorphism because of the moderate pressure and high
temperatures reached around the graphite die. As clinker powders have
a chemical composition that can be found in some natural rocks, the
study of the sintered samples may be a model for some specific contact
metamorphism events [17,50,51].

In view of these results, we can state that, by choosing selected
mixtures of Ca0O, SiO, and trivalent oxides (such as Al;O3, Fe;03) as
matrix and non-miscible substances, we can obtain materials with un-
foreseeable morphological changes, specifically by introducing giant
local isostatic pressures without large external loads. These results
suggest that: i) it will be particularly interesting to study the electrical
properties of the materials obtained and find their relationship with
their singular morphology, and ii) the giant adiabatic pressures devel-
oped in the matrix (>5 GPa) can be used to synthesize superhard
nanoparticles i.e. c-BN.

5. Conclusions

In the present work, we have studied a set of different Portland
clinker powders after being successfully sintered by Spark Plasma Sin-
tering. Although Portland clinker compositions have a narrow range of
variation of calcium silicates, above a critical concentration of calcium,
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Fig. 9. A) Relative concentration of the different crystalline phases in the four
samples of clinker powders. B) The upper line represents the total concentration
of C3S that has appeared from [C3S+!5C,S] according to equation (2), and the
bottom line represents the concentration of CS that has appeared from the
melting of [/4C,S] according to equation (3). Notice the large concentration gap
between samples S2 and S3.

high-pressure garnets spontaneously appear. A model describing the
formation of garnets considering the formation of two transitory eutectic
liquids at 1270 °C and 1380 °C has been explained. On cooling, the
second liquid, with a composition similar to the C3S phase, solidifies,
entrapping liquid isolated drops, which on fast cooling (>1000 °C),
develop high adiabatic thermal stresses of several GPa, inducing the
formation of garnets. This artificial sintering SPS route, which has a
close resemblance to contact metamorphic geological processes, may be
employed to obtain high-pressure phases (GPa) by applying significantly
lower pressures (50 MPa).
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