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In this paper, the effects of the sintering temperature on the pore evolution of the belite-sulfoaluminate cement clinker were
evaluated. Belite-sulfoaluminate cement clinker with a targeted composition of 65 w/% f-belite, 20 w/% calcium sulfoaluminate
and 10 w/% ferrite was sintered at three different temperatures: 1200 °C, 1250 °C and 1300 °C. To quantitatively evaluate the
pore evolution during sintering, a 3D microstructure reconstruction by micro-CT was used. From the data, the pore volume frac-
tion and pore number were extracted and compared, and the pore size distribution with the sintering temperature was obtained
as well. Additionally, the pore shape and distribution were displayed in 3D based on actual microstructure data. Clinker samples
were also characterized by Hg-intrusion porosimetry and gas sorption. The changes in the pore evolution occurred to a larger ex-
tent when sintering at 1300 °C. Apart from a significant porosity decrease, pore coarsening was evident at this temperature, re-
ducing their connectivity and shrinkage of the clinker. Simultaneously, the bulk and apparent densities increased with the tem-
perature due to densification, while the BET surface area of the studied clinkers decreased, indicating the rounding of pores and
particle coalescence with an increasing grain growth.
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Prispevek obravnava vpliv temperature sintranja na razvoj por pri belitno-sulfoaluminatnem cementnem klinkerju. Klinker z
Zeleno sestavo faz 65 w/% [3-belita, 20 w/% kalcijevega sulfoaluminata in 10 w/% ferita je bil sintran pri treh razli¢nih
temperaturah: 1200 °C, 1250 °C in1300 °C. Z racunalni$ko mikrotomografijo smo na podlagi 3D rekonstrukcije mikrostrukture
kvantitativno ocenili razvoj por pri sintranju. Iz podatkov smo pridobili delezZ volumna por in Stevilo por ter tudi porazdelitev
por. Poleg tega je bila v 3D prikazana tudi oblika in porazdelitev por. Vzorci klinkerja so bili okarakterizirani tudi z
Zivosrebrovo porozimetrijo in plinsko sorpcijo. Rezultati kazejo, da so se najve¢je spremembe pri razvoju por zgodile pri
sintranju na 1300 °C. Poleg obc¢utnega zmanjSanja poroznosti je bilo pri tej temperaturi opaziti tudi veCanje por, zmanjSevanje
povezanosti med njimi in kréenje klinkerja. Obenem sta se volumska in navidezna gostota s temperaturo povecali zaradi
zgosCevanja, medtem ko se je specificna povrSina BET klinkerjev zmanj$ala, kar kaZze na zaobljevanje por in poveCevanje zrn.

Klju¢ne besede: klinker, belit-sulfoaluminat, razvoj por, sintranje, u-CT
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1 INTRODUCTION

The mechanisms of clinker formation are very com-
plex, especially due to the many constituents and phases
present in the process, as well as the mineralogical and
physical changes that occur simultaneously.! Clinkeri-
zation comprises solid-state reactions, solid-liquid and/or
liquid-state reactions, polymorphic transformation on
heating, and polymorphic stabilisation and crystallization
upon cooling.”3 Depending on the reaction conditions
and variables such as the maximum heating temperature,
the rate of temperature increase, retention time, the rate
of cooling, the composition of the gaseous atmosphere
and the chemical composition of kiln raw meal mixture,*
a significant variety of phases, as well as the relative pro-
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portions can be formed, which will have an effect on the
clinker and consequently also on the properties of the re-
sulting cement and concrete. Furthermore, during
sintering the density, shape, size and distribution of the
pores change.’ Pores play an important role in sintering
densification, whereby interparticle pores in particulate
materials are eliminated by atomic diffusion at high tem-
peratures.®’ Porosity influences the sintered properties®
and is also one of the factors, as well as other micro-
structural factors (i.e., the crystal size, morphology, dis-
tribution and content of individual clinker phases, or
presence of trace elements) that affect the grindability of
cement clinker and consequently determines the econ-
omy of cement production.’”!'" Namely, the initial
grindability was found to be determined by porosity!?
and it increased by hard burning and high melt content
since they result in a clinker with a low porosity.’
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Table 1: Mass change and dimensional behavior of the cement clinker during sintering at different temperatures

N igh Diameter Heigh M han, Radial chan Axial chan
Sintering (T) We(gg3 t (am1161t)e (fn;gn)t ass((c%)a ge ad a((ys) ange a((;})a ge
Non-sintered sample 15.00 30.04 13.07
1200 °C 9.62 30.70 13.44 -35.86 +2.20 +2.83
1250 °C 9.83 24.14 11.69 -34.47 -19.64 —-10.56
1300 °C 9.85 22.90 9.70 —34.33 -23.77 —25.78

While the clinkerization of conventional Ordinary
Portland Cement clinkers has been extensively investi-
gated over previous decades, there is only a limited num-
ber of studies discussing the clinkerization processes of
belite-sulfoaluminate cement clinkers in detail.!*"!” The
cement based on those clinkers is considered to be
low-CO, and low-energy cement due to the lower energy
use, lower CO, emissions (20-30 % reduction compared
to OPC) and consumption of by-products as raw materi-
als.!>151819 The main mineral analogues in this clinker
are larnite (belite, C,S) and sodalite-type ye’elemite
(C4A3$), also called Klein’s salt tetracalcium aluminate
sulphate or calcium sulfoaluminate. It may also contain
other minor phases, such as brownmillerite-type ferrite
(C4,AF), mayenite (Cj,A;), gehlenite (C,AS), perovskite
(CT), periclase (M) and excess anhydrite (CS).1316:19-21
Such clinkers are generally produced by burning raw ma-
terials like limestone, clay and bauxite in addition to cal-
cium sulphate, within a temperature range of 1200 °C to
1350 °C.'#22 However, several industrial by-products are
considered as substitutes for natural raw materials, e.g.,
coal fly ash, slag, red mud, phosphogypsum, flue gas
desulfurization (FGD) gypsum, etc.'>??

Various approaches are possible in the investigation
of porosity and a pore network of materials, but most of
them do not give any information on the dimensional
distribution of the pore structure components. Conven-
tionally, the materials characterisation is performed in
2D, using scanning electron microscopy (SEM), while
data acquired by Hg-intrusion porosimetry (MIP) only
give quantitative information on the pore structure, and
they are inadequate to know the dimensional distribution
of the pores, and their connectivity.>* In addition, MIP
cannot detect closed porosity, and due to the ink-bottle
effect it overestimates the smaller pore population.?> Fur-
thermore, the sample preparation processes in these test-
ing methods such as polishing, drying and especially the
high pressure employed by the MIP method can often
damage the microstructure of the samples before or dur-
ing the analysis.??’ 3D pore-scale imaging methods, like
high-resolution X-ray computed tomography are now
widely used to image and reconstruct 3D images of ma-
terials with a resolution on the micrometre-to-nanometre
scale.?628-30 Clearly, X-ray computed tomography is a
powerful non-destructive test method for porosity and
defect analysis of various materials, providing basic in-
formation on average porosity and pore size distribution,
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as well as information on pore connectivity or pore
shapes through complex 3D analyses.?!

In this paper, belite-sulfoaluminate cement clinker
with a targeted composition of 65 w/% (-C.S, 20 w/%
C.A;S, 10 w/% C,AF was sintered at three different tem-
peratures: 1200 °C, 1250 °C and 1300 °C. 3D micro-
structure images reconstructed by p-CT together with the
results of Hg-intrusion porosimetry and gas sorption are
used to understand the evolution of pores and pore net-
works. Pore fraction volume, pore number, pore size and
distribution, and density were measured. The correla-
tions of these parameters with the sintering process were
discussed.

2 EXPERIMENTAL PART
2.1 Materials

Cement clinker having the nominal phase composi-
tion 65 w/% B-C.S, 20 w/% CiAsS, 10 w/% C,AF was
synthesised for the study. 3> The clinker was prepared
with ratios of limestone, flysch, bauxite, white
titanogypsum and bottom ash from a coal thermal power
plant (smaller quantities of mill scale were used for cor-
rection). The materials were proportioned by adapting
the modified Bogue method."

All the raw materials were first ground to pass
through a 200-um sieve. The raw mixture (200 g) was
then homogenized and ground for 3 h in 200 ml of
isopropanol using a ball mill (CAPCO Test Equipment
Ball Mill Model 9VS). Pressed pellets were prepared us-

0 1 2 3

g

Figure 1: Macroscopic behaviour of the cement clinker. Sample 0:
un-sintered compact; Sample 1: sintering at 1200 °C; Sample 2:
sintering at 1250 °C, Sample 3: sintering at 1300 °C
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ing a HPM 25/5 press at 10.6 kN. For each pellet, with a
diameter of 30 mm, 15 g of material was used.

The clinker mixtures were subjected to the following
heating regimes: a) heating to 1200 °C, 1250 °C and
1300 °C, b) heating rate of 10 °C/min, c) holding time at
the final temperature for 60 min, and d) natural cooling
in a closed furnace. Figure 1 illustrates the macrographs
of the cement clinker powder compacts before and after
sintering. Table 1 provides mass and dimensional
changes during sintering of the clinker compacts.

2.2 Methods

X-ray micro-computed tomography (u-CT) was used
to study the structural characteristics of the investigated
samples, using an "Xradia uCT-400" tomograph (Xradia,
Concord, California, USA), set to 140 kV and 71 pA.
The specimens had a diameter of 7 mm and they were
imaged using a CCD camera equipped with a 10x mag-
nification optical objective and a resolution of 2 pm. A
high-precision rotating stage was used, so that 1600 pro-
jection images were taken from different view-points
with exposure times of 4 s per projection. In order to re-
construct the pore structure of the cement clinkers, as
well as to determine their overall porosity and pore size
distribution, Avizo Fire 3D-image analysis software was
used, following the process for pore segmentation and
quantification as described by Korat et al.? The ROI (re-
gion of interest) box was determined from the centre of
the sample, which had a size of 4 mm. Image segmenta-
tion was performed (based on the voxel intensity histo-
gram of the grayscale image), to determine the difference
between the solid matrix and the air. A watershed algo-
rithm was applied to the binary images in order to sepa-
rate the pores step by step with a distance map. Once the
separate pores have been identified, they can be labelled
and further measured. Using a multiple labelling process,
each pore can be identified in the label image, and as-
signed as unique index, mostly to get the volume, surface
area, mean value etc. Such labelled images are displayed
and quantified individually. Within this research, equiva-
lent diameter and 3D volume (within Label Analysis
module) were chosen.

The pore system of the cement clinker samples
sintered at different temperatures was investigated by
means of mercury intrusion porosimetry (MIP). Small
representative fragments, approximately 1 c¢cm? in size,
were dried in an oven for 24 h at 105 °C and then ana-
lysed by Micromeritics® Autopore IV 9500 equipment

(Micromeritics, Norcross, GA, USA). The samples were
analysed within the range of 0—414 MPa using pen-
etrometers for solid substrates. Two measurements were
performed for each sintered clinker sample.

Nitrogen adsorption measurements were performed
at 77 K using a Micromeritics ASAP-2020 analyser
(Micromeritics, Norcross, GA, USA). The cement
clinker samples were crushed into small pieces, approxi-
mately 0.5 cm? in size. The mass of the analysed samples
was = 2 g. The total specific surface area, the total pore
volume and the pore-size distribution curves of the sub-
strates were determined using the Brunauer—-Emmet—
Teller (BET) method, t-plot analyses and the
Barrett-Joyner—Halenda (BJH) method, respectively.3334
The total pore volume and micropore volume of the sam-
ples were calculated using t-plot analysis. The BJH
method was used to obtain pore size distribution
curves.*> Two measurements were performed for each
sintered clinker sample.

3 RESULTS AND DISCUSSION

For the sintered cement clinker, the overall porosity,
determined by p-CT, slightly increased from 5.56 a/%
1200 °C to 6.32 a/% 1250 °C. Considering the sample
sintered at 1300 °C, a decrease in total porosity to
3.28 % was observed. As seen from the MIP results in
Table 2, the trend in porosity evolution during sintering
is consistent with the p-CT data, although with notice-
able differences in absolute values, specifically because
MIP covers a pore size range from 0.0055 um (5.5 nm)
to 360 um and p-CT a pore size range above 1 pm.
Moreover, the MIP would detect open pores only, so that
the results would not be representative for the determina-
tion of closed pores.

Thus, the open porosity of the clinker sintered at
1250 °C, determined by MIP, was increased to 39.0 %
compared to 33.4 % of the 1200 °C sample. After that,
the open porosity significantly decreased to 9.6 % at
1300 °C. In the early stages, the necks forming at the
points of particle contacts have only small cross-sec-
tional areas and particle rearrangements can take place
during solid-state sintering, resulting in the local opening
of large pores and the breaking of some contacts that are
related to porosity growth.’® The increase in porosity
from 1200 °C to 1250 °C could also indicate that the
pore formation was dominated by the thermal explosion
reaction,” resulting in the deformation of the 1250 °C

Table 2: Porosity, average pore diameter, bulk density, and apparent density of the sintered cement clinker samples, as determined by

Hg-porosimetry

Porosiy ()| rsgepore [ Median pore diamter | Bulk ey | Appapnt densiy
1200 °C 33.4+0.7 5.36+0.13 5.06+0.08 1.00+0.01 1.50+0.04
1250 °C 39.0+0.1 3.49+0.14 4.05+0.03 1.82+0.02 2.98+0.03
1300 °C 9.6+0.4 0.02+0.01 0.42+0.55 2.72+0.04 3.01+0.02
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Figure 2: Pore size distribution determined by the means of u-CT for
the samples, presented as: a) the volume of pores with regard to pore
size diameter and b) as the number of pores with regard to pore size
diameter

clinker (Figure 1). Pore coarsening leads to a reduced
gas pressure in the pores resulting in a porosity increase.?
Namely, in the regime of high temperature (= 1200 °C),

1200 °C 1250 °C

calcium sulfate is chemically unstable and provokes the
release of SO,.3® On the other hand, the reduction of the
total accessible porosity of the sample sintered at
1300 °C is due to the densification of the microstructure
leading to a drop in connectivity between the pore
spaces, resulting in a reduction of open pores, i.e., chan-
nel closure.’ Reduction of porosity could also be ex-
plained by the formation of a liquid phase, accompanied
by the shrinkage of the compact due to the dissolving of
particles, decreasing of distances between the centres of
solid-phase particles, and melt penetrating into the
interparticle pores.’® At temperatures up to 1250 °C,
solid-state reactions occur, while at higher temperatures,
a liquid phase is formed.> Most of the belite phase as
well as the ferrite phase formation occur below around
1250 °C via solid-solid interactions.? In general, belite is
the first stable product to be formed at temperatures be-
tween 1000 °C and 1200 °C.% Between 1100 °C and
1200 °C, the ferrite phase forms.*' Calcium sulfoalumi-
nate is formed at 900—-1000 °C, which increases with the
increasing temperature, peaking at 1300-1350 °C.3
Moreover, the decrease in porosity could indicate an in-
crease of the grain size, as an inverse relationship be-
tween grain size and fractional porosity during sintering
has been reported.*

The reduction of pore volume results in shrinkage of
the sintered clinkers (Figure 1, Table 1). While the mass
does not change significantly with the sintering tempera-
ture, the radial and axial shrinkage was obvious at
sintering above 1200 °C. Furthermore, it was noted that
the shrinkage increased sharply with increasing tempera-

1300 °C

Figure 3: 2D images (XZ view) of samples sintered at 1200 °C, 1250 °C and 1300 °C with enlarged bottom figures regarding FOV (field of
view)
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ture, where a radial shrinkage of 23.77 % and an axial
shrinkage of 25.78 % were reached at 1300 °C.

With sintering temperature, differences also occur in
pore-size distribution as indicated by u-CT, MIP and gas
sorption.

The pore size distribution of the clinkers extracted
from p-CT data (Figure 2a) showed that the clinker sam-
ple sintered at 1300 °C had the largest volume of larger
pores (10-100 pm) as well as smaller pores (1-5 um).
On the other hand, the volume of pores in the range of
5-10 pm was smaller compared to the samples sintered
at 1200 °C and 1250 °C. The volume of pores larger than
100 um was almost negligible with all three sintering
temperatures. The change in pore size distribution was

1200 °C 1250 °C

overal
pores

smaller when comparing samples sintered at 1200 °C
and 1250 °C than samples sintered 1250 °C and 1300 °C,
similar to the observations for the dimensional and po-
rosity changes described above. However, a continuous
increase of larger pores in the range 10—100 um with in-
creasing temperature was obvious, which suggests the
transition of the pores to isolated spherical pores.** Fur-
thermore, as seen from Figure 2b, the number of pores,
determined by pu-CT was significantly smaller for the
sample sintered at 1300 °C. The pore size grows with
sintering temperature, although a reduction in porosity
occurs because of the elimination of pores from the sys-
tem.* Consequently, the coalescence of small pores sig-
nificantly impedes the densification process,* which can
lead to a pore size distribution shift towards larger

1300 °C

Figure 4: 3D-pore distribution of cement clinkers sintered at different temperatures with respect to different pore ranges. The region of interest
being approximately 1 mm in size (presenting overall porosity) and 200 pum in size (presenting connectivity/isolation of large pores on large

scale), taken from the centre of the sample.
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sizes.* Pores collapse into a closed condition during
sintering in what is termed the final stage, and due to
pressure balances they grow as porosity decreases.®
Apart from the larger pores, a shift to smaller pores with
the enhanced temperature of sintering is obvious. At
1300 °C, small pores formed and showed a shrinkage ef-
fect.¥’

From the results presented in Figure 3, it is seen that
when clinker samples are sintered, pore growth effects
the result in altered pore morphology. For a better visu-
alisation, Figure 4 shows the 3D pore shape and pore
distribution of the clinker samples, the region of interest
being approximately 1 mm in size, taken from the centre
of the sample. It is evident that at lower sintering temper-
atures, the pores are interconnected, while with contin-
ued sintering, pores become isolated and grow. Namely,
only late in the sintering process do the channels close
and isolated pores are formed that may grow or, in those
rare cases where full density is achieved, shrinking to

1200°C
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Figure 5: Log differential intrusion versus pore size of the samples
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1000

zero.’® A visual examination of CT data, prepared by
Avizo software, has shown that open pores are typically
thin, elongated and irregularly shaped, while the closed
pores are typically more equiaxed (Figure 4). When the
samples are sintered at higher temperatures, the large
amount of small isolated pores disappear and some pores
merge with others to form large pores.” As seen from
Figure 4 (last row), pores are mostly isolated at 1300 °C.

In regard to the results of the MIP (Figure 5), the
pores of the samples sintered at 1200 °C and 1250 °C
were unimodally distributed, with the largest intrusion
being around 5 um and 3 um, respectively, with a shift
toward smaller pores with a higher temperature. A bi-
modal distribution of pores was characteristic of the
sample sintered at 1300 °C, with an intrusion peak at
around 0.01 um and a larger intrusion peak at around
200 um, yet again indicating a major change in the
clinker microstructure that occurred during sintering at
1300 °C. Both the average and median pore diameters
decreased with the sintering temperature, while the dif-
ference between 1200 °C and 1250 °C was much smaller
than between 1250 °C and 1300 °C (Table 2). Despite
that the average pore diameter was smallest for the
1300 °C sample, from the pore size distribution it is
clearly seen that the amount of larger pores increased in
comparison to the samples sintered at lower tempera-
tures. This could suggest pore shrinkage due to
densification, simultaneous with pore coarsening. How-
ever, the fact that MIP only covers open pores should be
considered.

Figure 6 shows that the amount of pores diminished
with sintering temperature, supporting the results ob-
tained by p-CT. In terms of pore-size distribution,
sintering resulted in a decrease or increase in the per-

: ©1200 °C
45 - = 1250 °C
5 @1300 °C

o w
N w w w
L L

Log differential intrusion (mL/g)

=
w
L

<0,1 0,1-1 1-5 5-10 >10
Pore diameter (um)

Figure 6: Pore-size distribution of the clinker samples based on the
Hg-porosimetry data
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centage of pores in certain size ranges, which is espe-
cially evident for the sample sintered at 1300 °C.

As indicated by the nitrogen adsorption method sam-
ples sintered at all three temperatures had a similar, con-
tinuously increasing type of pore size distribution (Fig-
ure 7a), in which the overall trend was that the finer the
pore diameter, the greater the volume of pores devel-
oped. Results showed a clear reduction in macropores
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Figure 8: Pore-size distribution of the clinker samples based on the
nitrogen-adsorption data
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(r > 50 nm) and mesopores (2 nm < r < 50 nm), since
there was an increase in micropores (r < 2 nm) for the
sample sintered at 1300 °C (Figure 8). The volume of
pores accessible to the gas decreased with the sintering
temperature (Table 3, Figure 8), due to the densification
process and the formation of a liquid phase. The average
pore diameter of the sintered clinkers was in the range of
5.56 nm to 6.43 nm (Table 3). All of the samples studied
had a Type-II physisorption isotherm (Figure 7b), which
is characteristic of non-porous and macroporous materi-
als with diameters exceeding micropores.*’

Table 3: Results of the Nj-adsorption measurements of the samples
investigated

Sintering BET surface| Total pore | Average | Micropore
T/°C area volugme pore diame- volu}me
(m?/g) (cm¥/g) ter (nm) (cm¥/g)

1200 °C | 0.63+0.01 | 0.000871 | 5.56+0.08 | —0.000005

1250 °C | 0.37+0.04 | 0.000543 | 6.43+0.12 | —0.000038

1300 °C | 0.05+0.01 | 0.000085 | 5.84+0.10 | —0.000014

Furthermore, both the bulk density and the apparent
density show an upward tendency as the sintering tem-
perature rises, which indicates the sample gradually un-
dergoing densification (Table 2). The bulk density of the
samples increased linearly with the sintering tempera-
ture, from 1.00 g/mL at 1200 °C to 2.72 g/mL at 1300 °C
(Figure 9). As the bulk density of the clinkers increased,
individual grains began to grow — coarsening the grains.
On the other hand, apparent density, correlated with in-
ternal porosity, increased to the temperature of 1250 °C,
indicating the internal porosity constantly eliminating,
but at 1300 °C it remained unchanged (Figure 9), which
can be explained by the internal pores being nearly
non-existent.*® Furthermore, pores require proximity to a
grain boundary to shrink during sintering, while pores
separated from grain boundaries remain stable and resist
densification. Accordingly, grain growth is detrimental to
the sintering since the grain boundaries become more
widely spaced, have less proximity to pores, and often
move faster than the pores. Rapid grain coarsening gen-
erates the conditions where sintering prematurely termi-
nates with a considerable residual porosity.® As the

Porosity = —-— Bulkdensity = ------- Apparent density
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Figure 9: Porosity, bulk density and apparent density of clinker sam-
ples sintered at different temperatures
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clinker cools, the main liquid phase crystallizes to form
phases. Since higher temperatures inflate the balloons
due to the sulfate exhalation, leading to clinker swelling,
pores near free surfaces disappear, but internal pores un-
dergo coarsening.® Consequently, the density increases
during sintering with simultaneous pore growth instead
of the expected pore shrinkage. On the other hand, the
small pores that were interconnected or partly connected
would develop into closed pores during the high-temper-
ature sintering process, thus reducing the open porosity
(ref. no. 7). The pores are assumed to be interconnected
at low densities, cylindrical at intermediate densities, and
spherical at high densities.*->

The values of the BET specific surface area de-
creased with the sintering temperature (Table 3). In addi-
tion to densification, this fact could also be due to two
mechanisms, such as the rounding of pores (as evident
from Figure 8) that decrease the surface area and parti-
cle coalescence with increasing grain growth (ref. no. 5).
Yet, many structural changes compatible with surface
area reduction may occur, i.e., grain growth, pore shrink-
age or growth, particle modification and variation in den-
sity (ref. no. d).

4 CONCLUSIONS

Pore evolution of belite-sulfoaluminate cement
clinker during sintering at different temperatures was
evaluated using pCT, Hg-porosimetry and gas sorption.

Larger changes in clinker microstructure were ob-
served at1250 °C to 1300 °C than at 1200 °C to 1250 °C.
The porosity of the clinkers increased when sintering
from 1200 °C to 1250 °C and then diminished at
1300 °C, which is attributed to pore coarsening and
densification. Pores are interconnected at lower sintering
temperatures, while pore isolating and the volume of
larger pores increased with the sintering temperature due
to pore coalescence, which was evident in 3D analysis
using p-CT. Furthermore, with increasing temperature,
the BET-specific surface was reduced, while the bulk and
apparent densities increased, indicating densification of
the clinker microstructure.

The evolution of the pores during clinker sintering
can be useful in understanding how sintering parameters
like temperature might influence the evolution of
microstructure and hence macroscopic properties.
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