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ARTICLE INFO ABSTRACT
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The particle size distribution (PSD) has a significant influence on the fresh and final properties of cement and its
derived products. In this paper, CSA cements with three different mean diameters (Dsp), ranging from 6.04 to
26.62 pm were prepared by milling. The pre-hydration behavior was quantitatively analyzed, including the
degree of pre-hydration, the dynamic change of mineral assemblage and the morphology of the prepared CSA

cement exposed to 57%, 75% and 97% relative humidities (RHs) for up to 90 days. Hydration kinetics, porosity,
and compressive strength of the cement paste made with fresh and pre-hydrated CSA cement with different PSD
were also characterized. The results show that pre-hydration of CSA cement at RH higher than 75% has detri-
mental effects on the hydraulic activity and strength gain of CSA cement. However, coarser CSA cement (Dso =
26.62 pm) does not only show better resistance to pre-hydration, but also higher compressive strength and lower

porosity.

1. Introduction

Driven by the rising demands for housing and infrastructure, cement
consumption increased dramatically in the past decades. Particularly in
developing countries like China, cement production has increased more
than 4-fold since 1990. An inevitable problem caused by cement pro-
duction is the vast amount of COy emission which is believed to be
responsible for 8% of global anthropogenic CO3 [1]. To bring the cement
sector in line with the Paris Agreement on climate change, its annual
emissions must decrease by at least 16% by 2030 [2]. Therefore, both
the academia and the industry are looking for reliable alternatives to
reduce the environmental footprint of the cement industry.

Among others, calcium sulfoaluminate (CSA) cement has lower CO,
emission due to the reduced limestone content in the raw materials,
lower sintering temperature [3], and lower hardness of sintered clinker
[4]. Production of ye’elimite, the main phase in CSA cement, releases
only one-third of CO; released during production of alite, the dominant
phase of ordinary Portland cement (OPC) [5]. In addition, compared
with OPC, CSA cement has advantages including rapid hardening, high
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early strength, low shrinkage and good resistance to harmful ions, e.g.
chloride and sulfate ions, among others [6-9]. Consequently, CSA
cement can be used for some applications where use of OPC would not
be optimal, such as self-levelling floors, structures in the marine envi-
ronments, filling grouts, and repairs. In addition, it has been shown
recently that the hardened CSA cement paste can also be used as a latent
heat storage material for seasonal energy storage [10-12]. The heat
storage ability is based on the reversible process of hydration/dehy-
dration of ettringite (AFt, 3CaOeAl;0303CaS0O4-32H20), the main hy-
dration product of CSA cement.

Although CSA cement has some excellent properties, properties of
hydrated CSA cement are not stable over time. Apart from problems
with quality control of CSA cement during the production process, pre-
hydration of cement clinker induced by unintentional exposure of
cement powder to moisture during the process of cement production,
transportation and storage is also a big concern. Previous studies showed
that the exposure of cement to a humid environment will result in the
pre-hydration of cement powder [13,14]. Silica-based clinker minerals,
such as tricalcium silicate (C3S) and dicalcium silicate (C2S), begin to
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pre-hydrate at ambient humidity above 85% [15]. Compared to silica-
based clinker minerals, aluminate-based clinker minerals such as ye’e-
limite and tricalcium aluminate (C3A) are more susceptible to moisture.
CsA was found to hydrate at ambient humidity of 60% RH [15]. This
phenomenon has only recently been investigated for CSA cements
[16,17]. It was found that the main constituent of CSA cement, ye’eli-
mite, tends to pre-hydrate when exposed to 60% RH. Pre-hydration of
cement will decrease the hydraulic reactivity of cement powder, Extend
the setting time, and reduce its final strength. It is therefore of crucial to
minimize the negative effect of pre-hydration on CSA cement.

Particle size distribution (PSD) of cement determines the overall
surface area of cement powder that could encounter water molecules
(including liquid and gas states) and the distance between individual
cement particles. Therefore, PSD is one of the most important factors
that influence the fresh and hardened properties of concrete [18-21].
Bentz et al. [18] investigated the impact of PSD on various properties of
OPC. They reported that, in lower water-to-cement ratio systems, the use
of coarser cement may offer equivalent or superior performance and
reduce production costs. As the hydraulic activity of CSA cement is much
higher than OPC, the PSD is expected to have a more profound impact on
the overall performance of CSA cement. However, to the best knowledge
of the authors, this has not been investigated to date. The effect of
clinker fineness on the pre-hydration of sulfoaluminate cement is not
known, and the influence of sulfoaluminate cement pre-hydration on the
hydration process, mechanical properties, and durability are still being
explored.

This work aims to study the effect of PSD of cement clinker on the
pre-hydration, hydration kinetics, and mechanical properties of CSA
cement. This should allow building a relationship between the PSD and
the aging (pre-hydration) behavior of CSA cement at various RH before
its use in concrete, as well as afterwards (hydration kinetics and
compressive strength). To this end, fresh CSA cement powder with three
different PSD was produced by grinding the raw CSA clinker particles.
The freshly ground cement powder, with the addition of anhydrite, was
then exposed to three different ambient humidities (57 %RH, 75 %RH
and 97 %RH), for a maximum of 90 days. A series of tests were con-
ducted to characterize the pre-hydration rate, hydration kinetics, and
the hardened properties of CSA cement with different PSD. Thermog-
ravimetric analysis (TGA) and X-ray diffraction (XRD) coupled with
Rietveld refinement method was applied to quantitatively analyse the
dynamic mineral change throughout the pre-hydration and hydration
stage. The hydration kinetics of pre-hydrated ye’elimite was monitored
using isothermal calorimetry. The morphology and the microstructure of
mineral grains were observed using scanning electron microscope
(SEM). Low field nuclear magnetic resonance (LF-NMR) was used to
measure the porosity of hardened CSA cement. Compressive strength
has also been measured on fresh and pre-hydrated CSA cement paste
with different PSD. Current research may contribute not only to un-
derstanding the effects of PSD on the pre-hydration and hydration
behavior of CSA cement but may also provide guidance to the cement
industry for improving the performance of CSA cement while reducing
the costs from the clinker grind process.

2. Materials and methods
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cement was measured by X-ray fluorescence (XRF, Thermo Scientific
ARL™ PERFORM’X WDXRF, USA), see Table 1. The mineral phase
composition of the ground CSA cement determined by quantitative XRD
analysis is given in Table 2. Organic solvents, isopropanol and diethyl
ether, were used to stop cement hydration, as recommended by RILEM
TC-238 SCM [22]. Anhydrite was obtained by burning the calcium
sulfate obtained from Aladdin Bio-Chem Technology Co., LTD, at 700 °C
for 2 h. Sodium bromide, sodium chloride, and potassium sulphate were
used to maintain a constant value of RH in sealed chamber. All chem-
icals used were analytical grade without further purification.

2.2. Sample preparation

2.2.1. Preparation of CSA clinker powder with different PSD

To obtain fresh CSA clinker powder with different PSD, a planetary
ball mill (PM400, Retsch, Germany) was applied to mill the CSA clinker
with the following schemes. The coarse cement (CC) was produced by
milling the raw clinker for 10 min and then passing the milled clinker
through a 150-mesh screen. The medium fineness cement (MC) was
produced by milling the raw clinker for 20 min followed by milling the
after-sieved clinker for additional 20 min. The fine cement (FC) was
obtained by milling the raw clinker for 40 min followed by milling the
after-sieved clinker for additional 60 min. As the clinker does not
contain gypsum, milled CSA clinker was blended with 26 wt% gypsum
to produce a final CSA cement powder with an m value (mol ratio) of 2.
The final product was vacuum sealed in a plastic sample bag until use.
Laser diffraction particle size analyzer (HELOS-OASIS, SYMPATEC
GmbH, Germany) and nitrogen adsorption instrument (3FLEX, Micro-
meritics, USA) were used to measure the PSD and specific surface area
(SSA) of the milled CSA clinker powders, respectively. About 5 g of
cement powder was first loaded into the device, and laser diffraction
measurements were performed to obtain the PSD ranging from 0.02 to
2000 pm. Values reported herein are averages of five measurements.
Prior to measurements, a degassing treatment on the cement powder
was carried out under vacuum at 110 °C for 24 h. The specific value of
PSD and SSA of the ground CSA clinker powder and anhydrite are shown
in Fig. 1 and Table 3, respectively.

2.2.2. Pre-hydration procedure

The pre-hydration process was conducted by exposing the CSA
cement powder with three different PSD at 57%, 75% and 97% RH for 7,
28 and 90 days, respectively. The adopted RH values were determined
based on our previous study [16]. In this study, it was found that the
effects of pre-hydration on CSA clinker were neglectable at low RH, for
example, 23% RH and 43% RH. Therefore, exposure condition at low RH
values was not included here in this study. The corresponding RHs were
maintained in separate sealed glass drying jars using the saturated salt
solution method [23]. The ambient temperature, type of saturated salt,
label name, and the corresponding standard RH [24] are shown in
Table 4. Sodium bromide (NaBr), sodium chloride (NaCl) and potassium
sulfate(K,SO4) were used to maintain the three different levels of RH. To
reach equilibrium, the saturated salt solutions were premixed by heating
the solution up to 90 °C followed by cooling down to lab temperature.

2.1, Materials Table 2
o ateria Mineralogical composition of CSA cement clinker (wt%).

Spherical raw CSA clinker, which is used to prepare CSA cement CahsS P-CoS Perovskite MgO FeO
powder with different PSD, was provided by Tangshan Polar Bear Spe- 60.8 35.3 1.8 1.8 0.2
cial Cement CO, Ltd. The chemical composition of the milled CSA
Table 1
The chemical composition of CSA clinker was measured by XRF (wt%).

Ca0 Si0, ALO3 Fe,03 MgO TiO, K»0 Na,O P,Os S0,

44.04 10.14 31.7 2.09 2.34 1.21 0.377 0.145 0.139 7.51
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Fig. 1. PSD of the ground CSA clinker powder and anhydrite. CC, MC and FC are stand for coarse cement, medium fineness cement and fine cement, respectively.

Table 3
PSD and SSA of the ground CSA clinker powder and anhydrite.
Sample ID D10 [pm] D50 [pm] D90% [pm] SSA
CcC 1.71 26.62 66.69 0.8607 mz/g
MC 0.99 10.8 54.31 1.0352 mz/g
FC 0.85 6.04 43.00 1.2009 Inz/g
CaSO4 0.86 4.83 23.14 3.5646 mz/g
Table 4

Pre-hydration conditions for CSA clinker with different PSD.

Temperature Saturated salt Standard RH (%) Labeled as
25+2°C NaBr 57.57% 57

NaCl 75.29% 75

K2S04 97.3% 97

Before the exposure of clinker to water vapor, the samples were dried
using a silica gel desiccant at the exposure temperature for 1 day. To
make sure that the CSA cement powder was sufficiently exposed to the
ambient environment, it was evenly spread on glass dishes with a layer
thickness of approx. 5 mm. The pre-hydration setup is shown in Fig. 2.

2.2.3. Stoppage of hydration

To investigate the mineral composition of the pre-hydrated CSA
cement, solvent exchange method was applied to stop the progress of
hydration. To this end, the clinker mineral was immersed in isopropanol
and ground in a corundum mill for 15 min. The ground clinker was
filtered by vacuum to extract the organic solution. The filtrate was dried
in an aerated oven at 40 °C for 10 min and then vacuum sealed in a

plastic sample bag. Since long-term storage of cement could possibly
result in instable mineral composition, measurements such as ther-
mogravimetric analysis (TGA), X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were performed immediately after the
stoppage of hydration.

2.3. Pre-hydration kinetics study

2.3.1. Water sorption kinetics

The kinetics of water sorption was determined by scaling the weight
increment ratio (g/g) of pre-hydrated CSA cement exposed to water
vapor with respect to the weight of the fresh ground cement powder. To
minimize the experimental error, the samples were weighted by an
electronic balance immediately as they were taken out from the jar.

2.3.2. Degree of pre-hydration

To calculate the amount of chemically bound water, thermogravi-
metric analysis (TGA) was carried out on 20 + 2 mg ground cement
samples using a TGA analyzer (STA 8000, PerkinElmer, USA) under
flowing nitrogen (40 ml/min). The temperature range for testing was
30-800 °C at a heating rate of 10 °C/min. The chemically bound water,
Wehemw., Was calculated from the masses at 50 °C (Wsy¢) and 550 °C
(Wss0°¢), according to [25]:

o Wsoec — Wssoec

WL‘ emw. (1)
" WSSODC
The degree of hydration, «, was calculated as [15,26]:
WC em.w.
a=—dmr _rof 2

Winax.chem.w.

Fig. 2. The setup for cement pre-hydration.
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All weights in this formula are relative to the ignited clinker weight:
g/g ignited clinker. Wiy chemw. is the mass proportion of chemically
bound water of the fully hydrated cement. In this study, the fully hy-
drated clinker was defined as cement hydrated at 23 °C for 28 days with
a water to cement ratio of 1. Therefore, the calculated Wpax chemw. Of CSA
prepared in this study is 0.56 g. LOI (Loss on Ignition) is the normalized
weight loss of the anhydrate cement.

2.3.3. XRD and quantitative phase analysis

To obtain the information on mineral composition, X-ray diffraction
(XRD) patterns of the freshly ground and pre-hydrated CSA cement were
collected at room temperature (24 + 2 °C) on X-ray diffractometer (D8
ADVANCE Germany) in a 6 — 20 configuration using a Cu Ka radiation
and equipped with a LYNXEYE detector. The operating voltage and
current of the generator were set to 40 kV and 40 mA, respectively. The
scan range was 20 = 5-65°with a step size of 0.02°. The quantitative
phase analysis of the CSA clinker was performed using the Rietveld
refinement method [27,28]. The overall refinement parameters were the
background coefficients, cell parameters, peak shape parameters, phase
scales and preferred orientation coefficient, if needed. The quantitative
phase content was recalculated to an anhydrous statue by considering
the amount of chemically bound water. The structural information of the
mineral phases used in the quantitative phase analysis and their corre-
sponding abbreviations are given in Table 5.

2.3.4. Surface morphology

SEM (Gemini SEM 300, Carl Zeiss AG, Germany) was used to observe
the surface morphology of CSA cement powder with different PSD
exposed to water vapor up to 90 days. To obtain a homogeneous
dispersion of cement particles, CSA cement was evenly spread on the
conductive tape glued to the sample holder then a rubber aurilave was
used to remove the excess powder. Finally, the samples were coated with
gold prior to SEM observations.

2.4. Paste study

2.4.1. Hydration heat

The hydration heat of the fresh CSA cement and CSA cement pre-
hydrated for 90 days with different PSD was recorded at 20.0 °C using
isothermal calorimetry (TAM Air 8-channel, TA Instruments, USA).
Before testing, 3 g of CSA cement and 3 g of deionized water was
externally mixed in the ampoule for 30 s to make a paste with a w/c of 1.
Higher w/c (w/c = 1) was adopted here in order to allow sufficient
hydration of the CSA cement [36]. The samples were then placed in the
calorimeter and the hydration heat was measured for 72 h. Measure-
ments were normalized by sample weight. In this test, only the sample
pre-hydrated in the humidity chamber for 90 days was tested, and the 0-
day sample was used as control.

2.4.2. Compressive strength

In order to study the effect of pre-hydration on the mechanical
properties of CSA cement with various PSD, cement pastes with a w/c of
0.7 were made using freshly milled CSA cement (0 day) and CSA cement
pre-hydrated for 7, 28 and 90 days. After hand mixing the mixture in a
plastic bottle for 3 mins, the cement pastes were poured into 20 mm cube

Table 5

ICSD collection codes used for XRD-Rietveld quantitative analysis.
Phase name Formula ICSD codes Ref.
Orthorhombic ye’elimite C4A3S™ 80,361 [29]
Anhydrite CS™ 15,876 [30]
p-C25 B-CoS 81,096 [31]
Ettringite C6AS 3Ha, 155,395 [32]
Monosulfate C4AS Hyo 100,138 [33]
Perovskite CaTiO3 158,171 [34]
Periclase MgO 9,863 [35]

Construction and Building Materials 398 (2023) 132497

molds. The molds were then covered with plastic film and cured at 23 °C
for 24 h before demolding. The cubes were demolded after 24 h of sealed
curing and then placed in the moist room (100% RH, 23 °C) for another
27 days. Compressive strength testing was carried out on 20 mm cubes
using a mechanical testing device (YAW-300B, Julong, China) at a
loading rate of 1200 + 200 N/s. For each mixture, at least three samples
were tested at each age, and the coefficient of variation (COV) was
generally less than 15%.

2.4.3. Total porosity

The total porosity of the pre-hydrated CSA cement paste hydrated for
28 days was measured using low-field nuclear magnetic resonance (low
field-NMR) (MesoMR12-060H-I, Niumay Analytical Instrument Co.,
Ltd., China). Samples for low field-NMR were obtained by coring the
inner part of the cubic cement paste specimens used for compressive
strength testing. To protect them from further hydration and carbon-
ation, they were first rinsed with isopropanol followed by diethyl ether
and vacuum dried at 40 °C for 3 h. The vacuum-dried samples were
sealed in plastic sample bags until testing. Before the test, the samples
were placed in vacuum chamber for 3 h and then immersed in water
under vacuum for 1 h. Following that, the samples were kept in the
vacuum chamber under water for another 18 h to reach full water
saturation. After wrapping the samples with polyethene film, the water
saturated samples were subjected to the low field-NMR using CPMG
pulse sequence test protocol [37]. The sampling frequency (SW), the
echo time (1), the repeated sampling delay (TW), the accumulation
number (NS) and the number of echoes (NECH) were set to 200 kHz,
100 ps, 1500 ms, 2000, and 16, respectively.

3. Results and discussion
3.1. Water sorption kinetics

Fig. 3 shows results of the water adsorption test obtained on CSA
cement prepared with different PSD and exposed to different RH. The
weight increase of the clinker powder was recorded for a maximum of
90 days. At 57 %RH, no significant water adsorption was observed for all
CSA cement of various PSD. However, as the exposure RH was increased
from 57% to 75%, the weight of CSA cement with different PSD was
found to increase linearly with the exposure time for the first 28 days. It
is noteworthy that the water adsorption of CC sample (0.017 g/g)
showed a lower value than that of MC and FC sample at 28 days (0.027
and 0.023 g/g respectively). This can be attributed to the relatively
larger particle size with lower surface area of the course clinker powder
(CC), which reduced the hydraulic activity of the CSA cement. With
elapsed exposure time, this difference became more obvious. At 90 days,
the water adsorption of CC is about 0.1 g/g, while the water adsorption
of MC and FC sample increased steadily up to 0.14 and 0.16 g/g,
respectively. When the exposure RH was increased from 75% to 97%,
higher availability of moisture in the environment led to sharper in-
crease of the overall weight of the clinker powder. The water adsorption
rate of CC, MC and FC sample, was found to increase from 0% to 0.20,
0.25 and 0.27 g/g in the first 7 days, and further up to 0.25, 0.30 and
0.32 g/g after 28 days. After that, however, the exposure of CSA cement
to 97 %RH for additional 62 days led to only about 0.02 g/g increase of
bound water in each sample. The difference in trends of CC, MC and FC
samples in Fig. 2¢ confirms that the water adsorption rate of CSA cement
increased with the decrease in particle size of CSA cement powder.

Water adsorbed on the CSA cement powder consists of two parts:
evaporable water which is physically adsorbed on the surface of the
clinker powder, and the chemically bound water in the hydrates. The
pre-hydration of CSA cement powder is directly related to the chemi-
cally bond water. To have a better understanding of the progress of pre-
hydration at various conditions, the amount of chemically bound water
was calculated using Eq. (1), based on the TGA data.

Fig. 4 shows the increase in the amount of hydration water that
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Fig. 3. The water adsorption of CSA cement powder with three fineness and exposed to water vapor of (a) 57%, (b) 75%, (c) 97 %RH for a maximum 90 days.
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Fig. 4. The amount of chemically bound water held by three fineness of clinker exposed to water vapor of (a) 57 %RH, (b) 75 %RH, (c) 97 %RH for a maximum

90 days.

chemically bound on the cement powder. As can be seen in Fig. 4a, very
little chemically bond water was present on the CSA cement sample
stored at 57% RH for up to 90 days. For the samples exposed to RH of
75%, the chemically bound water ratios of all three cement powders (FC,
MC and CC) increased linearly. Unexpectedly, the MC sample had the
highest water absorption rate under this environment, rather than the
FC sample with the finer particle size. This may be caused by the higher
packing density of FC sample which delayed the progress of pre-
hydration. Richartz et al. reported that smaller cement particles result
in better packing of cement powder and smaller pore spaces, and thus
better resist the ingress of water vapor from the ambient air to the inner
part of cement bed [38]. Similarly in this study, due to the relatively
finer clinker powder of FC than MC, the higher packing density of FC
sample made it harder for the water molecules to penetrate the inner
part of the cement bed at 75% RH. As a result, compared with MC, the FC
sample showed lower amount of chemically bound water and better
resistance to pre-hydration over the 90 days exposure. At 97% RH, this
was still the case during the first 28 days, as the amount of chemically
bond water of MC sample was slightly higher than that of FC sample.
However, with longer exposure time, the densely packed cement powder
of FC sample cannot prevent the high concentration of water molecules
from penetrating the cement bed further. Under this condition (exposed
to 97 %RH for more than 28 days), the amount of chemically bound
water in the cement was only related with the PSD of CSA cement
powder: the finer the cement is, the higher the amount of chemically
bound water. Moreover, only a slight increase of the chemically bond
water was measured at 7 days (Fig. 4c), which is different from the re-
sults of water absorption tests shown in Fig. 4c which showed significant

weight increases in the first 7 days. This indicates that the weight in-
crease of the CSA cement exposed to 97% RH in the first 7 days is mainly
originated from the physisorbed water in the clinker powder rather than
the chemically bound water. The CC sample showed the best resistance
to pre-hydration.

3.2. Degree of pre-hydration

Based on the TGA results, the pre-hydration degree of CSA cement
with different PSD is calculated with Eq. (2), and the results are sum-
marized in Table 6. The values in the table should not be taken as exact
figures, but as indicators of the progress of hydration.

As can be seen from the table, the degree of pre-hydration was low

Table 6
Degree of pre-hydration (%) of CSA cement with three PSD that exposed to
various relative humidities at 7, 28, and 90 days.

Relative humidity Sample name Exposure time (days)

0 7 28 90
57% CcC 0 0 1.1 1.8
MC 0 1.4 1.8 3.4
FC 0 1 1.8 1
75% CcC 0 2.1 6.6 19.8
MC 0 2.2 8.2 34.7
FC 0 1.8 6.8 25.4
97% CcC 0 9.0 29.6 57.2
MC 0 9.1 45 69.4
FC 0 8.8 43.1 77
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(less than 4%) when the CSA cement clinkers were exposed to 57% RH
for up to 90 days. The fluctuation in the results can be attributed to the
inevitable exposure of the cement clinker to humid air during the
experiment and the carbonation of trace amount of oxide even at low RH
[15]. As the ambient RH increased from 57% to 75%, the pre-hydration
became more pronounced. The pre-hydration degree of the MC sample is
about 34.7% at 90 days, which is significantly higher than that of the CC
sample (19.8%) and the FC sample (25.4%). Under 98% RH exposure,
the pre-hydration of all three cement powders were more severe. After
the exposure of CSA cement to 97% RH for 90 days, finer cement clinker
showed to be more sensitive to higher RH: 77% of the hydraulic activity
of FC sample was consumed, followed by 69.4% of the MC sample, and
57.2% of the CC sample. Based on the data shown in Table 6, it can be
concluded that CSA cement with coarser PSD have better resistance to
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the ambient humidity in the air.

3.3. Phase assemblage of pre-hydrated CSA cement

3.3.1. XRD and TG analysis

To further investigate the effect of PSD an exposure condition on the
pre-hydration of CSA cement from the perspective of minerology, XRD
and TGA were used to characterize the dynamic evolution of phase as-
semblages in the pre-hydrated CSA cement with various PSD. The result
was compared with the freshly milled CSA cement powder.

3.3.1.1. 57 %RH. As can be seen from the XRD patterns that (Fig. 5al,
bl and c1), no obvious change in the mineral composition of the CSA
cement powders is characterized throughout the 90 days exposure test,
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except for a slight decrease in the intensity of the characteristic peak of
ye’elimite (Ye) and anhydrite (Anh) with the prolongation of exposure
time from 7 to 90 days. Beta-calcium disilicate (C5S), ye’elimite (Ye) and
anhydrite (Anh) are the main crystalline minerals observed in the CSA
cement powders. However, characteristic peaks assigned to the ettrin-
gite (overlaps with gypsum), aluminate hydrates and decomposition of
carbonation product were observed in the derivative thermogravimetry
(DTG, left-axis) at 50-150 °C, 220-300 °C and 550-650 °C, respectively.
This is contrast with our previous study, where the phase-pure ye’eli-
mite and ye’elimite mixed with anhydrite were found chemically to be
stable at 57% RH within the 180 days [16]. The reason for this is not
known. Possible explanations include the unintentional exposure of
cement to humid air and the impurity of CSA clinker minerals. Unlike
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the phase-pure ye’elimite in our previous study, the CSA clinker applied
in this study is a commercial product. The incorporation of foreign ox-
ides in the structure during the cement production may change the
hydration properties and thus increase the sensitivity of CSA cement to
the water molecules [39]. Moreover, trace amounts of oxides, such as
MgO and CaO, can also be included in the CSA cement production. CaO
is able to hydrate even at very low RH and to be carbonated with the
present of humid air and CO5 [40].

3.3.1.2. 75 %RH. Asthe RH is increased to 75%, no significant change
in the mineral composition was observed from the XRD pattern in the
first 7 days (Fig. 6al). Meanwhile, only slight weight loss could be
detected at 50-150 °C and 230-300 °C by the DTG (Fig. 6a2). With the
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extension of exposure time from 7 to 28 days, the intensity of charac-
teristic peak of ettringite could be observed in the XRD pattern,
accompanied with the decreased peak intensity of ye’elimite (Fig. 6a2).
This is further supported by the DTG curves, where two distinct weight
loss peaks associated with the dehydration of ettringite (50-150 °C) and
aluminate hydrates (220-300 °C) are present [5]. After 90 days of
exposure, this trend became more significant as more ettringite and
aluminate hydrates are formed. Due to their lower specific surface area,
CC samples showed the lowest total weight loss, followed by the FC and
MC samples. The packing density theory, described in section 3.1, can
explain why more hydration products were observed in the MC rather
than the FC sample.
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3.3.1.3. 97 %RH. The pre-hydration of all three samples was more
pronounced at elevated RH of 97%, as shown in Fig. 7. More ettringite
and aluminate hydrates could be formed in highly humid air after 90
days of exposure. CC samples showed the highest resistance to high RH
environment. In addition, as can be observed in the XRD pattern (Fig. 7
b1 and c1) and DTG curves (Fig. 7 b2 and c¢2), with the prolongation of
exposure time the characteristic peak of ettringite in the FC sample is
higher than that of the MC sample, a trend different from that observed
in 75% RH. This suggests that the significant higher water activity at 97
%RH decreased the effect of packing density effect of fine particle in the
FC sample, which enabled the penetration of water molecules into the
cement bed. As a result, the pre-hydration was linearly correlated with
the PSD of CSA cement powder. This further confirms that coarser
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CSA cement with lower SSA is less affected by the highly humid
environment.

3.3.2. QXRD analysis of phase assemblage

To further illustrate the dynamic change in mineral composition of
the CSA clinkers with different PSD that pre-hydrated at 57%, 75% and
97% RH, Rietveld refinement was used to calculate the phase assem-
blage of the pre-hydrated clinker powder at 0, 7, 28 and 90 days. As can
be seen from the (Fig. 8a, b and ¢), no obvious changes in crystalline
mineral composition were observed for all three sized CSA cement at
57% RH except trace amount of ettringite. In addition, the proportion of
minor phases such as Perovskite and MgO remained stable over the 90
days. As the ambient humidity increased to 75 %RH, ettringite and XRD
amorphous phase (mainly alumina hydrates) formed as the main pre-
hydration product in the CSA cement with the depletion of ye’elimite
and anhydrate (Fig. 8d, e and f). However, in contrast with the pre-
hydration behavior of ye’elimite, the content of C,S remained almost
constant throughout the 90 days at 75% RH. Previous studies demon-
strated that CyS starts to hydrate only at 95% RH after 1 year of water

-
(=]
o

Construction and Building Materials 398 (2023) 132497

vapor exposure at 20 °C [15]. When the exposure RH increased to 97 %
RH, more ettringite was formed with the extension of exposure time.
Small amount of monosulfate were detected at 7 and 28 days, and dis-
appeared at 90 days. It is known that the monosulfate will form under
the condition that less calcium sulfate was provided during the hydra-
tion process [41]. This can be attributed to the lower dissolution rate of
anhydrite at the early age of pre-hydration, resulting in insufficient
supply of sulfate in the pre-hydration process. With the increasing of
anhydrate dissolution rate, the existing monosulfate gradually con-
verted to ettringite. In addition, it was found that, after 90 days of
exposure at 97% RH, the phase content of C»S in CC, MC and FC samples
decreased by 12.8%, 11.11% and 8.5%, respectively. This suggests that
the CoS began to react in highly humid air. Although the pre-hydration
product of CyS cannot be characterized by XRD, it is expected that the
pre-hydration product of CyS is amorphous C-S-H gel, which has been
included in the portion of XRD amorphous phase.
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3.4. Surface morphology

SEM was used to observe the changes in morphology of CSA cement
before and after exposure to different RH. As no significant differences of
the morphology were found among the FC, the MC and the CC sample,
only the SEM images of anhydrous cement and CC sample exposed to
57%, 75% and 97% RH for 90 days are reported here (Fig. 9). The
morphology of the CSA cement stored under 57 %RH for 90 days
(Fig. 9b) is similar to that of unhydrated cement (Fig. 9a). It seems that
no hydration products have formed on the surface of clinker. In 75% RH,
needle-like hydration products formed on the surface of cement grains.
This is in consistent with the results of XRD and TG, where ettringite and
monosulfate was found as main pre-hydration products in the cement
clinker with the consumption of ye’elimite and anhydrite. As the
ambient RH further increased from 75% to 97%, column-like hydration
products were observed. The higher RH not only promoted the forma-
tion of ettringite, but also affected the texture and the morphology of the
hydrated cement clinker. The changes in morphology of hydration
products can be attributed to the improved dissolution of anhydrite at
97 %RH that promote the transformation from needle-like ettringite and
monosulfate to column-like ettringite.

3.5. Cement paste study

3.5.1. Compressive strength and porosity

Fig. 10 shows the compressive strength and the corresponding
porosity of cement paste made from fresh CSA cement (0 day) and CSA
cement after it was pre-hydrated at different RH for 7, 28 and 90 days.
As can be seen, the physical properties of CSA cement paste, including
compressive strength and porosity, were not affected by the exposure of
cement to 57 %RH for up to 90 days. The compressive strength
(Fig. 10al) and the porosity (Fig. 10a2) of both CC-57, MC-57 and FC-57
specimens remained almost unchanged. Compared to the MC and the FC
samples, the CC samples showed the highest compressive strength and
the lowest porosity. Moreover, it was noticed that a relatively large
deviation of the compressive strength value was characterized in the
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test. The large scatter was believed to originate from the small sample
size (20 mm cubic meter) due to the amount of pre-hydrated CSA cement
was insufficient to make standard specimens.

With the increase of ambient RH from 57% to 75%, it is interesting to
note that the compressive strength of the CC-75-7 and MC-75-7 speci-
mens, made from CSA cement exposed to 75 %RH for 7 days, increased
by 5% and 12%, respectively (Fig. 10bl). The reduced porosity
(Fig. 10b2) shows that exposing CSA cement to 75 %RH less than 7 days
will not lead to the degradation of CSA cement, but could even enhance
its final properties. This can be explained by the passivation layer theory
[16], in which an induction period was observed when ye’elimite was
exposed to a humid environment. The induction period delayed the
progress of pre-hydration of CSA cement at an early age, allowing a
stable hydraulic activity of the cement to have remained.

Similar results can also be observed in Fig. 10cl where the
compressive strength of the cement paste remained stable, even when
CSA cement was exposed to 97% RH for 7 days. Nevertheless, for CSA
cement exposed to 75% and 97 %RH, the compressive strength shows a
decreasing tendency as the exposure time extends from 7 to 90 days. The
compressive strength is not measurable on CSA cement exposed to 97%
for 90 days as no cementing was present anymore. Moreover, it was
noticed that, even though the porosity at 90 days under 75 %RH is
similar to that at 28 days under 97 %RH, the strength of the latter is
much smaller than the former. It demonstrates that the porosity itself
cannot be regarded as the single indicator of the strength, even for the
same type of cement, as the hydraulic activity of the cement may differ
considerably.

3.5.2. Hydration heat

Fig. 11 shows the heat flow and accumulated heat of fresh CSA
cement powder (0 day) and CSA cement powder with different PSD pre-
hydrated at 57%, 75% and 97 %RH for 90 days. Considering the effect of
environmental disturbance, the stability of the instrument and the in-
homogeneity of sample, the confidence interval for the measurement is
defined as 95%.

According to the measured cumulative heat, it was found that,

Fig. 9. Surface morphology of anhydrous CSA cement clinker grains (a) and CSA cement clinker grains pre-hydrated at 57 %RH (b) 75 %RH (c) 97 %RH (d) for

90 days.
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compared with fresh CSA cement (Fig. 11a), exposing CSA cement to
57% RH for 90 days (Fig. 11b) has less effect on the cumulative hy-
dration heat of CSA cement. However, at higher exposure humidity
(75% and 97% RH), the cumulative heat of hydration of CSA cement
decreased steadily with the increase of exposure RH (Fig. 11c¢). This was
caused by the reduced hydraulic activity of CSA cement, as portion of
ye’elimite and anhydrite in it was consumed by pre-hydration. More-
over, it was found that finer cement generally shows higher cumulative
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heat during the first 10 h, and lower heat at the later stage of hydration
(72 h). A similar trend has previously been reported [42]. No hydraulic
activity was detected on CSA cement exposed to 97 %RH for 90 days
(Fig. 11d). The exothermic rate of cement hydration can be reflected by
the heat flow. As can be seen from Fig. 11, FC sample (i.e., with finer
cement powder) generally exhibits faster rate of hydration, followed by
MC and CC sample. This is due to the lower median particle size and
larger specific surface area of finer cement powder (FC sample)
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90 days.

increased the overall contact area of cement powder with water there-
fore accelerates the dissolution rate of cement clinker at the early age.
Similar results have been well documented in the literature [18,43,44].

Isothermal calorimetry results correspond well with compressive
strength results (Fig. 10), where CC sample shown higher strength than
MC and CC sample. The gentle exothermic peak and the higher cumu-
lative heat of CC sample resulted in a higher degree of hydration and
therefore higher compressive strength at 28 days.

4. Conclusions

In this study, the effect of PSD on the pre-hydration and further
hydration behavior of CSA cement were experimentally studied. The
amount of bound water, degree of pre-hydration, dynamic change of
mineral assemblage of CSA cement which pre-hydrated at various
exposure RH were quantified using CSA cement with three different
PSD. After that, the coupled effect of PSD and pre-hydration on the
hydration and compressive strength of CSA cement paste was studied
from the perspective of hydration heat, compressive strength, and
porosity. Based on the results reported above, the following conclusions
can be drawn.

To guarantee a stable performance of CSA cement, the cement
powder should be stored in an environment in which the RH is lower
than 57%. The exposure of CSA cement to RH higher than that may
result in pre-hydration of CSA cement. Ettringite and aluminum hy-
drates were found to be the main crystalline and XRD amorphous phase
in the pre-hydration products, respectively. The degree of pre-hydration
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of CSA cement increases with the elevation of exposure RH and the
extension of exposure duration, which causes a reduction in the hy-
draulic activity of CSA cement and the compressive strength of hardened
CSA cement paste. After exposed to 97 %RH for 90 days, no hydration
heat and compressive strength could be measured on CSA cement.

The PSD of CSA cement has a significant impact on the pre-
hydration, hydration kinetics and final properties of cement paste.
Compared with the MC sample (Dsg = 10.8 pm) and the FC sample (Dsq
= 6.04 pm), the CC sample with larger PSD (D5 = 26.62 pm) showed the
best resistance to pre-hydration. It should be noted that the effect of PSD
is not correlated linearly with the pre-hydration of CSA cement as fine
particle of cement (FC sample) could have higher packing density of
cement powder and delay the moisture from penetrating into the pow-
der bed. However, with the increase of RH and the extension of exposure
duration, the effect of pecking density becomes negligible.

CC sample with larger PSD showed not only higher resistance to pre-
hydration, but also exhibited superior hardened stage properties such as
compressive strength and porosity, irrespective of whether the CSA
cement is freshly milled or exposed to moisture for a certain duration of
time. The compressive strength of CC sample is at least 20% higher than
MC and FC sample. Especially for CSA cement exposed to 75 %RH for 90
days, the compressive strength of CC sample is 28.6 MPa, which is 68.2%
and 100% higher than MC and FC sample under the same exposure
condition. This is further supported by the isothermal calorimetry
measurements, where the relatively gentle exothermic peak and higher
cumulative heat of CC sample contributes to the formation of cement
paste with higher degree of hydration and lower porosity.
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This study contributes to improving the performance of CSA cement,
while lowering energy consumption and production costs in the
manufacturing process. While not explored herein, further studies on the
mitigation of pre-hydration and the optimization of PSD to achieve
durable CSA cement products are important to further increase the po-
tential for practical applications of CSA cement.
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