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This paper studies the effect of temperature on the phase assemblages of belite-ye’elimite cement. A comparison
is made between thermodynamic modelling and experimental data at 28 and 180 days of hydration at 5, 20, 40,
and 60 °C. The fast reaction of ye’elimite and anhydrite resulted in the formation of ettringite, monosulfate and
Al(OH)3 during the first day. The slow reaction of belite led to important changes in phase assemblages. The
formation of C-S-H was predicted and observed at high belite degree of reaction. Siliceous hydrogarnet was

observed experimentally only at 60 °C. The stratlingite content decreased at elevated temperatures. C-S-H and
stratlingite were observed to be finely intermixed with the AFm phases. The belite reaction contributes to
additional strength after 28 days of hydration. The relationships between the compressive strength and bound
water or calculated porosity were found but the effect of temperature is still unclear.

1. Introduction

Calcium sulfoaluminate cement (CSA) is used as an alternative
binder with lower CO, emissions than Portland cement (PC) [1] as it
contains less limestone and has a lower sintering temperature [2]. CSA is
a general term for binders containing ye’elimite (C4A3S,
4Ca0-3A1,03-SO3). CSA cement contains more alumina than PC and
they can be classified into two main groups: (i) high ye’elimite CSA and
(ii) low ye’elimite CSA, also called BYF (Belite-Ye’elimite-Ferrite). The
different clinker composition changes the hydrated phase assemblages,
leading to different properties of the concrete made from these binders
[3-5].

Even though the hydration of BYF cement has been widely studied,
most studies have been carried out at room temperature. The relevant
hydration reactions of a BYF system can be described in the following,
idealized way: The reaction of ye’elimite and calcium sulfate with water
occurs fast, resulting in the formation of ettringite and aluminium hy-
droxide (AH3) gel during the first hours. After sulfate depletion mono-
sulfate [Ca4A12(OH)12]2+[SO4-nH20]2’, the AFm-type phase and AHj
form. Ettringite and AFm are crystalline, while AHj is generally present
as an amorphous or nanocrystalline phase in this type of cement [6-8].
CAHjg can be formed as a metastable phase when the molar ratio of
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calcium sulfate/ye’elimite is low [9,10]. Belite reacts at later ages,
forming stratlingite (C,ASHg, [CasAl,(OH)12]% [(AlSi
(OH)g)2~nH20]2_), another AFm-type phase [7,11,12], and calcium
silicate hydrates (C-S-H). In addition, sometimes, siliceous-hydrogarnet
can be observed at late ages due to the reaction of ferrite [11,13].

The reactivity of BYF cements depends on many factors such as the
amount and reactivity of calcium sulfate [12,14], amount of mixing
water [11], and the presence and amount of minor phases, in particular
mayenite [15]. The hydration of BYF may also be influenced by tem-
perature, which affects not only the hydration kinetics, but also the
types of hydrates formed [16-18]. It has been claimed that at higher
temperatures ettringite can be transformed to monosulfate and CaSO4
due to the increase of ettringite solubility with temperature, while the
stability of monosulfate varies little with temperature [19,20]. Kauf-
mann et al. [17], however, showed that ettringite can be stable up to
90 °C in ye’elimite-rich cement. The kind of aluminium hydroxide (AH3)
formation also depends on temperature. Amorphous or nanocrystalline
AHs is formed at temperatures below 60 °C. The AHj3 crystallinity in-
creases with temperature and gibbsite has been reported to form above
60 °C [20].

The phases formed during hydration evolve with time. For example,
once belite starts to react, AI(OH)3, may be consumed by the formation
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Table 1
Chemical composition, mineralogy and distribution value of the raw material.

PSD (pm) BY clinker Mayenite Anhydrite XRD (wt.-%) BY clinker Mayenite Anhydrite
Dy 10" 0.54 2.77 0.25 p-CoS 60.3 - -
Dy.s0* 4.34 8.49 8.97 CsA - 1.9 -
Dy.00* 15.88 30.14 31.75 C4AsSH+ 39.4 - -
XRF (wt%) CA - 0.6 -
SiOy 189 0.1 2.5 Ci2A7 - 97.5 -
Al,03 20.9 50.1 0.6 Dolomite - - 6.9
Fe,03 0.0 0.1 0.3 Portlandite - - 0.1
CaO 53.2 47.6 38.7 Gypsum - - 2.5
MgO 0.1 - 1.9 Free Lime 0.3 - -

SO3 6.3 0.1 52.2 Anhydrite - - 77.7
K0 - - 0.2 Quartz - - 2.3
NaO 0.1 0.1 0.1 Rutile - - 1.2
Others 0.0 0.0 0.2 Muscovite - - 8.5
LOI** 0.6 1.2 3.4 Cristobalite - - 0.7
SUM 100.1 99.4 100.2 SUM 100.0 100.0 99.9

" Dy = the volume moment mean diameter.
" LOI = Loss on ignition.
" C4A3S = both orthorhombic and cubic polymorphs.

of stratlingite and C-A-S-H [11]. These changes during hydration and
their effect on the microstructure are poorly understood as particularly
stratlingite, C-S-H and non/nano-crystalline Al(OH);3 are difficult to
observe and quantify in low quantities due to their poorly crystalline
nature [21]. Thermodynamic modelling can be used as a tool to predict
the phase assemblages at equilibrium [6,7,21-23]. It can also be used to
predict the changes occurring during hydration if the degree of reaction
of the starting phases is well-characterized [17,23].

This work compares the thermodynamic modelling of mature phase
assemblages in CSA-belite cements at different temperatures with
experimental observations, including in-depth analysis of the micro-
structure observed by various techniques. The output of this analysis is
the identification of knowledge gaps that should be the focus of future
investication. A simplified system based on a laboratory belite-ye’eli-
mite (BY) clinker with calcium sulfate was used. The hydration and
compressive strength of this BY cement was investigated from 5 to 60 °C.
The hydrated cements were characterized in detail by XRD, TGA, SEM-
EDS mapping and image analysis. The pore solutions were analysed by
ion chromatography (IC).

2. Materials and methods
2.1. Raw materials and mixture design

The initial goal was to synthesize B-belite and ye’elimite separately.
However, belite synthesis could not be reproduced on a large scale due
to high y-belite content which is not reactive. Therefore, a polyphase
clinker of belite-ye’elimite clinker was used in this study because it was
easier to synthesize in large quantities.

Laboratory prepared belite-ye’elimite clinker, mayenite and a natu-
ral anhydrite source were used. The belite-ye’elimite clinker was pre-
pared using an adaptation of the cylinder method presented by Li et al.
[24]. Chemical reagents (calcium carbonate, nano silica, calcium sulfate
dihydrate and aluminium oxide) were ground for 24 h with water. Then,
the mix was poured in cylinders and dried for at least 48 h at 105 °C.
Afterwards, the cylinders were heated to 1300 °C in a laboratory
furnace, at a heating rate of 7 °C/min, maintained at the maximum
temperature for one hour, and then rapidly air-cooled to room temper-
ature. Mayenite (C12A7) was synthesized following the steps in [15]. The
laboratory prepared BY clinker was blended with ground anhydrite from
a natural source. Anhydrite was added to obtain a calcium sulfate to
ye’elimite molar ratio of 1:1. The pure BY cement had a long setting time
around one day at 20 °C, therefore a small amount of mayenite was
added to accelerate the ye’elimite reaction and bring it into the normal

range found in commercial cement [15]. The system contained 89.3 % of
BY clinker, 10.6 % of anhydrite, 0.25 % of mayenite with a total content
of 52.3 % C,S and 36.9 % ye’elimite.

2.2. Raw materials characterization

The chemical composition, mineralogy and particle size distribution
of the raw materials were characterized by X-ray fluorescence (XRF),
quantitative X-ray powder diffraction (XRD) and laser diffraction
(Malvern MasterSizer S) as shown in Table 1.

The BY clinker was ground for 60 s in a concentric disc mill in
batches of 100 g with 7-10 drops of isopropanol as a grinding aid. The
samples were characterized in a X’Pert Pro PANalytical diffractometer in
Bragg-Brentano mode, using a CuK, source at 45 kV and 40 mA.
Continuous spinning was applied during the data acquisition. Samples
were scanned between 5 and 70 degrees (2 theta) for 30 min. The
mineralogy of raw materials was determined by the Rietveld method
using PANalytical Highscore Plus 4.8 software. The manual background
was manually fit with base points. The refinement was carried out on
specimen displacement, scale factor, and preferred orientation. p-belite
was quantified and no -belite was observed. The value of ye’elimite
(C4A3S) reported in Table 1 is combined with the two polymorphs which
the average content of orthorhombic is 34 wt% and cubic is 6 wt%.

Particle size distributions were measured by laser diffraction using a
MalvernSizer S. The powder, approximately 0.1 g, was suspended in
isopropanol. The suspension was stirred and placed in an ultrasonic
probe for 15 min. Then, the suspension was transferred to the measuring
unit previously filled with isopropanol, until the proper level of obscu-
ration was reached.

2.3. Preparation of cement pastes

The binders and deionized water were equilibrated overnight at the
intended curing temperature before mixing. The dry powders were
blended with an overhead lab mixer for 1 min at 500 rpm. Cement pastes
were prepared with a water to binder ratio (w/b) of 0.6 at 1600 rpm in a
batch of 240 g of dry powder for 2 min. The samples were cast into 50 ml
polypropylene containers and sealed with a few drops of distilled water
on top of the paste to keep it saturated during curing. The samples were
stored up to 1 year at 5, 20, 40 and 60 °C with a variation less than
+1 °C. The samples were analysed by X-ray diffraction (XRD), ther-
mogravimetric analysis (TGA), scanning electron microscopy and en-
ergy dispersive X-ray spectroscopy (SEM-EDX). For the pore solution
experiments, additional larger samples were cast in 500 ml
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Table 2
Mineralogical references for quantitative Rietveld refinement on XRD patterns (ICSD).
Phase ICSD Ref Phase ICSD Ref
Belite 81096 Mumme et al. 1995 [28] CAHjo 407150 Guirado et al. 1998 [29]
Ye’elimite N Gibbsite
. 3 31
(orthorhombic) 80361 Calos et al. 1995 [30] (AHz) 6162 Saalfeld and Wedde 1974 [31]
Ye’elimite . . e . .

(cubic) 9560 Saalfeld and Depmeier 1972 [32] Stratlingite 69413 Rinaldi et al. 1990 [33]
Mayenite 261586 Ponomarev et al. 1970 [34] Ettringite 155395 Goetz-Neunhoeffer and Neubauer 2006 [35]
Gypsum 409581 Boeyens and Ichharam 2002 [36] Monosulfate-12 100138 Allmann 1977 [27]
Anhydrite 28546 Hohne 1963 [37] Monosulfate-14 100138 Allmann 1977 [27]
Dolomite 66333 Ross and Reeder 1992 [38] Si-Katoite 1720177 Ferro et al. 2003 [39]

CSH crystalline 1028762 Richardson 2014 [40]

polypropylene containers and stored at different temperatures.

2.4. Methods

2.4.1. XRD

The cement pastes were cut with a circular saw with water-cooling.
Fresh slices (without drying) of 2-3 mm thickness were gently polished
with sandpaper to remove the suface that mostly in contact with water.
The preparation does not take >5 min. Then, the samples were analysed
with a PANalytical X’per Pro diffractometer using CuKg142 source (45
kV, 40 mA) in the Bragg-Brentano configuration (fixed divergent slit of
1/2°, a Soller slit of 0.04 rad and mask of 15 mm). The patterns were
recorded between 5 and 70° (2 theta) using a step size of 0.017° for a
total duration of 14 min. Rutile (Kronos® 2220 97 wt% crystalline
composition and average particle size of 400 nm) was used as an
external standard to quantify the amorphous content [25,26]. The phase
assemblage was quantified by the Rietveld refinement method using
PANalytical Highscore Plus 4.8 software with the reference pattern
presented in Table 2. The quantification of XRD result is normalized to
100 g of dry binder. The refinement method was carried out similarly to
the raw materials analysis. The amount of Ms;4 was quantified by using
the kuzelite crystal structure (ICSD-100138) [27] with refined lattice
parameters of a ~ 5.75 + 0.01 A and ¢ ~ 28.63 + 0.01 A for all tem-
peratures except at 60 °C (¢ ~ 28.53 10\). The degree of hydration (DoH)
of anhydrous phases at time t was calculated from the mass fraction
reacted to the initial amount. The formula for the calculation is shown in
Eq. (2-1). Two replicates were analysed indicating the error in XRD
quantification is around 2 wt%.

Wy — W,
DoH (%), = <%> x 100
0

-1

where Wy is the initial amount, W; is the amount at time t.
A section of the XRD patterns between 5 and 30° 2theta is shown in
Appendix A.

2.4.2. TGA

The hydration of the cement pastes was stopped by solvent exchange
using isopropanol [41]. The sample slices were immersed in isopropanol
for one week. The isopropanol was changed at 1, 3 and 7 days. The
samples were dried in a desiccator under light vacuum for at least 7 days
before the analysis. A small piece of the sample was ground on all sides
to remove any carbonated material before being gently crushed in a
ceramic mortar. 50 mg of sample powder was placed in a 150 pl alumina
crucible with a lid, then was analysed by TGA (Mettler Toledo TGA/
SDTA 851) from 30 to 1000 °C with a heating rate of 10 K/min under 30
ml/min Ny gas flow. The weight loss from TGA analysis was used to
obtain the amount of chemical bound water (BW) as shown in Eq. (2-2).
Then, the amount of bound water was normalized to 100 g of dry binder.

W4() - WSS()

BW =
Wsso

(2-2)

where W is the dry sample weight in grams at the respective tempera-
ture (°C). The amount of free water was calculated from the difference
between the mixing water and the bound water (BW) determined by
TGA.

2.4.3. SEM-EDS

The same method of stopping hydration as for TGA analysis was
applied to samples for SEM-EDX. A piece of the sample was gently
ground with a silicon carbide paper of 1200 grit to smooth the surface.
The samples were embedded in a low-viscosity epoxy resin under vac-
uum. The impregnated samples were hand-ground on a SiC paper of
1200 grit with isopropanol as a lubricant until the sample surface was
uncovered. The polished samples were stored in a vacuum desiccator for
at least two days to evaporate the isopropanol before coating it with
carbon. Full detail of the method is given in [41]. A polished section was
analysed in a GeminiSEM 300 under high vacuum mode for the high-
resolution BSE images (field emission) and using an FEI Quanta 200
scanning electron microscope equipped with a Bruker ASX microanal-
ysis XFlash 4030 silicon drift detector for the EDS mapping (tungsten
filament). The accelerating voltage was 12 kV in both instruments, with
a working distance of 8.5 mm for BSE image acquisition, and 12.5 mm
for EDS mapping.

2.4.4. Image analysis

Image analysis was carried out to identify the formation of phases of
interest in the microstructure. The BSE images and EDS mapping data
were linked using the edxia software [42]. The ratio plots of Si/Ca — Al/
Ca and Al/Ca - S/Ca from EDS maps provide the composition of the
main phases present in the sample. Using the graphical interface of
edxia, manually selected points in the ratio plots are mapped onto the
BSE image to identify areas with the selected composition.

2.4.5. Pore solution analysis

The pore solutions of the hardened samples were extracted by the
steel die method [43] using pressure up to 250 N/mm?. The solutions
were filtered immediately with nylon filters (0.45°um). The hydroxide
concentrations of the pore solutions were calculated from pH mea-
surements with a pH electrode, calibrated against KOH solutions with
known concentrations [44]. The concentrations of Na, K, Ca, Si, S, Al
and Cl were determined by ion chromatography (Dionex DP ICS-3000).
Each sample was diluted by a factor of 10, 100 or 1000 before mea-
surement depending on the ion concentration; standards from 0.1 to 50
mg/1 were used for calibration. The relative error of the measurements
was about 10 %.

2.4.6. Thermodynamic modelling

Thermodynamic modelling was carried out using GEMS-PSI software
[45,46] with the PSI-Nagra database [47] and the cement CEMDATA18
database [20]. The mean degree of hydration from Rietveld quantifi-
cation of the main clinker phases at 28 days and at 180 days of hydration
was used as an input for the calculations. Some minor phases in the
natural anhydrite (quartz, muscovite, cristobalite and rutile) were
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Fig. 1. (a) Phase content of anhydrous phases in BY cement paste up to 365 days of hydration (b) Degree of hydration (DoH) of belite and anhydrite at 28 days and

180 days of hydration obtained by XRD with Rietveld refinement.
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Fig. 2. The concentration of Al in the pore solution of the BY system and belite
reaction degree at 90 days for samples cured at 5, 20, 40 and 60 °C.

considered as inert phases during the calculations. The Al-incorporation
in C-S-H is not considered as there was little C-S-H and thus Al uptake
could not be measured accurately. Therefore, CSHQ from CEMDATA18
was used without modification. The formation of microcrystalline Al
(OH)3 was considered at 5, 20 and 40 °C, and of gibbsite at 60 °C [20]. In
line with the experimental observations, the formation of Al-containing
siliceous hydrogarnet was only allowed at 60 °C at 180 days.

2.4.7. Mortar compressive strength

The samples were prepared following the EN196-1 standard except
for the water to binder ratio (w/b) was set to 0.6, as for the cement paste
samples. The homogenized dry binders and the deionized water were
equilibrated overnight at the intended curing temperature before mix-
ing. The mixing was carried out at room temperature. The standardized
sand was used in the sand to binder ratio (S/B) of 3 by mass. The mortar
samples were placed in the boxes and cured at 5, 20, 40 and 60 °C until
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Fig. 3. Relation between the formation of CAH;o at 5 °C and/or AHj at
20-60 °C and the degree of hydration of belite in the BY system as a function
of time.

Table 3
Average degree of hydration (DoH) at 28 days and 180 days of anhydrous
phases.

% DoH 28d 180d
Belite 20.5 70.0
Ye’elimite 93.0 94.5
Anhydrite 82.0 99.5

the time of testing from 1 up to 365 days.
3. Results and discussion

3.1. Reaction of belite and ye’elimite in BY cement paste from
experimental data

The unreacted amount of belite and ye’elimite in the BY cement
paste from 1 up to 365 days is shown in Fig. 1a. Ye’elimite reacts very
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Fig. 5. Calculated volume of solids in the hydrated BY cement of low belite
reaction as a function of temperature using the average DoH values at 180 days
at different temperatures: D = dolomite and Anh = anhydrite.

quickly and nearly complete (>90 %) during the first day; changes are
negligible between 1 and 365 days. The consumption of ye’elimite at
5 °Cis slightly higher than at the other curing temperatures. For belite, a
slow reaction is observed with no significant difference between the
different curing temperatures during the first 28 days. However, after
90 days more belite is consumed at 60 °C compared to the other tem-
peratures, followed by 5 °C, while there is a little reaction at 20 and
40 °C. Currently, there is no clear explanation why belite is more reac-
tive at 5 °C than at 20 and 40 °C. At 180 days, the reaction of belite is
dramatically increased at 20 and 40 °C from 90 days, whereas it is
slightly increased at 5 and 60 °C. The 28 days and 180 days can be
considered as two extreme cases: low belite reaction (28 days of hy-
dration) and high belite reaction (180 days of hydration). From Fig. 1b,
belite shows a similar DoH of about 20 % at 28 days at all temperatures.
At 180 days, the DoH of belite increases as a function of temperature
between 50 and 90 %. Anhydrite shows high DoH of >80 % at 20 °C and
above and is almost fully reacted at 40 °C and above after 28 days. Low
anhydrite reaction was observed on the sample cured at 5 °C at 28 days,
but nearly all was consumed at 180 days.

It has been reported that the presence of aluminium concentrations

Cement and Concrete Research 174 (2023) 107339

C-S-H hump S
Ms
E Dolomite
Belite !

Belite

VAt e

| 60 °C
40 °C
— 20°C

|
| L N I N B S B L B D B I D B B I BN B N D N B B |

28 29 30 31 32 33 34
2 theta (CuK,)

Fig. 6. C-S-H hump at different temperatures at the zoomed section of XRD
patterns between 2theta 28-34° of 180 days sample: C-S-H = calcium silicate
hydrates, E = ettringite, S = stratlingite, Ms = monosulfate.

(in the millimolar range) in the pore solution may slow down the
dissolution of the alite considerably [48,49]. The Al concentration in the
pore solution at 90 days is shown in Fig. 2 and summarized with the
complete solution composition after 90 days in Appendix B. There is no
consistent relation between the concentration of Al in the solution and
the degree of belite reaction: the DoH of belite was the highest at 60 °C
where the Al concentration in solution was also the highest. However,
we also observed a higher degree of belite reaction at 5 °C at very low Al
concentrations, indicating that not only the Al concentration but also the
temperature and probably other factors affect the belite reaction in the
studied system. The belite reaction might also be related to the under-
saturation with respect to belite in the pore solution [48] However, no
clear relation could be found between belite reaction and under-
saturation (see saturation indices in Appendix B) based on the very
limited solution data available in our study.

Fig. 3 shows that when belite starts to react, AH3 and CAH; disap-
pear to form stratlingite. Thermodynamic modelling in the following
section supports the idea that this is a consequence rather than a cause of
the belite reaction, as discussed in detail there.

3.2. Thermodynamic modelling of the effect of temperature and effect of
belite reaction on phase assemblages

Thermodynamic modelling was used to simulate the impact of
temperature for the low belite reaction (at 28 days) and high reaction (at
180 days). An average value of DoH from the experimental data at the
different temperatures (Table 3) was taken as an input to simplify the
thermodynamic modelling calculation and to see the effect of temper-
ature (between 0 and 70 °C) on the phase assemblage.

3.2.1. Effect of temperature at low belite reaction degree

Fig. 4 shows the effect of temperature on the phase assemblages with
low belite reaction (20 % DoH; 28 days) in terms of the volume of solids.
Thermodynamic modelling indicates that at all temperatures ettringite,
stratlingite and aluminium hydroxide (AH3) are expected to be the main
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calcium silicate hydrates (observed in Section 3.5.2).

hydrate phases. The only change is at around 7 °C. Below 7 °C, ettringite
and CAHj are predicted to form. At temperatures above 7 °C, CAH; is
no longer stable, and monosulfate is present together with nano-
crystalline AHs. This results in a significant decrease in the total volume
of solid. The temperature at which CAH;( disappears depends on the
solubility of the AH3. CAH;( might be stable up to 30 °C in the presence
of amorphous Al(OH)3 and in the absence of portlandite or C-S-H, due to
high solubility of amorphous AlI(OH)s [50], which is formed at early
stages of hydration. With time, as Al(OH)3 recrystallizes to microcrys-
talline Al(OH)3 and to gibbsite in the longterm, its solubility decreases,
leading to a destabilisation of CAH;( at low temperature [50]. At tem-
peratures above 7 °C little further change is predicted; the small step in
the water and monosulfate amount around 20 °C is due to the change of
the hydration state of monosulfate from 16 to 14 stoichiometric mole-
cules of HyO in its structure at this temperature [51]. No significant
change in the amount of stratlingite is seen and ettringite is stable up to
at least 70 °C (maximum temperature studied) in agreement with the
observations on CSA cements [17].

3.2.2. Effect of temperature at high belite reaction degree

The effect of temperature on the phase assemblages with high belite
reaction is shown in Fig. 5. Ettringite, monosulfate, stratlingite and C-S-
H are predicted to form at all temperatures. The higher availability of
CaO at high belite reaction of 70 %, means that CAH;( and AH3 are not
predicted to form, while more stratlingite and C-S-H are formed instead.
Also, more monosulfate and less ettringite are predicted compared to the
low belite case.

For the high belite reaction case, the temperature has little effect on
the hydrates expected to be present, only the amount of ettringite de-
creases slightly above 20 °C, whereas more monosulfate is expected to
be present with increasing temperature. Also, stratlingite is slightly
decreased at higher temperature, while slightly more C-S-H should form.
Fig. 5 illustrates that the volume of solid in the hydrated CSA remains
quite similar from 0 to 20 °C. Again, the small step of the solid volume at
20 °C corresponds to the decrease of stoichiometric water in
monosulfate.

From Figs. 4 and 5, it is obvious that temperature has little effect on
the expected hydrates at a constant reaction degree of belite. For low
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Fig. 10. Main hydration products at all curing temperatures after 180 days at a
zoomed section of XRD patterns between 2theta 5-15°: E = Ettringite, Ms =
monosulfate and S = stratlingite.

belite reaction, increasing temperature leads to disappearance of CAH;(
at around 7 °C. At high belite reaction, no significant change of phase
assemblage is calculated but only small differences in the relative
quantities.
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Fig. 11. Main hydration products at 180 days of hydration at all curing tem-
peratures analysed by TGA curve: C-S-H = calcium silicate hydrates, E =
ettringite, Ms = monosulfate, S = stratlingite, Si-HG = siliceous hydrogarnet.

3.3. Comparison of experimental data and thermodynamic modelling

At 28 days, ettringite, monosulfate and AHg are observed experi-
mentally at all temperatures. A small amount of CAH;( and stratlingite
are experimentally observed only at 5 °C. The amorphous content at 5 °C
is higher than at the other temperatures. At 180 days, the main hydrates
observed experimentally are ettringite, monosulfate, stratlingite and C-
S-H at all temperatures. Siliceous hydrogarnet is observed only at 60 °C,
as indicated by small broad XRD humps at ~17.5, 20.2 and 26.9° 2theta
(see Appendix A). The occurrence of siliceous hydrogarnet only at 60 °C
isrelated to a very low content of iron (< 0.1 %) in the BY cement, as the
presence of iron favours the formation of siliceous hydrogarnet at room
temperatures [52]. At very long reaction times (decades) monosulfate
would be expected to transform to siliceous hydrogarnet (see Appendix
B) as observed e.g. in 50 years old Portland cement [53]. However, AFm
phases persist up to several years even though they are thermodynam-
ically unstable. Fig. 6 shows the XRD patterns at 180 days of hydration at
different temperatures focusing on the patterns between 28 and 34°
(2theta), where the broad reflection typical for C-S-H [54] is expected.
At the higher temperatures more belite has reacted, so more C-S-H is
observed. In addition, the amounts of stratlingite and ettringite
decrease, while more monosulfate is formed at higher temperature.

The measured reaction degrees of ye’elimite, anhydrite and belite at
each time and temperature were used to predict the expected phases and
quantities after 28 days and 180 days. The thermodynamic modelling is
compared to the experimental assemblages determined by XRD-Rietveld
and TGA in Fig. 7 (28 days) and Fig. 8 (180 days).

The experimental phase assemblages at 28 days are compared with
the thermodynamic predictions in Fig. 6. Overall a good agreement is
seen, particularly when the experimental errors are considered along
with the poor crystallinity of the AFm phases, AHs and CAH;(. The
amounts of ettringite found experimentally and predicted are in excel-
lent agreement. The biggest discrepancy is observed for stratlingite,
where thermodynamic modelling predicts quite large amounts at all
temperatures, but none is seen experimentally apart from a trace at 5 °C.
The absence of stratlingite reflections could be explained by its poor
crystallinity and/or low quantity preventing detection by XRD. After
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Fig. 12. Comparison of the general microstructures of BY cement cured at 20 and 60 °C at 28, 90 and 180 days.

180 days, more discrepancies with the experimental data are observed
(Fig. 8) than after 28 days (Fig. 7). Experimentally, more ettringite and
less monosulfate are observed than predicted by thermodynamic
modelling. The amount of ettringite, detected by XRD-Rietveld is the
lowest at 60 °C. This is consistent with the thermodynamic modelling
prediction, although the predicted value is even lower, which might be
related to the binding of sulfate in C-S-H. In addition, the Al-binding in
C-S-H is not considered in thermodynamic modelling due to high

interaction volume with other aluminate phases. Both experimental data
and thermodynamic modelling show a similar trend of decreasing
stratlingite content at elevated temperature although the amounts are
significantly different. These discrepancies between the experimental
and predicted phase assemblages are further investigated focusing on
the influence of belite reaction.

The effect of belite reaction on the phase assemblages can be shown
by thermodynamic modelling (Fig. 9). In the presence of AHs, belite
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reacts to stratlingite (Eq. (3-1)). At high degree of belite reactions (> 40
% Fig. 9), AHs is no longer present. After this, the further reaction of
belite destabilises stratlingite and ettringite to monosulfate and C-S-H
(as illustrated by Eq. (3-2), C-S-H composition at 90 days, and Fig. 9). As
a result, the amount of stratlingite and ettringite decrease with belite
reaction and with time as also observed experimentally.

(Sufficient AH3) B CZS + AH3 +5H —>C2ASH8 (3-1)

(no more AH3) : C5A§3 H32 + 6C2S + 2C2ASH8 + 10H—>3C4A§H14 + 8C1_25$H2
(3-2)

In summary, the experimental data and thermodynamic modelling
show reasonable qualitative agreement but there are differences in
quantity for the AFm-type phases and ettringite, which might be due to a
slow transformation of ettringite to AFm phases.
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3.4. AFm formation in BY cement

Thermodynamic modelling predicts more monosulfate and strétlin-
gite than experimentally observed by XRD. Similar observations of more
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monosulfate predicted than observed have been reported previously for
BYF cement [11]. The two main AFm phases forming in hydrated BY
cement are monosulfate (Ms) and stratlingite (S), which both have a
AFm-type layered structure with the general formula [CazAl(OH)g]
X-yH20, where X is the interlayer ions. AFm is often difficult to analyse
quantitatively by XRD since the interlayer content can vary due to solid
solution formation, which can result in broad XRD signals and an un-
derestimation of the amount of AFm phases by XRD. In fact, Fig. 10,
which illustrates the main reflections of hydrated BY cement between
~5° to 15° (2theta), shows the presence of two forms of monosulfate:
Ms15 (C4ASH;2) and Msy4 (CoASH; 4), with different water contents [55].
The position of the Msj 4 reflection at 2theta ~ 9.2° is close to the main
reflection of ettringite (2theta ~ 9.0°), but clearly distinguishable, in
particular at 60 °C. The Msj 4 reflection is broader at lower temperature
leading to more overlapping with the ettringite reflections. The over-
lapping peaks and the modified crystal structure lead to higher errors in
quantification.

The XRD patterns in Fig. 10 confirm the precipitation of stratlingite
at all temperatures in agreement with thermodynamic predictions. The
formation of stratlingite at 60 °C in ettringite dominated systems has
been reported recently [56]. The peaks of stratlingite at 40 and 60 °C are
quite broad, indicating a poorly crystalline and asymmetric/internal
disorder compared to the crystal structure used for the quantification
[33]. The intensity of the characteristic peak of stratlingite around 7°
2theta is increased at lower temperature.
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Fig. 15. Microstructure of C-S-H at (a, ¢) 90 and (b, d) 180 days cured at 60 °C with different magnification: B = Belite, E = Ettringite, Ms = Monosulfate, C-S-H =

Calcium silicate hydrates.
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Fig. 16. Identification of C-S-H formation in BY cement at 90 days cured at 60 °C (a) BSE image (b) BSE image with C-S-H overlay as detected in (c) Si/Ca — Al/Ca
ratio plot and (d) Al/Ca - S/Ca ratio plot. Ideal compositions of relevant phases are added to the ratio plots as guidelines: CH = Portlandite, Ett = Ettingite, Ms =

Monosulfate, and C-S-H = calcium silicate hydrates.

Alternatively, AFm can be identified by TGA. The weight loss at
around 200 °C in Fig. 11 is attributed to the dehydration of AFm-type
phases [41], thus to monosulfate and stratlingite. The sample cured at
60 °C shows larger water loss peaks compared to the samples cured at 20
and 40 °C, indicating the presence of more AFm phases at 60 °C than
quantified by XRD. The TGA data confirms that a significant amount of
AFm phases are formed also at 5 and 60 °C, which are present as
amorphous and/or microcrystalline phases and that the XRD data shown
in Fig. 8 underestimate the amount of AFm phases present. The poor
crystallinity might be related to higher disorder generated by a more
pronounced solid solution formation or due to a formation of very small
AFm grains/particles.

3.5. Microstructure of BY cement

The microstructure development of BY cement cured at 20 °C (low
belite reaction), and 60 °C (high belite reaction) were investigated at 28,
90 and 180 days, as shown in Fig. 12. After 28 days of curing, the
microstructure and porosity at 20 °C are more homogeneous than those
of samples cured at 60 °C. At 90 days, the microstructure cured at 60 °C
is less porous than 20 °C as belite reacts significantly (see Fig. 3) to C-S-H
filling the pore space and at 180 days, a less porous microstructure is
observed at both temperatures. Ettringite and monosulfate can be
observed on the BSE images, but stratlingite and C-S-H are more difficult
to find, particularly at low magnification. EDS mapping with image
analysis was thus used to identify stratlingite and C-S-H in the micro-
structure of BY cement paste.

3.5.1. Stratlingite
The chemical composition of stratlingite in hydrated cement cannot
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be easily analysed by manual EDS point analysis as it is quite difficult to
identify the stratlingite phase on a BSE image. Therefore, EDS mapping
was carried out to identify stratlingite in the microstructure and esti-
mate its composition. The ratio plots of Si/Ca and Al/Ca of the mappings
are shown in Fig. 13.

The chemical composition of pure stratlingite is C;ASHg corre-
sponding to Si/Ca = 0.5 and Al/Ca = 1. The cloud of points observed
after treatment EDS mapping lies between the composition of stratlin-
gite and other AFm phases and ettringite, indicating intermixing as
shown in Fig. 13. This figure shows the identification of stratlingite in
the microstructure of BY at 20 °C by image analysis. The ratio plot of the
microstructure at 28 days (Fig. 13a) shows a higher scatter of points
compared to later ages. At this age, stratlingite is not detected by XRD
(see Fig. 7) or EDS mapping. At 90 days, the EDS points close to the
composition of stratlingite were manually selected in red; approximately
Al/Ca > 0.6, Ca/Si = 0.2-0.6 to match the grains observed in the BSE
image. Stratlingite in the hydrated BY cement is present as elongated
grains, as shown in Fig. 13b, while it was difficult to specify the shape of
stratlingite at 180 days as it is not present as separate grains. The
microstructure at 180 days was investigated at a higher magnification to
limit the area of the focus phase and minimize the intermixing of phases,
by carefully choosing areas of interest based on the morphology of the
hydrates. The ratio plot of Si/Ca and Al/Ca at 180 days (Fig. 13c) shows
that the cloud of points is slightly shifted below the pure composition of
stratlingite, compared to the sample at 90 days, indicating that some
other elements, such as iron, could be present in the structure. The small
amount of Fe originates from contamination in the natural anhydrite
even though the Fe-containing phase has not been identified by XRD.
Thus, the ratio plot of Si/Ca and (Al + Fe)/Ca at 180 days was plotted as
shown in Fig. 14. In this view, the cloud of points reaches the
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Fig. 17. Identification of C-S-H formation in BY cement at 180 days cured at 60 °C (a) BSE image (b) BSE image with C-S-H overlay as detected in (c) Si/Ca — Al/Ca
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Fig. 18. Compressive strength development of BY system at different
temperatures.

composition of stratlingite, indicating the presence of some Fe in the
stratlingite structure. In Portland cement [53] and the samples at 60 °C
with high belite reaction degree, Fe is present in siliceous hydrogarnet.
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In the low CaO belite-ye’elimite system at 20 °C no hydrogarnet is
present resulting in the uptake of Fe in stratlingite, which is reported
here for the first time.

The comparison of the chemical data with the EDS map indicates a
fine distribution of stratlingite in the microstructure. The areas of
strétlingite seem to be smaller than the interaction volume of the beam,
such that they cannot be analysed as a separate phase. The higher AFm
content predicted by thermodynamic modelling than observed experi-
mentally by XRD seems to be related to their microcrystalline size, close
intermixing with other phases and possibly variable interlayer compo-
sition. This limits the accuracy of XRD quantification, as also discussed
in a previous study [12].

3.5.2. C-S-H

The formation of C-S-H in the microstructures cured at 60 °C at 90
and 180 days was also investigated by SEM. In contrast to the Portland
cement system, where C-S-H generally grows from the surface of cement
clinkers [57], no rim of inner C-S-H around belite grains was observed at
90 days (see Appendix D) At a low magnification of the BSE image in
Fig. 15, C-S-H is quite difficult to detect due to its small size and its fine
distribution between ettringite and monosulfate (present as platelets).
At high magnification (Fig. 15b and d) C-S-H is visible.

EDS mapping and image analysis were used to further verify the
presence of C-S-H. Figs. 16 and 17 show the BSE images of the region of
interest, and the atomic ratio plots of Si/Ca-Al/Ca and Al/Ca-S/Ca from
EDS mapping of BY cement cured at 60 °C at 90 and 180 days, respec-
tively. The ratio plots of Si/Ca-Al/Ca in both samples (Figs. 16c and 17c)
present a cloud of points towards high Si. The points with high Si content
in the ratio plot were selected to identify the location of C-S-H, and
displayed on the BSE image (using the edxia framework [42]). By
comparison with Figs. 16b and 17D, it can be confirmed that the “fluffy”
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phase identified in Fig. 15 is indeed C-S-H. The C-S-H at 60 °C appears to
have a high Al content in the ratio plots, consistent with the high Al-
concentrations observed at 60 °C in the pore solution (see Fig. 2).
Even though the EDS mapping is often used to characterise the chemical
composition of C-S-H, it is difficult to analyse its composition in the BY
cement due to its sparsity in the microstructure, and its fine intermixing
with aluminate hydrates.

3.6. Compressive strength

The compressive strength was measured to put these microstructures
in the more general context of common cementitious materials. The
compressive strength of the BY system cured at different temperatures is
shown in Fig. 18. There is no clear trend of compressive strength
development as a function of temperature. Before 28 days, the strength
slowly increases at all temperatures. A significant enhancement of
compressive strength at a late age is correlated to the higher belite re-
action (see Fig. 1) after 28 days, resulting in C-S-H formation filling the
space. Although a high belite reaction is observed at 60 °C, the lack of a
corresponding increase in compressive strength can be explained by the
heterogeneous microstructure and the micro-cracks which can be
observed on the mortar cube.

The relationships between compressive strength-bound water char-
acterized by TGA, and compressive strength-porosity calculated from
the difference between the initial volume and calculated volume of
hydrates from thermodynamic modelling are shown in Fig. 19. The re-
sults of the sample cured at 60 °C are out of the trend due to micro-cracks
and heterogenous microstructure, hence the data at 60 °C is not
considered. An overall trend of the samples cured at different temper-
atures can be observed from both Fig. 19a and b. The trend of the
samples cured at 5 and 20 °C are quite similar while the samples cured at
40 °C shows a significant development of compressive strength
compared to bound water and porosity development. There is no clear
explanation yet for the different trend at 40 °C than the other temper-
ature. However, this seems to indicate that the precipitation of specific
hydrates has more control over the macroscopic mechanical perfor-
mances. In particular, the role of stratlingite and C-S-H precipitation
need to be investigated further.

4. Conclusions

This study investigated the effect of temperature on phase assem-
blages and microstructure of a belite-ye’elimite cement. The comparison
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between experimental data and thermodynamic modelling and their
discrepancies were carefully discussed. This revealed also that we lack
knowledge of several aspects of the hydration of the belite-ye’elimite
cements at various temperatures, in particular of:

1) Mechanisms limiting belite reaction at different temperature
2) C-S-H composition of BY cements

3) AFm crystallinity and stability

4) Fe substitution in stratlingite

5) Link between microstructure and performance

Ye’elimite reacts almost completely during the first day at all tem-
peratures. In contrast, belite reacts very slowly during the first 28 days of
hydration. When the reaction of belite starts, AHs and CAH; disappear
from the hydrate assemblage, which occurs only after 90 days at 20 and
40 °C, but earlier at 5 and 60 °C, leading to differences in the phase
assemblages with the temperature at 90 days. After 180 and 365 days,
more belite reaction is observed at a higher temperature. The mecha-
nisms that govern the reaction of belite in the CSA are unclear.

At high ye’elimite reaction and low belite reaction degrees (i.e. up to
28 days), the formation of mainly monosulfate, ettringite and AHg is
observed together with some stratlingite. At 5 °C, CAH; instead of AH3
is present. After 180 days and longer, when most of the belite has
reacted, AH3 disappears and the formation of C-S-H is observed. The
comparison of the experimental data with thermodynamic modelling
shows an overall reasonable agreement. Some discrepancies were
observed in the quantities of hydrated phases. Higher amounts of AFm
phases, monosulfate and stratlingite, are predicted compared to the
experimental observation, which can be explained by the formation of
poorly or microcrystalline of AFm phases which are only partially
captured in an XRD quantification. At 180 days, somewhat more mon-
osulfate and C-S-H, and less strétlingite and ettringite, are observed at a
higher temperature where more belite had reacted.

The stratlingite is finely intermixed with monosulfate and is present
as elongated grains at 20 °C. SEM/EDS mapping indicates lower Al
content in stratlingite structure than expected, possibly due to the
presence of Fe content in its structure.

C-S-H is formed when the degree of reaction of belite is high (> 50
%). Although XRD Rietveld cannot quantify the amount of C-S-H due to
its amorphous form, the formation of C-S-H was confirmed by XRD, and
SEM-EDS at 90 days and longer. C-S-H is formed finely intermixed with
other aluminate hydrates such that its composition cannot be estimated
accurately.
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Curing at high temperatures tends to give higher strength at an early
age. Finally, the late reaction of belite leads to additional strength. A
general correlation was found between compressive strength and bound
water or porosity. However, the temperature effect on this correlation is
still unclear. Further investigation on the morphology of hydrates pre-
cipitation is needed after belite reaction, particularly for the C-S-H and
stratlingite phases and their morphology.
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The XRD patterns of BY cement after 28, 180 and 365 days of hydration at different temperatures are shown in Figs. 20, 21, and 22, respectively.
The presence of He and Mc in the sample cured at 20 °C is probably due to the sample was carbonated during curing.
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Fig. 20. XRD patterns of BY cement after 28 days of hydration cured at 5, 20, 40 and 60 °C at the zoom section between 5 and 30° 2theta: B = belite, Y = ye’limite, E

= ettringite, Ms = monosulfate.
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Fig. 22. XRD patterns of BY cement after 365 days of hydration cured at 5

-H = calcium silicate hydrates.

Appendix B

The pore solution at 90 days and the calculation of the effective saturation index of BY cement at 90 days cured at 5, 20, 40 and 60 °C are shown in

Tables 4 and 5 respectively.
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Table 4
Ion concentrations in the pore solution of BY cement at 90 days cured at different temperatures.
5°C 20°C 40°C 60 °C

(ml\rI:ol/l) 87 33 27 32
(mﬁml/l) 0.6 0.8 0.2 0.2
(mcr:ra:ol/l) 7.1 1.1 0.8 0.8
(mﬂol/l) 07 47 48 5.0
(nslrcr):)l/n 0.1 3.2 1.7 34
(miilol/l) 0.02 0.14 0.10 0.09
(mﬁol/n 0.1 5.0 45 6.2
(22;1/1) 51 19 16 15

Table 5

Effective saturation index (SI) calculated from ion concentration of BY cement pore solution at 90 days cured
at different temperatures.

Effective SI 5°C 20 °C 40 °C 60 °C
Belite —0.6 -0.7 —0.6 -0.5
Anhydrite -1.4 -1.0 -1.1 -0.8
Ettringite 0.3 0.3 0.0 -0.1
Monosulfate 0.1 0.1 -0.1 -0.1
Al(OH)3mic -1.2 0.0 -0.1 0.0
CAHj, -1.1 —0.2 —0.6 —0.6
Stratlingite —0.2 0.4 0.1 0.1
CS-H -0.1 -0.1 -0.1 —0.1

Appendix C

Siliceous hydrogarnet is observed at 60 °C in the experimental data. In the modelling, generally only the formation of mixed Al—Fe containing
hydrogarnets is allowed as such Al-Fe-containing siliceous hydrogarnet (C3(AF)S g4H) form readily also at ambient temperature [53]. As no sig-
nificant amount of iron is present in the studied BY cement (FeoO3 < 0.1 %), also no siliceous hydrogarnet has been predicted.

Aluminium containing siliceous hydrogarnet are usually observed at high temperatures only [16,17,58], as a solid solution between katoite
(C3AHg, CasAly(OH)15) and grossularite (C3ASs, C3AlxSizO12). Their formation is generally prevented at ambient temperature in thermodynamic
modelling, due to their slow kinetics of formation [52,59], although aluminium containing siliceous hydrogarnet would be thermodynamically more
stable than AFm phases. As the formation of siliceous hydrogarnet is faster at high temperature, the formation of aluminium-based siliceous
hydrogarnet was allowed in the thermodynamic modelling calculation at 60 °C.

Fig. 23 shows a comparison between the experimental data at 60 °C and thermodynamic modelling based on three different assumptions: i)
without, ii) with a restricted amount and iii) with free formation of aluminium based-siliceous hydrogarnet. If the formation of siliceous hydrogarnet is
not constrained, a large amount of aluminium-based siliceous hydrogarnet forms as a stable phase while monosulfate and stratlingite are destabilised,
and ettringite content is significantly increased. The comparison of the experimental data with the different modelling results indicates that the phase
assemblages at 180 days at 60 °C is not yet at equilibrium; the observed phase assemblage corresponds best to the intermediate case were only a
limited amount of aluminium-based siliceous hydrogarnet is considered. Even under these conditions, the amount of monosulfate and stratlingite is
higher than the experimental observation.
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Fig. 23. Thermodynamic modelling calculations: without Al-containing siliceous hydrogarnet (Al-Si-HG), a restricted amount of Al-Si-HG and freely allowed Al-Si-
HG at 60 °C compared to experimental data: Y = ye’limite, D = Dolomite, E = ettringite, Ms = monosulfate, S = stratlingite, Si-HG = silicious hydrogarnet, C-S-H =
calcium silicate hydrates.

Appendix D

The formation of C-S-H in the microstructures cured at 60 °C at 90 and 180 days showing no rim of inner C-S-H around belite grains was observed at
90 days.

T TR ()90 d @ | Tm R (b) 180 d ik

— Image Pixel Size = 22.33 nm

Image Pixel Size = 22.33 nm

Fig. 24. Microstructure around belite grains cured 60 °C at (a) 90 and (b) 180 days with high-resolution SEM.
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