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ARTICLE INFO ABSTRACT

Keywords: A deeper insight into SO3/Al;03 ratio including the contribution of alumina in slag at early age is required to
CsS-gypsum-slag system ensure a properly sulfated slag cement. In this paper, to investigate the effect of gypsum and alumina of slag,
Al,03

emphasis was laid on the hydration characteristics of C3S-gypsum-slag system during the early age, of which slag
was synthesized in the laboratory with varying Al,O3 contents from 3.69 to 18.19 wt%.

The duration of dormant period during the hydration of C3S depended on Al,O3 content of slag significantly;
however, the amount of silicate reaction before the onset of aluminate reaction was independent of slag
chemistry and gypsum content added. The rate of aluminate reaction was controlled by the availability of re-
actants, SOF~ and AI" ions in particular, which were sourced from gypsum and slag, respectively. Calcium
monosulfoaluminate only occurred in mixture when slag contained a high amount of AlyO3 (18.19 wt% in this
study) at early age, and its formation proceeded continuously at the expense of ettringite. Sulfur rich species
incorporated in slag started to participate into aluminate reaction after the main hydration peak of C3S, and it
played a similar role to gypsum.

Calorimetry measurement

Ettringite and calcium monosulfoaluminate
Sulfur rich species in slag

Thermodynamic modelling

1. Introduction

Ordinary Portland cement (OPC) mainly consists of calcium silicate
(C3S and CsS), calcium aluminate (C3A and C4AF) and calcium sulfate
(Gypsum). Much attention has been paid to the hydration of its pure
components, e.g., C3S (the major constituent), C3A (the most reactive
constituent), and usually with gypsum, in order to generate a funda-
mental understanding of the hydration process and performance of
cement [1-6]. It is well recognized that the other two constituents, CoS
and C4AF, contribute little at early age due to their relatively less
reactive property. Moreover, gypsum or sulfate plays a key role in hy-
dration through the reaction with CsA, and affects the early age per-
formance as a result [7]. Therefore, it is important to identify the
optimum amount of gypsum added into the system.

Supplementary cementitious materials (SCMs) are widely used for
partial cement replacement to lower the carbon dioxide footprint of
concrete productions [8-11] Meanwhile, blended cements necessitate
the industry and academic to have a better understanding of sulfate
requirement, rather than use the same gypsum addition in OPC system.
J. Cheung et al. [12] found that SCMs added into cement resulted in an

* Corresponding author.

undersulfated system, particularly in the presence of admixtures. Antoni
et al. [13] elucidated that optimization of gypsum content in cement-
calcined clay-limestone system increased one day compressive
strength by >50%. On the other hand, an early depletion of sulfate and a
rapid uncontrolled reaction between aluminate phase and gypsum was
found in the mixture containing cement and Ca-rich aluminosilicate
glass, of which high Al;O3 content was observed in the glass [14]. Thus,
a deep insight into SO3/Al;0O3 ratio including the contribution of
aluminate phase from SCMs is required to ensure a properly sulfated
blended cement. However, results from [15] pointed out that it was the
“filler effect” related to the specific surface area provided by SCMs,
rather than the chemical composition, that exerted a significant effect on
sulfate balance and dominated the higher sulfate requirement of
cement-calcined clay-limestone system. Due to the “filler effect”, a faster
precipitation of C—S—H gel phase resulted in an earlier consumption of
gypsum because of absorption. After sulfate depletion, sulfate was des-
orbed from C—S—H gel phase and available to react with aluminate
phases to form ettringite.

Blast furnace slag (slag for short), whose hydration needs activation,
is a by-product from the production of pig iron and presents hydraulic
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property. Blending cement with slag produces analogous hydrates
compared with pure cement system. Portlandite, C—S(A)—H gel phase,
ettringite, AFm phases, and a hydrotalcite-like phase are identified.
According to [9,16], it is well accepted that slag chemistry changes
considerably with time across the world, and the increasing or
decreasing of AlyO3 content in slag [17,18] thus upsets the hydrate
assemblage in the blended cement, e.g., the distribution of aluminum in
ettringite, AFm phases, and hydrotalcite-like phase. Moreover, it is still
unknown whether or not this change will further affect sulfate balance
in slag cement paste at early age. On the other hand, although C3S-C3A-
gypsum system has already been employed to investigate the sulfate
balance of pure cement system [6,19], and the effect of Al,03 in SCMs on
sulfate balance of blended cement system has also been noticed [12-15],
the interaction among C3S-(C3A)-slag-gypsum system at early age has
not been reported specifically yet.

Therefore, the present research would like to get an insight into the
interaction between aluminate and sulfate phases in cement-slag system
at early age. Aluminate phases in the mixture come from two parts, one
is C3A in cement clinker and the other is Al,Os3 in slag. Sulfate phases
mainly originate from gypsum added in the cement, and a small amount
also sources from sulfur rich species in slag, which will transform into
sulfate eventually in an alkaline environment [20-22]. Model cement-
slag system containing 30 wt% C3S + (CsA) + gypsum and 70 wt%
slag was used throughout the research to simulate CEM III/B and
highlight the effect of Al;O3 in slag. In this paper, the authors laid
emphasis on the hydration characteristics of C3S-gypsum-slag system at
early age (until 3 days) firstly. To specify the effect of Al,O3 and sulfur
rich species in slag, one commercial slag incorporating sulfur and three
synthetic slags with varying Al;O3 contents from 3.69 to 18.19 wt% but
without sulfur were employed. In our next publication, analytically
regent C3A would be incorporated, and the agreement and disagreement
with real slag cement paste would be analyzed. Apparently, the results
found in this paper and following publication can provide new prospects
to understand the interaction among C3S, C3A, slag, and gypsum in slag
cement at early age. Additionally, it also contributes to understanding
the role of Al,O3 in slag and its effect on SO3/Al,03 ratio.

2. Material and methodology
2.1. Material

One commercial slag (S) provided by Ecocem Benelux B.V., three
synthetic slags (A3, A12, A18) with different Al;03 contents, and quartz
(QZ) acting as reference were used in the study. Their chemical com-
positions determined by XRF are presented in Table 1. The particle size
distribution (PSD) of slags and quartz was measured by laser diffraction
and is shown in Fig. 1.

The synthetic slags used in the present research were prepared by
mixing commercial slag S with AR (analytical regent) CaO, MgO, SiO»,
Al»03 according to different design targets. The commercial slag S and
analytical reagents added to control the exact composition in each run
were mixed into a homogeneous blend by combining the materials with
pure ethyl alcohol, grinding the mixture in a ball milling machine at a
low speed for 2 h and drying them at 100 °C for 24 h. The dried sample
paste was then ground to <200 pm in a mortar for better homogeneity.
Then, it was melted in an Al;O3 crucible at 1550 °C in the oven for 3 h
(heated from room temperature to 1550 °C at a rate of 10 °C/min and
maintained at 1550 °C for 3 h). The molten liquid was water quenched to
obtain glassy slag, rinsed with isopropanol and dried at 100 °C for 24 h
subsequently. Finally, it was crushed and ground to required particle
size distribution. For synthetic slag A3, A12 and A18, the CaO/SiO,
ratios were maintained at approximately 1 and the amounts of MgO
stabilized at about 9 wt%, while Al;O3 contents increased from 3.69
(A3) to 18.19 wt% (A18). In other words, the Al,O3 content increased
with the decreasing of CaO and SiO, contents simultaneously.

Analytically regent CsS and gypsum (CaSO4-2H20) were also
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Table 1
Chemical compositions (wt%) determined by XRF and physical properties of
these slags.

A3 A12 A18 S
CaO 42.07 37.32 36.87 37.40
SiO, 43.30 39.11 34.43 37.82
Aly03 3.69 12.32 18.19 13.58
MgO 10.83 9.43 7.98 8.11
FeO/Fe;03 0.07 0.30 0.40 0.36
TiO2 - 0.70 0.84 1.22
MnO/Mn,03 - 0.15 0.27 0.30
NayO - 0.24 0.37 -
K>,0 - 0.21 0.41 0.80
SO3 0.01 0.03 0.03 0.93
Lor —0.02 —0.03 —0.04 —0.87
Physical properties
dso (um)® 19.67 20.35 20.85 20.94
SSA (m%/g)° 1.090 0.919 0.904 0.937

# The loss-on-ignition (LOI) of slags was determined by thermogravimetric
analysis at 950 + 50 °C. The negative value of LOI is related to the oxidation of
sulfur rich species in slag. It should be noted that the LOI value was not corrected
in the XRF measurement.

b The particle size distribution of slag was measured by EyeTech, Ankersmid.
The ds of quartz is 24.21 pm.

¢ The specific surface area (SSA) of slag was measured by nitrogen adsorption
with the BET method.
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Fig. 1. Particle size distribution of slags and quartz.

employed to prepare C3S-gypsum-slag system. A representative X-ray
diffraction (XRD) result of C3S is shown in Fig. 2(a), and the result
indicated that it presented a triclinic polymorph. Fig. 2(b) elaborates the
XRD scans of these four slags, showing that they were entirely amor-
phous with no obvious crystal peak.

2.2. Mix design and experimental method

A summary of the specimens prepared for investigation is listed in
Table 2. The slag to C3S or C3S + gypsum ratio was 7/3 and the water to
binder ratio was 0.4. Sulfate sourcing from gypsum was introduced by
replacing C3S. Each mixture was labelled as their corresponding sulfate
content levels, i.e., GO, G1, G3, G5, and G10 for sulfate dosage levels of
0, 1, 3, 5, and 10 wt% of C3S + gypsum, respectively.

The heat evolution was measured in a TAM Air isothermal calorim-
eter at 20 °C. Sample was mixed at a high speed for 2 min, ~7 g of the
binder was transported to a glass ampoule, sealed and placed in the
calorimeter. Paste specimen was prepared in the same manner as the
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Fig. 2. XRD scan of (a) C3S and (b) one commercial slag and three synthetic slags used in the present research.

Table 2
Compositions (wt%) of the blends.

C3S Gypsum  Slag S0O3/(C3S + Slag/(C3S +
gypsum) gypsum)
GO 30 0 70 0 7/3
Gl 29.355 0.645 70 1% 7/3
G3 28.065 1.935 70 3% 7/3
G5 26.775 3.225 70 5% 7/3
G10 23.550 6.450 70 10 % 7/3

calorimetry measurement, mounted in the plastic bottle of 20 mL and
sealed with thin para film on the seal to avoid any ingression of carbon
dioxide and evaporation of vapor. Sealed curing was performed for all
specimens at 20 + 3 °C for 1 day and 3 days before any measurements.

For XRD measurement and thermogravimetric analysis (TGA), the
continuous hydration of specimen was stopped by solvent exchange
with isopropanol. Slices of specimen were cut, crushed, and ground to
below 63 pm. X-ray powder diffraction was performed on a Philips PW
1830/40 Powder diffractometer employing the Cu K-alpha radiation.
The machine was operated with an acceleration voltage of 40 kV and an
X-ray beam current of 40 mA. Analysis was performed with a step size of
0.03° and for a 26 range from 5° to 60°. Thermogravimetric analysis was
carried out by Netzsch STA 449 F3 Jupiter under Argon atmosphere.
Approximately 50 mg of the material was heated from 40 to 900 °C with
a heating rate of 10 °C/min in an Al;O3 crucible with an identical

0,025 —— G5_A3

(a) - G5_A12
- G5_A18
G5 Qz

0,020

0,015

0,010

Normalized heat flow (W/g C,S)

0,005

0,000

Time (day)

crucible as reference.

Meanwhile, the fresh fracture surface of specimen was observed with
a FEI QUANTA FEG 650 ESEM in secondary electron (SE) mode after
hydration stop. Moreover, the overall development of microstructure
was observed on the polished surface in backscattered electron (BSE)
mode. To get BSE images, slices of hydrated specimen were cut,
immediately immersed in isopropanol solution for hydration stop, dried
at 40 °C subsequently, impregnated with epoxy resin and polished down
to 0.25 pm. X-ray energy dispersive (EDS) detector was used to deter-
mine the elemental composition of hydrate assemblage. All microanal-
ysis was carried out in high vacuum chamber condition at a working
distance of 10 mm and an accelerating voltage of 15 kV.

3. Results and discussions
3.1. General pattern of the reaction of C3S-gypsum-slag system

Fig. 3 illustrates the heat flow and heat release of C3S-5 wt% gypsum-
slag system (G5), normalized to per gram of CsS. The heat flow was
dominated by one main peak occurring at about 10 h after mixing,
associated with the hydration of C3S, and followed by a hump after 1 day
(labelled A), which was affected by the amount of Al;O3 in slag and
gypsum content added. This hump was indicative of secondary reaction

between AI** ion from slag and SO~ ion from gypsum.
1000 m—c v
() BN
—~ —— G50z

0 800
%
&)
2
2

= 600
[¢]
<
°
(9]

2 400+
[
£
o
z

200 -

o

T T T
0 1 2 3 4

Time (day)

Fig. 3. (a) Heat flow and (b) total heat release as a function of time in calorimetric measurement for C3S-5 wt% gypsum-slag system. As seen in (b), the heat release

before 1 day was almost the same irrespective of the Al,O3 content of slag.
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3.1.1. Effect of Al,O3 in slag

It is well recognized that Al°" ion has a perturbing effect on the
reactivity of silicate [23-27], relying mainly on aluminate concentration
and pH of the solution [26,27]. As seen in the present research (Fig. 4
(a)), when increasing Al;03 content in slag, the induction period became
longer, implying a rough dependence on alumina dosage. Surface
poisoning is believed to take place either through covalent bonding
between alumina and silicate on the surface or through the adsorption of
alumina on the etch pits [27]. Another mechanism that has been put
forward is the negative effect of alumina on the nucleation and growth
of silicate hydrates [6,28]. Moreover, compared with C3S-quartz blend,
a small decrease in the rate of heat flow (slope) during acceleration
period and the intensity of main hydration peak was observed, with the
presence of alumina. The more Al;Os3, the more drop. It was in contrast
with the results from [29], which concluded that the intensity of main
peak and total heat release increased with increasing AI** ion concen-
tration, indicating a higher hydration degree of C3S. On the other hand,
the deceleration period appeared to be unaffected by the presence of
AlLOs.

13+

3.1.2. Effect of gypsum

As shown in Fig. 4(b), gypsum itself seemed to exert few impact on
the hydration of C3S when compared in C3S-quartz-gypsum mixture. The
rate of heat flow during acceleration and deceleration period was nearly
the same when different amounts of gypsum were added, except for a
small variation of the main peak intensity. It was consistent with the
results from [6], where the reaction rate of C3S with or without gypsum
addition was almost identical. Additionally, the dormant period ended a
little earlier with gypsum, indicating that SO3~ ion increased the devi-
ation of CgS from the solubility equilibrium, and its dissolution was
accelerated accordingly [26].

3.1.3. Effect of Al;03 and gypsum together

It was different when slag and gypsum were added together into the
system. As seen in Fig. 5(a), for C3S-gypsum-slag A3 system, the hy-
dration process was accelerated, proved by the shortened induction
period even compared with C3S-quartz blend. AI** ion absorbed on the
reactive site of C3S was removed by SO7~ ion immediately, and as
mentioned earlier, the rest SO3~ ion increased the deviation of CsS from
the solubility equilibrium. The hydration of C3S was thus accelerated.
Besides, it should be noted that the interaction between Al>* and SOF~
ions led to the formation of ettringite through the equation below. Its
precipitation decreased the concentration of Ca%' in the pore solution,
and increased the undersaturation levels with respect to C—S—H gel
phase and portlandite. Therefore, C3S-gypsum-slag A3 system entered
into acceleration period firstly.

0,025
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6Ca*t +2A10,” +3S04>" +40H~
+ 30H,0-CagALy (SO, ), (OH),,-26H,0

Similarly, for C3S-gypsum-slag A12 and A18 systems, the induction
period also ended earlier than C3S-slag A12 and A18 systems without
gypsum, but a little later than CgS-quartz blend (Fig. 5(b) and (c)). When
increasing gypsum addition from 1 to 10 wt%, it made few differences.
Apparently, the AI** concentrations in the pore solution of slag A12 and
A18 were higher than that in slag A3 due to their higher Al,O3 contents
in slag. Probably SO%~ ion provided by gypsum cannot combine all AI>*
ion absorbed on the C3S surface in time, and residual Al%* jons were still
absorbed on the C3S surface. For this phenomenon, it deserves further
research.

3.2. Second reaction peak (aluminate peak)

For pure cement system, the second reaction peak originates from the
renewed reaction between C3A and sulfate, and the work in [8,30] found
that the peak was delayed and became broader with increasing addi-
tional gypsum content. Also, this peak may not be well visible in the
calorimetry curve as it is often present as a low and broad peak. None-
theless, this peak occurred in C3S-gypsum-slag mixture in the present
research with the absence of C3A (see Fig. 6), and was associated with
the Al;O3 content of slag and gypsum content added remarkably.

In a properly sulfated cement system, the second aluminate peak in
calorimetry measurement occurs right after the main hydration peak. All
the mixtures investigated in the article belong to this case. However, in a
undersulfated system, a large and sharp peak, related to the formation of
calcium monosulfoaluminate (monosulfate for short), occurs much
earlier before the main hydration peak, and the reaction of C3S is
delayed and suppressed [6,31]. This is not the case in the present
research even with only 1 wt% gypsum addition (G1) owing to the
reactivity of slag, which is much inferior to CsA. As for oversulfate
system, more retardation on the reaction of C3A can be observed [4].

3.2.1. Parameters controlling the hydration kinetics of aluminate reaction

As Fig. 6(a) illustrates, after the main hydration peak, the heat
evolution was featured by a period when the reaction was accelerated to
a small peak and then slowed down, especially for those with high
gypsum addition. The second reaction peak in C3S-gypsum-slag A18
system started to be visible when 5 wt% gypsum was added and a little
delayed when increasing gypsum content from 5 to 10 wt%.

It was also noticed that the onset of aluminate peak (beginning of the
deviation from C3S-quartz blend) occurred at a similar timing (~15 h
after mixing as Fig. 6(a) presents) or cumulative heat release (~400 J/(g
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Fig. 4. (a) The dormant period or the nucleation of C3S was strongly modified in the presence of slag containing different Al,O3 contents. (b) The reaction rate of

pure C3S with or without gypsum addition was almost identical.
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Fig. 5. Calorimetric curves of C3S-slag blend with different gypsum additions. (a) The addition of gypsum promoted the earlier end of induction period in C3S-slag A3
blend compared with C3S-quartz blend; As for C3S-gypsum-slag A12 (b) and A18 (c) systems, the induction period ended a little later than C3S-quartz blend. These

curves were plotted on log scale to highlight the difference at early age.
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Fig. 6. Calorimetric curves of C3S-slag A18 blend with different gypsum additions. (a) The aluminate peak was delayed, and became more visible with the increasing
gypsum addition; (b) The normalized heat release curves were almost identical before ~15 h (about ~400 J/g C3S) after mixing, and they separated from each other

from then on.

C3S) as Fig. 6(b) presents) for all mixtures irrespective of the amount of
gypsum added. The heat was mainly released by silicate reaction until
this timing, i.e., the hydration of C3S, which suggested that the onset of
aluminate reaction also depended on silicate reaction, perhaps the
production of enough C—S—H gel phase to absorb sulfate. Zunino, F.
et al. [19] concluded that the heat release before aluminate peak was
directly related to the content of gypsum added and the fineness of C3A,

in other words, it was determined by the amount of silicate reaction and
ettringite formation. In the present research where there was no C3A in
the mixture, the almost same heat release before aluminate peak
demonstrated that the precipitation of ettringite was very few even in
G10_A18 mixture. It proved indirectly that SO%’ ions cannot combine all
AI®* jons absorbed on the C3S particle surface during the induction
period (Section 3.1.3).
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For systems with lower Al,O3 content in slag, this period was almost
invisible (slag A3 in Fig. 7(a)) or characterized by a hump (slag A12 in
Fig. 7(b)). Therefore, it was assumed that the aluminate reaction was
controlled by the availability of reactants, SO and AI** ions in
particular for the formation of ettringite. Nuclei of ettringite precipitate
and grow at a rate proportional to the concentrations of SOF~ and AI**
ions [32,33].

Fig. 8(a) presents the normalized heat release of C3S-gypsum-slag A3
system until 4 days with different gypsum additions. The shape of curve
was analogous to each other and the difference of total heat release was
very small among each other. Hence it was convincible to conclude that
the amount of gypsum added was adequate to react with AI** ion in each
mixture, and the availability of AI** ion was the rate-controlling factor.
Fig. 8(b) and (c) illustrate the normalized heat release of C3S-3 and 5 wt
% gypsum-slag systems (G3 and G5). It was noted that although the total
heat releases of slag A12 and A18 mixtures were different until 4 days, it
coincided with each other after 7 days of curing. It implied that the same
amount of reaction occurred in slag A12 and A18 mixtures until 7 days,
whereas the kinetics were different and affected by the availability of
reactants. There seemed to be abundant AI*" ions in these two mixtures
to participate into the aluminate reaction. Thus, the availability of S0F~
ion was the rate-controlling factor for slag A12 and A18 systems when
gypsum addition was <5 wt%. Fig. 8(d) shows the normalized heat
release of C3S-10 wt% gypsum-slag system (G10) until 7 days. The dif-
ference of total heat release between slag A12 and A18 mixtures became
evident, indicating that SO7~ ion was sufficient in the pore solution and
the availability of AlI>" ion dominated the reaction again. The rate-
controlling factor of aluminate reaction in each run is summarized in
the Table 3.

Moreover, it was noticed that all cumulative heat release curves
deviated from each other at a similar timing, i.e., ~15 h after mixing or
~400 J/(g C3S) as displayed from Fig. 8(a) to (d). The same heat release
before the onset of aluminate peak further confirmed that the precipi-
tation of ettringite was few in all mixtures, irrespective of alumina
content in slag. On the other hand, it indicated that the dissolution de-
gree of slag before one day was very low, and the surface area of slag
could be considered to be unchanged at this stage. After one day, slag,
especially with high alumina content, could not be regarded as inert
filler any more, and it took part into the aluminate reaction with gypsum
significantly.

Another aspect needed to be emphasized was the location where
ettringite grew, on the surface of C3S particle, slag particle or in the pore
solution. Firstly, it was unlikely for ettringite to nucleate and grow on
the surface of CgS particles as their surface had been occupied by
C—S—H gel phase after main hydration peak (Fig. 15). Moreover, as
Fig. 14 shows, these needle-like ettringite was more likely to grow from
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the pore solution with an exclusive through-solution formation, as re-
ported in [32].

3.2.2. Heat release from aluminate reaction vs. SOs and Al;O3 contents of
the mixture

Fig. 9(a) and (b) display the heat release from aluminate reaction
against SO3 content of gypsum and Al,O3 content of slag, respectively.
An approximatively linear correlation between SO3 content and heat
release from aluminate reaction, taken as an indication of the amount of
ettringite formed, is found and depicted in Fig. 9(a). A linear function
was selected for fitting, and its parameters were determined by the least-
square method considering all points investigated. For slag A3 and A12
systems, slopes were in direct proportion to their corresponding Al,O3
contents, while for slag A18 system, the slope was a little higher
compared to its Al,O3 content, i.e., 3.75/3.69 ~ 10.99/12.32 < 23.51/
18.19. The roughly linear correlation was also found between Al,O3
content of slag and heat release in most mixtures investigated (Fig. 9(b)),
except for C3S-10 wt% gypsum-slag A18 mixture, which presented a
significant high heat release from aluminate reaction. Unlike alumina in
slag A3 and Al12 systems only participating into the formation of
ettringite, aluminum dissolved from slag A18 played role both in the
formation of ettringite and monosulfate (see discussion in Section 3.3.1).
The heat evolved from the transformation from ettringite to monosulfate
in slag A18 mixture was also included in the aluminate reaction without
differentiation. As a result, more heat and higher slope were determined
in this mixture.

3.2.3. Effect of sulfur rich species of slag

The sulfur rich species of slag mainly sources from iron pyrite used as
raw material and fuel for energy. It exists as anion S2~ in the molten slag
liquid due to the reduction condition in the blast furnace [34,35].
During quenching, it will be emitted in the form of HsS with water
vapor. The rest exists as sulfide (e.g., CaS) in slag, whereas its amount is
presented in the form of SO3 by XRF. In the pore solution of slag cement
paste, dissolved S2~ ion could be readily oxidized depending on oxygen
diffusion into pores through thiosulfate (S2037) to most stable sulfate
(S037) [36,37].

As shown in Fig. 10, it was found that the sulfur rich species incor-
porated in commercial slag exerted a key impact on the hydration of
C3S-slag S blend when without gypsum addition. On the one hand, the
dormant period ended earlier in C3S-slag S mixture compared with that
in C3S-slag A12 mixture (Slag A12 contained nearly no sulfur (see LOI
value in Table 1)). In addition, the heat flow curve of C3S-slag S mixture
was almost identical with that of C3S-3 wt% gypsum-slag A12 mixture,
especially for the similar duration of induction period. It suggested that
the sulfur species in slag S acted the same role as sulfate dissolved from
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Fig. 8. (a) Hear release of C3S-gypsum-slag A3 system and the availability of AI** ion in the pore solution was the rate-controlling factor in this system; (b) and (c)
Heat release of C3S-3 and 5 wt% gypsum-slag systems respectively, and there seemed to be abundant AI** ions to participate into the aluminate reaction and the
availability of SO3~ ion was the rate-controlling factor; (d) Heat release of C3S-10 wt% gypsum-slag system and the availability of AI** ion dominated the reaction

again as SOF~ ion was sufficient in the pore solution.

Table 3
The rate-controlling factor of aluminate reaction in each run, the availability of
A" or SO2~ ion.

A3 Al12 A18
Gl AR 803~ S03~
G3 AR S0%3~ S03~
G5 AR 803~ S03~
G10 AR AR+ AR

gypsum, and AI** jon absorbed on the reactive site of C3S would be
removed by SO*~ ion transformed from sulfur species. On the other
hand, the hump (labelled as A) indicating the reaction between APt and
SO*~ ions for the formation of ettringite was also noted in the C3S-slag S
mixture.

To semi-quantify the effect of sulfur species incorporated in com-
mercial slag S, calorimetric measurement of C3S-slag A12 and S systems
with different gypsum additions is compared in Fig. 11. The duration of
induction period, the rate of heat flow during acceleration and decel-
eration period, and the occurrence of main hydration peak were nearly
the same in these mixtures, except for a small variation of the main
hydration peak intensity (Fig. 11(a)). As for the cumulative heat release,
it was noted that C3S-3 and 5 wt% gypsum-slag A12 mixtures presented
almost the same heat as C3S-1 and 3 wt% gypsum-slag S mixtures up to 4
days, respectively. In other words, about 2 wt% of gypsum was added
into the blend by commercial slag S additionally through sulfur rich
species.

3.3. Hydration products

3.3.1. Solid phase

DTG results of typical mixtures are displayed in Fig. 12. The main
hydrates formed in the mixture without gypsum were similar (Fig. 12
(a)). The mass loss from 400 to 500 °C was sourced from the dehydration
of portlandite. Hydrotalcite-like phase can also be detected (mass loss at
around 350 °C). The mass loss at ~150 °C indicated the presence of
C—S—H gel phase. More hydrates were identified with hydration, and
compared with CsS-quartz mixture, more C—S—H gel phase while less
portlandite were detected in C3S-slag mixture as part of portlandite and
slag was consumed in pozzolanic reaction for the secondary precipita-
tion of C—S—H gel phase and hydrotalcite-like phase.

For C3S-gypsum-slag system (Fig. 12(b)), apart from phases identi-
fied earlier, ettringite was observed as the peak at ~150 °C became
narrow and shifted left a little bit (Fig. 12(c)). Furthermore, monosulfate
occurred in slag A18 mixture from the first day. Compared with CsS-
gypsum 5 wt%-slag A3 paste, slag A18 paste produced more ettringite +
C—S—H gel phase and monosulfate (only visible in slag A18 paste) after
3 days of curing. Meanwhile, less portlandite was identified in slag A18
mixture due to its consumption in the formation of ettringite with
gypsum and transformation from ettringite to monosulfate.

XRD scans (Fig. 13) reveal the presence of portlandite and unhy-
drated C3S in the pastes. For C—S—H gel phase, the main peaks are
located at ~30° (26) (PDF 34—0002 and PDF 34—0306), which is very
difficult to distinguish from that of CsS. It was also evidenced that
monosulfate started to be detected in slag A18 paste containing gypsum
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Fig. 10. Heat flow as a function of time in calorimetric measurement for C3S-
slag A12 and S systems.

from the first day (Fig. 13(c)), and the transformation from ettringite to
monosulfate proceeded continuously with hydration. It deserved to
mention that there was no monosulfate detected either by TGA or XRD
in C3S-gypsum 5 wt%-slag A3 and A12 systems.

3.3.2. Microstructure

Fig. 14 illustrates the representative BSE image of C3S-5 wt%
gypsum-slag A18 system after 3 days of curing. The mixture of anhy-
drous materials, hydrated phases and pores was clearly visible. Small
Cs3S grains, or so-called Hadley grains, hydrated completely after 3 days
to leave hollow hydration shells (circled and labelled as 1). Large C3S
grains continued to hydrate, and there was a clear grey level difference
between the outer products (Op) appearing dark grey, and more dense
products (Ip) appearing light grey around unhydrated C3S particle
(circled and labelled as 2). Mass of ettringite (long needle shape) was
observed frequently and crystallized in or near pores. Monosulfate only
existed in slag A18 paste as fine and compact crystal intermixed with
C—S—H gel phase (circled and labelled as 3). Although slag hydrated
slowly, the formation of hydrates around unhydrated slag particles were
observed (circled and labelled as 4).

Fig. 15(a) and (b) display the morphology of hydrates in C3S-slag
A12 mixture without gypsum at 3 days, where (a) clearly elaborates the
precipitation of C—S—H gel phase and portlandite on the surface of slag
particle. As shown in (b), hexagonal thin plates of portlandite were
identified intermixed with C—S—H gel phase closely. It was also noticed
that converging needles rather than a divergent fibrillary-like structure
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Fig. 11. (a) Heat flow and (b) total heat release as a function of time in calorimetric measurement for C3S-slag A12 and S systems with different gypsum additions.

(a) was plotted on log scale.
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monosulfoaluminate; Ht: hydrotalcite-like phase.

of C—S—H gel phase was seen in mixtures without gypsum at the very
beginning of reaction. It was consistent with the results in [38], which
confirmed that it was the pore solution chemistry, like the existence of
S0%~ ion, changed the morphology of C—S—H gel phase by promoting
repulsion between the growing structure. Fig. 15(c) illustrates the
morphology of hydrates in C3S-gypsum 5 wt%-slag A12 mixture at 3
days. Besides C—S—H gel phase and portlandite, the long needle crystal
indicated the formation of ettringite in the system with gypsum. Also, a
divergent fibrillary-like structure of C—S—H gel phase was observed due
to the introduction of gypsum [38].

3.3.3. Chemical composition of C—S—H gel phase

The chemical composition of C—S—H gel phase of investigated
mixtures detected by SEM-EDS point analysis is shown in Fig. 16. It
should be noted that the two different types of C—S—H gel phase, i.e.,
inner product (IP) and outer product (OP) were not distinguished in the
present paper. The Si/Ca atomic ratio of C—S—H gel phase varied from
0.4 to 1.2 in both C3S-slag A3 and A18 mixtures without gypsum. The
trend of Al/Ca atomic ratio was also similar, the majority of which was
<0.1. Thus, the Ca/Si and Al/Si atomic ratios of C—S—H gel phase
formed in mixtures without gypsum seemed to be independent of Al,O3
content of slag.

For mixtures with gypsum, the Si/Ca atomic ratio of C—S—H gel
phase fluctuated a little bit, still varying from 0.4 to 1.2. However,
significant more Al in the matrix was observed in these two mixtures.
When there was attraction from sulfate, besides that fixed in
hydrotalcite-like phase, the rest AI** jons would enter into the matrix,

either take part in the formation of ettringite or be absorbed into C—S
(A)—H gel phase, resulting in a higher Al/Si ratio. On the other hand, it
was also pointed out in [39] that the degree of polymerization of C—S—H
gel phase at this early age may not be sufficient for Al to be accommo-
dated within the structure. At least, it was more likely that the aluminum
existed in ettringite and/or monosulfate layers intermixed with C—S—H
gel phase layers.

3.4. Thermodynamic modelling

To verify the results of the above measurements, thermodynamic
modelling was carried out using the Gibbs free energy minimization
program GEMS [40,41] with thermodynamic data from the PSI-GEMS
database [42,43] supplemented by cement specific data [44,45]. The
calcium-alkali aluminosilicate hydrate ideal solid solution model
(CNASH_ss) proposed by Myers et al. [46] was employed to describe the
C—A—S—H gel phase in the system. MA-OH-LDH_ss containing three
end-members with Mg/Al ratios of 2, 3 and 4 reformulated into an ideal
solid solution was used to perform the modelling of hydrotalcite-like
solid solution series [47]. For simplicity, some assumptions were
introduced. For example, reactants of different hydration degrees were
assumed, and it was postulated that slag dissolved congruently. The used
hydration degree was 80 % for C3S, 100 % for gypsum, and 15 % for slag
at 3 days. Moreover, the modelling did not consider the difference of
hydration degree among slags, and it only reflected equilibrium phase
assemblage accounting for thermodynamic approach.
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Fig. 14. Microstructure of C3S-5 wt% gypsum-slag A18 blend after 3 days of
curing. 1: Hadley grain and hollow hydration shell was formed; 2: a clear grey
level difference between the outer product and inner product formed around
partially hydrated C3S grain; 3: fine and compact crystal of monosulfate; 4:
hydrates formed around partially hydrated slag particle.

3.4.1. Effect of Al203 content of slag
Fig. 17 elaborates the impact of Al,O3 content in slag on the volume
of phase assemblage with 5 wt% gypsum addition. Increasing Al;O3

10

content from 3.69 (slag A3) to 18.19 wt% (slag A18) firstly increased the
amount of ettringite formed until the consumption of gypsum (labelled
as point P1 in the graph). Then, ettringite content stabilized with the
continuous increase of Al,Os content until the transformation from
ettringite to monosulfate started (labelled as point P2 in the graph.). For
slag with few Al,Os, it was supposed that all Mg?" ion dissolved from
slag was bound into magnesium silicate hydrate (M—S—H) rather than
brucite (Mg(OH),) owing to its low diffusion ability [48,49], and when
adequate Al,O3 content was accumulated, all magnesium entered into
hydrotalcite-like phase due to its lower solubility product (Ksp)
compared with M—S—H.

Gypsum was surplus when slag contained few Al;03 as revealed in
the modelling, which was consistent with the results shown in Fig. 8(a),
and it was thus concluded that for C3S-gypsum-slag A3 blend, gypsum
was sufficient to react with AI** ion dissolved from slag. As for slag A12
and A18 blends, the availability of gypsum was the rate-controlling
factor. The results from modelling were also in agreement with the
change of phase assemblage reflected by TGA (Fig. 12) and XRD
(Fig. 13). The formation of monosulfate became increasingly prominent
with additional Al,O3 content. It was also noted that the portlandite
content decreased significantly upon the occurrence of monosulfate.
These results verified the following equation for the formation of mon-
osulfate involving the participate of ettringite, portlandite, and alumi-
nate dissolved from slag, i.e.,
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Fig. 15. Morphology of different hydrates of (a) and (b) C3S-slag A12 blend at 3 days; (c) C3S-5 wt% gypsum-slag A12 blend at 3 days. CH: portlandite.

CagAl, (SO, )5 (OH) ,-26H,0 + 6Ca(OH), + 4A10, ™ + 4H' —3Ca, Al (SO, ) (OH) -6H,0 + 4H,0

3.4.2. Effect of gypsum

Fig. 18 elaborates the impact of gypsum addition on the phase
assemblage based on C3S-gypsum-slag A18 blend. The volume of mon-
osulfate increased gradually at the beginning when alumina dissolved
from slag was sufficient, and it prevented the formation of ettringite;
however, ettringite started to occur with the continuous addition of
gypsum (labelled as point P in the graph), implying that adequate sulfate
favored the precipitation of ettringite.

It was important to note that the stabilization of ettringite with the
addition of extra sulfate led to a remarkable increase in the volume of
hydrates. Before point P circled in the graph, the total volume changed
slightly, whereas it increased apparently with the formation of ettringite
although the volumes of C—S—H gel phase and monosulfate decreased.
This phase contributes a lot to space filling [51].

Collectively, dependent of the alumina content of slag and gypsum
content added, aluminum dissolved from slag contributed to the
aluminate reaction significantly. Therefore, when calculating SO3/
Al,O3 ratio, alumina content of slag should also be taken into consid-
eration. Especially for slag with high Al,O3 content (slag A18 in this
paper), approximately 8 wt% of gypsum was requested to maximum the
amount of ettringite that can be produced at 3 days. Meanwhile, the

11

sulfur species in commercial slag acted a similar role as sulfate dissolved
from gypsum. In the following research, the authors would extend the
C3S-gypsum-slag system to C3S-CsA-gypsum-slag system, and compare it
with real cement-slag system, to promote the understanding of hydra-
tion characteristics of slag-rich cement paste at early age.

4. Conclusions

The present research investigated the hydration characteristics of
C3S-gypsum-slag system at early age. As shown above, the interaction
among C3S, sulfate (gypsum) and Al;O3 (slag) was complex, and con-
clusions were mainly obtained based on aluminate reaction:

o AI** had a perturbing effect on the reactivity of silicate, and the more
Al,O3 in slag, the longer of induction period. Gypsum itself had little
impact on the hydration of C3S; however, when slag and gypsum
were added together into the system, the duration of dormant period
was reduced.

The onset of aluminate peak in the calorimetric curve occurred at a
similar timing (~15 h after mixing) or cumulative heat release
(~400 J/g C3S) for all mixtures irrespective of the amount of Al;03
in slag and gypsum content added.
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e The rate of aluminate reaction in CgS-gypsum-slag system was
controlled by the availability of SO~ and AI** ions, thus depending
on the alumina content of slag and gypsum content added
significantly.

e An approximatively linear correlation between SO3 and Al,O3 con-

tents in the system vs. heat release from aluminate reaction was

found in most mixtures investigated. Also, the heat could be taken as
an indication of the amount of ettringite formed.

Calcium monosulfoaluminate occurred in CsS-gypsum-slag A18

mixture from the first day, and its precipitation proceeded continu-

ously with hydration at the expense of ettringite.

Sulfur rich species incorporated in slag started to participate into the

aluminate reaction after the main hydration peak of C3S, and it

played a similar role to gypsum. Therefore, it was suggested to take
both alumina and sulfur content in slag into consideration when
calculating SO3/Al;03 ratio.
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