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ARTICLE INFO ABSTRACT

Keywords: The effect of slag of different origins (synthetic slag produced in the laboratory and commercial slag collected

CofnftlerCial and synthetic slag from different steel factories) with comparable chemical composition, amorphous content and particle size

gr;fm distribution, on the hydration characteristics of slag cement was investigated. In order to study the effect of sulfur
uliur

in slag, a model cement paste of a C3S-slag blend was also produced. It was found that origin of slag has very little
impact on the hydration process of cement-slag system. Synthetic slag shows a comparable compressive strength
gain to commercial slag at 1 day, and from then on, a lower compressive strength is reached by it compared with
that of commercial slag until 28 days. The sulfur in slag starts to participate in reaction after 1 day and it
dominates the rate of heat release in calorimetric measurement, consistent with the result of compressive
strength test. It significantly affects the elemental composition of the cementitious matrix at 7 days, and higher
Al/Si and S/Ca ratios can be detected in cement-commercial slag blend at 7 days. The sulfur is involved in the
formation of AFm-phase, such as calcium monosulfoaluminate, and the thermodynamic modelling shows that
upon the gradual incorporation of sulfur in slag, calcium monosulfoaluminate precipitates continuously with the
consumption of stratlingite and portlandite. The conclusion obtained in the paper provides a basis to understand
the role of sulfur in slag on the hydration process of slag cement

C3S-slag system

1. Introduction

Blast furnace slag is a byproduct from pig iron production and it has
been used as a mature addition in cement industry for several decades,
especially in European and north American countries [1-4]. The
chemical composition of slag varies depending on the origin signifi-
cantly, such as where iron ore imported, fluxing stone and impurity of
coke fed into the blast furnace [5]. Owing to its lower density, the
molten slag forms on top of the molten iron liquid in the furnace, which
is composed of lime, silica, alumina and magnesia, and could be iden-
tified as a CaO-SiOp-Al;03-MgO system. When water-quenched
rapidly, it shows vitreous structure with a latent hydraulic property
which makes ground granulated slag a high-quality pozzolanic compo-
nent in blended cement. However, because pig iron production has
become a costly process due to increased consumption of iron ore across
the world and the increasing cost of energy. As a result, low-grade raw
materials have been fed into the furnace to reduce production cost,
which according to [5-7], likely to have changed the chemical compo-
sition and pozzolanic properties of slag. Therefore, the different origins
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of slag has intensified the concern from industry on its quality/reactivity
used as supplementary cementitious material in cement.

Recently, some studies [8-10] wused synthetic glass, a
Ca0-Si03-Al,03 system in principle, to investigate the effect of metal
oxides on the reactivity of glass. It was demonstrated that chemical
composition played a key role on the network structure of glass, which
would affect reactivity. Obviously, the interaction between MgO and
Ca0-SiO-Al;03 system was not taken into consideration in these
studies, and their conclusions based on this system cannot be applied to
a Ca0-SiO,-Aly,03-MgO (slag) system directly. Furthermore, questions
like whether synthetic glass produced in the laboratory behaves similar
to commercial slag in a real cementitious environment has also been
raised by the industry.

The sulfur (S) in slag comes from iron pyrite used as raw material and
fuel for energy. It exists as anion $2 in the molten slag liquid. During
quenching, it will emit in the form of HyS with water vapor. The H,S
emission, dependent on the molten slag liquid and granulation water
temperature as well as the slag/water ratio, will be precipitated in
condensation tower finally. On the other hand, the rest which do not
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emit exist as sulfide in slag, whereas it is presented in the form of SO3 by
XRF. European Standard EN 15167-1 requires that the sulfide and sul-
fate contents in slag should be <2.0% and 2.5% respectively. The main
concern is the delayed formation of ettringite when exceeding this
certain amount, which may impose a negative impact on the mechanical
property of hardened slag cement. Also, doubts were being expressed
that whether the sulfide content of slag would promote reinforcement
corrosion. After 27 years of seawater storage, no related problems had
occurred [11]. The presence of several sulfur anions, such as Sz’, 52032'
and SO4%, has been reported in leachates of hydrated cement containing
slag [12-14]. Oxidation to the most stable product, i.e. S04% can take
weeks by molecular oxygen at pH > 8.5 considering the alkaline and
mildly reductive environment occurring in the pore solution of slag
cement [15]. Nonetheless, the role of sulfur in slag on the hydration
evolution has been largely neglected, possibly because the introduction
of $% jon by slag does not appear to affect mechanical properties, thus it
does not attract much attention from the researchers.

In the present research we will lay emphasis on the effect of slag of
different origins with almost the same chemical composition and
amorphous content, and the role of sulfur in slag on the hydration
characteristics of slag cement. Three slags were employed here, one was
produced in the laboratory with pure reagent and the other two were
offered by Ecocem Benelux B.V. collected from different steel factories.
To investigate the effect of slag of different origins, the paper analyzes
the heat evolution of slag cement paste with isothermal calorimeter, the
formation of calcium hydroxide and the content of bound water by
means of thermogravimetric analysis, the development of microstruc-
ture by mercury intrusion porosimetry and back-scattered electron im-
aging of selected sample. To characterize the effect of sulfur from slag
specifically, model paste specimen containing only C3S (3Ca0-+SiO5) and
slag was prepared additionally.

2. Material and methodology
2.1. Materials

CEM I 425N (manufactured by ENCI Maastricht BV), coarse-
granulated commercial slag CS1 and fine-granulated commercial slag
CS2 of different origins (provided by Ecocem Benelux BV) were used.
The synthetic slag (SS) was produced to be incorporated in the cement-
slag system. Model C3S-slag system was employed to study the effect of
sulfur in slag specifically. Quartz was also introduced to produce
cement-quartz system and act as reference for comparison. The chemical
composition and selected physical properties of the raw materials are
presented in Table 1. The particle size distributions of three slags and
quartz were measured by laser diffraction and is shown in Fig. 1.

Fig. 2 elaborates the XRD scan of slag, showing that they were
entirely amorphous without a significant peak indicating crystallinity.
Also, no positional shift of the amorphous hump was observed; fluctu-
ating at around 30° (26).

2.2. Mix design and experimental method

All raw materials were in weight percentage (wt.%) with respect to
the total binder content. To understand the effect of sulfur from slag on
the hydration characteristics of slag cement, except for the cement-slag
system, one model system only containing CsS and slag was studied. CsS,
the main constituent of cement, was mixed with slag to simplify the
chemical composition of mixture and reduce the interference from other
components. No other source of sulfur, such as sulfate originated from
gypsum, was introduced into the system except for the existence of
sulfur rich species in slag. The slag to cement (or C3S) mass ratio was 7/3
and water to binder ratio was 0.4 (Table 2). Cement-quartz paste was
also cast as a reference.

TAM Air isothermal calorimeter was employed to observe heat
evolution of the paste samples at 20 °C for 7 days. Mixtures were mixed
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Table 1
Chemical compositions (wt.%) determined by XRF analysis and physical prop-
erties of cement and slags.

Cement Cs1 CS2 SS

CaO 64 37.40 37.97 37.04
SiO, 20 37.82 35.60 37.79
Aly03 5 13.58 13.12 14.51
MgO - 8.11 7.24 8.83
FeO/Fe;03 3 0.36 0.37 0.28
TiOo - 1.22 1.00 0.70
MnO/Mn,03 - 0.30 0.35 0.17
Nay0'eq 0.58 0.53 0.74 0.40
SO3 2.93 0.93 0.99 0.01
Lor” 1.20 —0.87 -1.27 —0.02
Physical properties

dso (pm)° 26.81 20.94 16.90 22.73
SSA (m%/g)* 0.284 0.937 1.162 0.895

2 The NayO.q used here for cement and slag was identical, namely
Na0 + 0.658 x K,0.

b The loss-on-ignition (LOI) of CEM I 42,5N was provided by ENCI, while for
slag, it 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.

¢ The particle size distribution (PSD) of slag was measured by EyeTech,
Ankersmid. The dsg of quartz is 24.21 pm.

d The specific surface area (SSA) of cement and slag was measured by Blaine
and nitrogen adsorption with the BET method respectively.
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Fig. 1. Particle size distribution of slag and quartz. It is apparent that curves
are limited in a narrow range, and slag CS2 is a little finer than others, which is
also indicated by its dso.

at a high speed for 2 min, and approximately 7 g of the binder was
transported to a glass ampoule, sealed and placed in the calorimeter. The
specimens were prepared in the same manner and mounted in a plastic
bottle of 20 mL, which was sealed with thin Para film to avoid any
evaporation. Sealed curing was performed for all specimens at 20 + 3 °C
until 3 months.

The compressive strength test was measured on slag cement paste
cube (20 x 20 x 20 mm) prepared with the same recipe mentioned
above after 1, 3, 7 and 28 days of sealed curing at 20 + 3 °C in the
laboratory. 5 paste cubes were performed at each testing age, using a
procedure similar to EN 196-1.

Before X-ray diffraction (XRD) measurement and thermogravimetric
analysis (TGA), the hydration of specimen was stopped by solvent ex-
change using isopropanol (For samples after 7 days curing, the iso-
propanol solution was refreshed frequently.). Slices cut from the
specimens were crushed and ground to below 63 pm. X-ray powder
diffraction was performed on a Philips PW 1830/40 Powder
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Fig. 2. XRD scan of three slags used in the present research.

Table 2
Mixtures of specimen (g).
Cement C3S Slag Water w/b
Cement-slag 30 - 70 40 0.4
C3S-slag - 30 70 40 0.4

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° for a
20 range from 5° to 60°. Thermogravimetric analysis was performed on
Netzsch STA 449 F3 Jupiter under Argon atmosphere. About 40 mg of
the specimen powder was heated from 40 to 900 °C with a heating rate
of 10 °C/min in an Al,O3 crucible with an identical crucible as reference.

Mercury intrusion porosimetry (MIP) measurement was also carried
out to measure pore size distribution. Samples were crushed into small
slices, immersed into isopropanol solution to stop hydration, and stored
on vacuum to constant weight subsequently. The maximum pressure
applied by the instrument was 210 MPa, and each measurement process
contains three steps: intrusion of mercury at low pressure from 0 to
0.170 MPa; intrusion at high pressure from 0.170 to 210 MPa and
extrusion of mercury back to 0.170 MPa. The relationship between pore
radius and pore pressure was elaborated in Washburn equation, of
which the surface tension of mercury is 0.485 N/m at 25 °C and the
contact angle between mercury and specimen was 140°.

To acquire backscattered electron (BSE) micrographs of the selected
samples, slices of hydrated paste specimens were sawn and immersed in
isopropanol solution for hydration stop, dried at 40 °C, impregnated
with epoxy resin and polished with diamond paste down to 0.25 pm.

CS1
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They were further coated with carbon and examined using FEI QUANTA
FEG 650 ESEM with an accelerating voltage of 15 kV and a working
distance of 10 mm. X-ray energy dispersive (EDS) detector was used to
determine the elemental composition of hydration products. Approxi-
mately 150 points per sample were analyzed.

3. Result and discussion
3.1. The color of hydrated powder

The hydrated powders of cement-slag CS1 and CS2 blends display a
dark green coloration (“greening effect”) as Fig. 3 displays. This is
known to originate from the formation of blue-green metal sulfides such
as CaS, FeS, MnS etc. during hydration and oxidation under anoxic
conditions [16], or charge transfer processes in various phases or com-
plexes, such as green rust [17]. The existence of sulfur species incor-
porated in slag CS1 and CS2 was also confirmed from the negative LOI
value. As for cement-slag SS blend, it shows white coloration as there
was negligible sulfur content available in the model paste.

3.2. Compressive strength

Compressive strength values of slag cement paste cubes at 1, 3, 7 and
28 days are reported in Table 3 respectively. Although from different
origins and presenting a little difference in particle size distribution,
commercial slag CS1 and CS2 show almost identical compressive
strength development. Synthetic slag SS performs comparably to com-
mercial slag at 1 day, and from then on, a lower compressive strength is
reached by it compared with that of commercial slag.

3.3. Kinetics of hydration

3.3.1. Heat of hydration

Fig. 4 shows the heat evolution rate (a) and cumulative heat release
(b) for all blends, normalized to per gram of cement. The cement-quartz
blend was dominated by one main peak, associated with the hydration of
alite in cement, followed by a shoulder after 1 day, indicative of the
secondary aluminate reaction upon sulfate depletion [18,19]. The hy-
dration of cement-slag blends were quite similar except for the enhanced
secondary aluminate reaction. During dormant period, the intensities of
cement-slag blends were higher than that of cement-quartz mixture,
however, the curves were almost identical with each other after entering

Table 3
Results of compressive strength test on slag cement paste cube with 95% con-
fidence intervals calculated from 5 replicates (MPa).

1d 3d 7d 21d 28d
Cs1 3.240.2 13.14+0.9 22.6+1.3 30.4+1.6 48.5+2.0
CS2 3.2+0.2 13.2+1.1 23.2+1.5 31.2£1.5 50.0+1.8
SS 3.1+£0.3 10.5£0.8 19.1+£0.9 26.8£1.6 43.3+2.1

CS2 SS

Fig. 3. The coloration of hydrate power from different cement-slag blends. The green coloration is attributed to a complex reaction of sulfur species in slag with other
components of cement. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Calorimetric curves of cement-slag and quartz system. (a) normalized heat flow; (b) normalized heat release.

acceleration period, meaning that slag could be regarded as inert filler
like quartz during this age. It is also confirmed by compressive strength
development as shown in Table 3, which is about 3.0 MPa after 1 day
both for commercial and synthetic slag. Slag CS2 presents a little faster
hydration rate during nucleation and growth stage due to its finer par-
ticle size.

After the main hydration peak, the second aluminate reaction peak in
cement-slag blend occurs earlier and seems to be more intense compared
with that in cement-quartz blend (Fig. 4 (a)). On one hand, this could be
the consequence of physical replacement while on the other hand, the
possibility of a small amount of reaction cannot be excluded between the
slag grains and increased calcium hydroxide content produced by the
hydration of cement, considering this high level of slag replacement
[20,21].

The hump after the second aluminate reaction peak could be
distinguished from mixtures containing slag and quartz. This peak cor-
responds to the pozzolanic reaction between slag and Ca(OH)s, liberated
from the hydration of cement, when a sufficient amount of Ca(OH), and
alkalinity was reached. Moreover, continuous transformation of ettrin-
gite (AFt) to calcium monosulfoaluminate (Ms) was also included in this
hump in all blends.

The curves of total heat release deviate from each other after 1 day
(Fig. 4 (b)), indicating that slag starts to participate in the pozzolanic
reaction from there on. Although there is a slight difference of chemical
composition and fineness between commercial slag CS1 and CS2, the
heat evolution was almost the same at 7 days, which implies that the
same amount of reaction occured concerning these two blends. The
compressive strength values of these two commercial slags are almost
same at 7 days at about 30.0 MPa. It is also worthwhile to note that while
slag CS1 and SS had comparable chemical composition and fineness, a
significant difference in the total heat release (~70 J/g) at 7 days was
found between them, leading to a ~5.0 MPa less compressive strength
reached by synthetic slag SS. Actually, it is the sulfur content of slag that
dominates the difference in total heat release after one day, and it will be
discussed in Part 3.5.

3.3.2. Bound water and portlandite

Bound water (BW) is assumed to be the water chemically fixed in the
hydrated phases and often referred to as non-evaporable water.
Commonly it is bound in hydrates in the form of e.g. C-S(A)-H, AFt,
AFm-phase (mainly Ms), hydrotalcite-like phase (Ht), portlandite. It
accounts for most of the water in C-S(A)-H gel, which is of particular
interest owing to its contribution to strength development. The bound
water content is an index of hydration degree to some extent, however, it

cannot be taken as the overall degree of hydration directly as different
hydrates contain different amounts of water which can be decomposed
at different temperatures, especially for blended cement. When there is
an overlap in the decomposition temperature of hydrates, it is difficult to
distinguish from which hydrate the water comes from.

The bound water content as calculated from a TGA graph and cor-
rected for the water bound in portlandite is present in Fig. 5 (a) ac-
cording to the following formula:

BW = (WSO - WSSU - WHZOCH

> x 100%
Wsso

with W5y = sample weight at 50 °C, Wsso = sample weight at 550 °C and
Wh,ocu = mass loss from dehydroxylation of portlandite by tangent
method. It is found that the bound water content of all these blends show
an increasing trend with time, and the amount among CS1, CS2 and SS is
comparable up to 3 months, of which cement-slag CS2 binds the most
water.

Fig. 5 (b) depicts the amount of portlandite produced in blend with
time. It is estimated based on the weight loss between 400 °C and 500 °C
from TGA due to the dehydroxylation of Ca(OH), through tangent
method. The portlandite content remained in cement-slag blend could
also be regarded as an index of hydration degree, indicating the extent of
pozzolanic reaction between slag and Ca(OH)s. The portlandite content
in cement-slag blend decreases from 7 days to 3 months, suggesting the
progress of pozzolanic reaction. Actually, the difference of portlandite
content among three slags was too small to differentiate them.
Conversely, the amount of portlandite increases until 3 months in
cement-quartz blend without consumption by slag. Taking cement-
quartz as a reference, it was calculated that about half of the por-
tlandite liberated from cement hydration was consumed by the pozzo-
lanic activity after 7 days and about two-thirds after 3 months, of which
slag CS1 consumes the most portlandite.

3.4. Hydration products

TGA result of the cement-slag system is shown in Fig. 6. The main
hydrates formed in these blends were the same, and the cumulative mass
loss of the CS samples was comparable to each other. The mass loss
between 400 and 500 °C arose from the dehydroxylation of portlandite.
Although the peaks for AFt and C-S(A)-H were overlapped at
100-150 °C, their precise deconvolution was possible. The shoulder at
~200 °C and the hump at ~300 °C implied the presence of Ms. Ht could
also be detected with a distinct peak located at approximately 350 °C.

X-ray diffractograms in Fig. 7 reveal the presence of portlandite and
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unhydrated C3S and C5S in the cement-slag mixtures at specific ages. For
C-S(A)-H, the main peaks were located at around (26 =) 30°, which was
very difficult to distinguish from that of C3S. As shown in Fig. 7 (a) and
(b), the peak intensity of portlandite decreases from 7 days to 3 months
as a result of pozzolanic activity. The transformation from AFt to Ms
proceeds continuously with hydration, and Ms starts to dominate as
early as from 7 days on (Fig. 7 (c)). The peak for Ht was more visible

while it becomes negligible for AFt after 3 months. It should also be
noted that there is AFm solid solution (AFmg) of hemicarbonate and
OH™ substituted monosulfate as detected by XRD [22], and it is more
likely to be AFm-OH phase. For one thing, there was no carbonate phase
involved in the system, and for another, the peak intensity of AFmg
varied consistently with portlandite content in the system with time.
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3.5. Microstructure

3.5.1. Pore structure of the paste samples

Findings of mercury intrusion porosimetry (MIP) on the paste sam-
ples after 7 days and 3 months of curing are shown in Fig. 8. Results
show that the hydration products of the pozzolanic reaction between
calcium hydroxide and slag further refined and densifed the pore
structure, which is illustrated in Fig. 8 (a) and (b). At 7 days, mixtures of
commercial slag CS1 and CS2 presented a relatively finer critical pore
diameter than that of synthetic slag SS, however, the pore size distri-
bution and total porosity for these three cement-slag blends were almost
identical, irrespective of the origin and fineness after 3 months of curing.

3.5.2. Sem-BSE

Fig. 9 shows typical BSE micrographs of cement-slag CS1 and
cement-SS blends after 3 months of curing. A close mixture of unhy-
drated cement and slag grains, hydrated phases and pores were observed
as the main phases forming the microstructure. Unhydrated cement
grains (e.g. circle 1) were observed even after 3 months. Only a few AFt
clusters were observed, while monosulfate exists as widespread, fine and
compact clusters intermixed with C-S(A)-H (circled and labelled 2)
[23]. Hydration rim in the slag particles indicated slow hydration even
after 3 months. On the other hand, after 3 months of curing, hydrated
phases were observed as precipitates circumscribing the unhydrated slag
particles.

3.5.3. Chemical composition of matrix

Hydration products in the matrix and the hydration rims of unhy-
drated cement and slag particles were characterized by SEM-EDS
microanalysis with internal standard (standardless microanalysis). It is
worthwhile to mention that the accelerating voltage used for matrix
analysis is 15 kV under high vacuum condition, and to eliminate the
interference from matrix nearby, 8 kV is employed for slag rim analysis.
The determined atomic ratios of Al/Ca against Si/Ca are presented in
Fig. 10 showing the change in chemical composition of C-S(A)-H phase
as a function of time. Additionally, the Ca/Si and Al/Si ratios were
calculated and summarized in Table 4, similar to the works of [24-25].

The Ca/Si atomic ratio in all blends remains to be constant over time
with a value fluctuating at around 1.25 while the change of Al/Si atomic
ratio appears to be complicated. In the case of SS blend, the Al/Si atomic
ratio was shown to be approximately unchanged irrespective of curing
time, with a value close to 0.10. However, in slag CS1 and CS2 blends,
the Al/Si ratio was higher especially at 7 days, and it decreases slightly
after 3 months of curing. The higher Al/Si ratio seems to be related to the
extra sulfur content in commercial slag blends, the release of which
accompanied by the dissolution of slag attracts more aluminum into
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matrix at early age. All in all, the Ca/Si and Al/Si ratios measured in
these mixtures were consistent with those found in [26-28], where the
massive incorporation of slag into cement leads to C-S(A)-H with a
lower Ca/Si and higher Al/Si atomic ratio was ultimately formed.

The atomic ratio of S/Ca versus Al/Ca in cement-slag CS1 and SS
mixtures shown in Fig. 11 illustrates that the hydrated assemblages of
the matrix at investigated age was dominated by C-S(A)-H and Ms. At
7 days, the S/Ca ratio of the matrix of CS1 was higher than that of SS,
whereas the difference between them becomes negligible at 3 months.
The higher S/Ca ratio after 7 days in CS1 highlights the contribution
from sulfur in commercial slag. It is also confirmed by the calorimetric
measurement (Fig. 4 (b)) where more heat was released by the CS1 and
CS2 blends after 1 day and the difference was apparent until 7 days.
Moreover, it should be noted that higher Al/Si ratio observed in CS1 and
CS2 matrices at 7 days (Fig. 10 (a) and Table 4 was also associated with
the liberation of sulfur from slag, which promoted the release of
aluminum from slag into matrix.

3.5.4. Chemical composition of slag hydration rim

Hydrotalcite-like phase is the main precipitation from the hydration
of slag, where the Mg/Al ratio is close to 2 [27,29]. Mg/Al atomic ratio
was obtained from the slope of the line of best fitting when plotting Mg/
Si against Al/Si. Fig. 12 (a) shows that the rim around unhydrated slag
particle in cement-slag SS blend is very apparent after 3 months. It is
noted that the Mg/Al ratio of the slag rim is a little higher in cement-slag
CS1 blend of 2.12 than that in cement-slag SS blend of 1.56. Here it is
worthwhile to mention that 8 kV was employed for point analysis in slag
rim. In fact, the rim of slag is not thick enough after 3 months of curing to
get rid of interference from the unhydrated slag particle and the sur-
rounding matrix totally. If a higher accelerated voltage is used, the
interaction volume will be larger, and there is certainly more contami-
nations from the surrounding in the results. Moreover, one needs to keep
in mind that hydrotalcite-like phase is distributed unevenly in the rim,
similar to the Liesegang phenomenon of rhythmic precipitation when
containing two or more diffusion species which can react together after
reaching a critical supersaturation [30-32].

3.6. The effect of sulfur in slag

European Standard EN 15167-1 requires that the sulfide and sulfate
contents in slag should be <2.0% and 2.5% respectively. The main
concern is the delayed formation of ettringite when exceeding this
certain amount. Also, doubts were being expressed that whether the
sulfide content of slag would promote reinforcement corrosion. Thus, to
understand the effect of sulfur from slag on the hydration evolution
specifically, model C3S-slag CS1 and SS systems were employed. C3S, the
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Fig. 9. Microstructure of cement-slag (a) CS1 and (b) SS paste after 3 months of mixing. 1: Unhydrated cement grain; 2: fine and compact crystal of monosulfate.
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Table 4
Changes in Ca/Si and Al/Si ratios of C-S(A)-H phase, and Mg/Al of hydrotalcite
phase.

7 days 3 months
Cs1 Ca/Si ~1.25 ~1.21
Al/Si ~0.15 ~0.11
Mg/Al - ~2.12
CS2 Ca/Si ~1.19 ~1.23
Al/Si ~0.17 ~0.16
Mg/Al - ~2.08
SS Ca/Si ~1.25 ~1.28
Al/si ~0.10 ~0.11
Mg/Al - ~1.56

main constituent of cement, was mixed with slag to simplify the chem-
ical composition of mixture and reduce the interference from other
components. No other source of sulfur, such as sulfate originated from
gypsum, was introduced into the system except for the existence of
sulfur rich species in slag.

3.6.1. Heat of hydration

As shown in Fig. 13, it was found that the sulfur incorporated in slag
plays a key role on the hydration of C3S-slag blend. On the one hand, the
dormant period ends a little earlier in C3S-CS1 blend paste (Fig. 13 (a)).
It is well recognized that AI*" ions have a perturbing effect on the
reactivity of silicates [33-37] depending mainly on the concentration of
aluminate and pH of the solution [35-37]. AlI*" ion adsorbed on the
reactive site of C3S seems to be removed by SO* ion sourcing from sulfur

incorporated in slag CS1 immediately, thus shortening the induction
period. On the other hand, there is a small decrease of the intensity of
main hydration peak for the C3S-SS blend. Moreover, a hump (labelled
A) occurs in CgS-slag CS1 blend after 1 day (Fig. 13 (a)), indicative of
secondary reaction between Al** ion and SO* ion sourcing from sulfur
incorporated in slag CS1. It was also confirmed by the total heat release
shown in Fig. 13 (b), ~50 J/(g C3S) more heat was released by the C3S-
CS1 blend than that of the C3S-SS blend.

3.6.2. Hydration products

XRD scan focused on 8-13° (20) reveals the presence of Ht in the C3S-
CS1 and the C3S-SS blends (Fig. 14, whose peak was increasingly visible
with time. A distinct peak between 10 and 11° occurs in the mixture of
C3S-CS1 after 3 months of curing. As mentioned earlier, it implies the
existence of AFm solid solution (AFmg) of hemicarbonate and OH™
substituted monosulfate. It also demonstrates that the sulfur contained
in the CS1 grains participates in the formation of AFm-SO4 phase
eventually. The amount of sulfur released by slag was very small at the
beginning, proved by the low hump in the calorimetric measurements
and no apparent peak in XRD pattern after 7 days in C3S-CS1 blend.
Hemicarbonate originates probably due to the carbonation of AFm-SO4
phases during sample preparation. Furthermore, there was no peak
indicating the presence of an AFm-phase in the hydrated C3S-SS system.

The atomic ratio of S/Ca against Al/Ca of the matrix in C3S-CS1
blend was shown in Fig. 15 (The atomic ratio of S/Ca against Al/Ca of
the matrix in C3S-slag SS blend is not shown here as S/Ca ratio of it
equals to 0 approximately.). It illustrates that the hydrated assemblages
of the matrix at investigated ages were dominated by C-S-H and Ms. The
S/Ca ratio of matrix in slag CS1 blend after 3 months of curing was



Y. Zhang et al.

0,35

0,30 4

0,25

0,20

k-

Det: CIS: M

Fig. 11.

e CS1_7d
® SS 7d
7N

cge
-
/’ ®dise
e i Y
". ) O.o
/’ [} [ J
e
g % °
°
LI
® o® °
e .'.' .. ° o ©
o *
é o° o
T T T
0,3 0,4 0,5 0,6
Al/Ca

S/Ca

Construction and Building Materials 316 (2022) 125266

0,35
® CS1_3m
® SS_3m
0,30 ®
Ve ~N
0,25 L -9 o
N
.7 e® MNs
- e
0,20 .- o°,°
, o o
“ °
0,15 1 e O o
// [_J [ [ ] °
0,10 - %° S
% o ? ° o o °
0054 ¢ /zS '.° ’.. o o
o ° °
A8 st ¢ -
0,0\0-
8,0" 0,1 0,3 0,4 0,5 0,6
Al/Ca

Atomic ratio of S/Ca against Al/Ca of cement-slag system after (a) 7 days and (b) 3 months of curing.

Rim of slag particle

(a)

Al/Si

(b)

Fig. 12. (a) A typical hydration rim of an unhydrated slag particle from cement-slag SS blend; and (b) Atomic ratio of Mg/Si against Al/Si of cement-slag system after

3 months of curing.

0,020 =
—_ (a) \;SS
0
I
o
2 0,015
2
2
o
=
8 0,010
e
he)
[0}
N
©
E 00054 A
o
© /

0,000 ; T : : T T

0 1 2 3 4 5 6 7
Time (day)
Fig. 13

Normalized heat (J/g C;S)

700

600

500

400

300

200

100

(b)

—— CS1
——SS

3 4 5 6 7
Time (day)

. (a) Heat flow and (b) total heat release as a function of time in calorimetric measurement for C3S-slag CS1 and SS system.



Y. Zhang et al.

Construction and Building Materials 316 (2022) 125266

(a) AFmg  Ht

"

[

.

A - ;
RV VAN / ~

NN s S NNV K| SN \

CS1_3m

e VasmNION

N

| . CS1._7¢

(b) H

e AV a

. ss_7d

8 9 0 11 12 13
26 (°)

8 9 0 11 12 13
26 (°)

Fig. 14. XRD patterns from 8 to 13° (20) of (a) C3S-slag CS1 and (b) C3S-slag SS blends highlight the presence of Ht and AFm-phase. Ht: hydrotalcite; AFmg: solid

solution of hemicarbonate and OH™ substituted monosulfate.

0,30
® (C,S-slag CS1_7d
® C,;S-slag CS1_3m RN
0,25 | te" )
X g Ms
1
7
0,20 ’
4
7
4
® ,
© 0,15 .7 .
n -
7
4
7
0,10 4 e
e Mixture of Ms and C-S-H
4 ——
0,05 - Z--7 %0
,%/ 4 ;/ \. .. \%
, 9.6 . e o®
— -
oo o0 B8 . .
6,0 0,1 0,2 0,3 0,4 0,5 0,6
Al/Ca

Fig. 15. The atomic ratio of S/Ca against Al/Ca of the matrix in C3S-slag CS1
blend after 7 days and 3 months of curing.

slightly higher than that after 7 days, suggesting more sulfur was
released by slag CS1 and it was involved in the formation of hydrates in
the matrix.

4. Thermodynamic modelling

Thermodynamic modelling was also carried out to investigate the
effect of sulfur content of slag on the hydration characteristics using the
Gibbs free energy minimization software GEMS [38-39] with thermo-
dynamic data from the PSI-GEMS [40-41] supplemented by cement
specific data [42-43]. The calcium-alkali aluminosilicate hydrate ideal
solid solution model (CNASH_ss) proposed by Myers et al. [44] was
employed to describe the C—(N-)A-S-H gel in the studied systems,
which was able to account for the incorporation of elements other than
Ca, Si, H and O into the structure of C-S-H gel. MA-OH-LDH _ss con-
taining three end-members with Mg/Al ratios of 2, 3 and 4 reformulated

into an ideal solid solution [45] was employed to perform the modelling
of hydrotalcite-like solid solution series. The mixing proportion and
chemical composition of CEM I and CS1 as reported in Table 1 were used
as input data. For simplicity, some assumptions were introduced. For
example, reactants of different degrees of hydration were assumed, and
it was postulated that slag dissolves congruently.

The reaction degree of clinker phases of cement as a function of time
was estimated using the empirical kinetic approach of Parrot and Killoh
[46], and the parameters were given elsewhere in [47]. Logistic function
was selected and used to fit the 7 days normalized heat difference be-
tween cement-slag and cement-quartz blends, and extrapolated until
3 months to calculate the hydration degree of slag.

Thermodynamic modelling of the hydrate assemblages as a function
of sulfur content incorporated in CS1 in cement-slag systems is displayed
Fig. 16. It is found that more Ms will form with the gradual increase of
sulfur content in slag with the consumption of stratlingite and
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Fig. 16. Hydration products of (a) cement and (b) C3S-slag systems according
to the thermodynamic modelling after 3 months of curing.
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portlandite according to the following equation 1. It is consistent with
experiment results shown in Fig. 5, compared with cement-slag SS
mixture, less portlandite and more bound water was observed in cement-
slag CS1 blend, which could be ascribed to the addition of sulfur species
in slag CS1. The SiO3% ion produced was adsorbed and responsible for
the very small increase in the mass of C-S(A)-H. Moreover, the amounts
of Ht and pore solution in the binder seem to be unaffected by the
variation of sulfur content of slag.

CapAl;SiO2(OH) 9-3H,0 + 2Ca(OH); + SO,4% + 2H,0 — CagAly(SOy)

(OH)12-6H,0 + Si03> 6

In the model, the absorption of SO42' by C-S(A)-H was not taken into
consideration. It was found through the modelling that all sulfur
released from slag contribute to the formation of Ms. Unlike aluminum
which is incorporated in the compound structure of the C-S-H, zeta
potential experiment on C-S-H demonstrated that sulfate is adsorbed on
the surface of C-S-H, and could easily be desorbed when the sulfate
concentration in pore solution drops [48].

5. Conclusions

The paper evaluates the reliability of synthetic slag produced in the
laboratory used to simulate the granulated blast furnace slag employed
in the cement industry and specifies the role of sulfur in slag on the
hydration process. The findings of this study lead to the following
conclusions:

e The origin of slag has very few impact on the hydration process of
cement-slag system when parameters such as chemical composition
and amorphous content are kept the same.

Regarding the compressive strength development of slag cement
paste, synthetic slag SS performs comparably to commercial slag at
1 day, and from then on, a lower compressive strength is reached by
it compared with that of commercial slag until 28 days.

The sulfur in slag starts to participate in hydration already after one
day and it dominates the difference of heat release according to the
calorimetric measurements, consistent with the result of compressive
strength test. Sulfur affects the pore structure and element compo-
sition of the matrix at 7 days significantly, and higher Al/Si and S/Ca
ratios detected in cement-CS1 and cement-CS2 blends can be
attributed to the activity of sulfur in slag. However, the effect be-
comes negligible at 3 months.

The simulation results of the C3S-slag model paste confirms partici-
pation of sulfur in the hydration reactions after 1 day and involves
into the formation of AFm-SO4 phase eventually.

Thermodynamic modelling shows that more Ms will precipitate with
the gradual increase of sulfur content in slag at the expense of
stratlingite and portlandite consumption. The amounts of Ht and
pore solution in the binder are unaffected by the variation of sulfur
content of slag.
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