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Abstract

This paper proposes that Ca>* in steel slag (SS) has a weak early hydration activity when SS and granulated blast-furnace slag
(GBFS) are used as alkali-activated cementitious materials. Herein, alkaline activators and Ca(OH), are used as indicators
of Ca?* reaction in the SS and GBFS system. It is found that the 28-day compressive strength of the cementitious material
with 2 wt% Ca(OH), addition increased by 25.9% compared with the blank. Hydration products and microstructures were
characterized by XRD, SEM/EDS, FTIR and TG/DTA. Results show that the addition of Ca(OH), increased the content
of active calcium ions in the reaction system, which promotes the reaction and the formation of C—S—H gel, resulting in an
enhanced compressive strength ultimately. It can be also concluded that SS is not suitable as a sole precursor for the produc-
tion of building materials on a large scale due to the weak early activity of Ca** in SS.
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Introduction

Steel slag (SS) is an industry waste produced in the process
of iron smelting. In China, the amount of SS is about 80
million tons (Wu et al. 1999; Li et al. 2011). The accumula-
tion of SS results in serious environmental problems and
social concerns (Huang et al. 2016). In this sense, the utili-
zation of SS needs to be explored urgently (Li et al. 2013).
Currently, steel slag is mainly used as road construction
materials, building materials, agricultural fertilizers, etc.
Most researchers are interested in the utilization of industry
waste into construction field (Motz and Jens 2001; Altun
and Yilmaz 2002; Shi and Qian 2000). The utilization of
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SS in construction is an important way to reuse this waste
as a high-value product, which will be able to bring huge
economic benefits and reduce the cost of building materials.
Further researches on the reaction mechanism of steel slag
can improve the utilization rate of steel slag and reduce its
environmental impacts. SS can be also used as a granular
material in road base or subbase, which is another promis-
ing approach widely used in Europe (Netinger et al. 2011)
for the several reasons: (1) a large amount of SS can be used
without constraint conditions, (2) the process for granular
use is economically of technically mature, sound and simple,
and (3) the attention on long-term stability under uncon-
strained conditions is less (Ivanka et al. 2016).

However, the use of SS has not been widely investigated
as a precursor material for building materials. The most crit-
ical problems of the SS utilization as a building material are
the volume instability and poor activity (Wang et al. 2010).
During the molten iron processing, fluxes consisting of lime
can easily enter into the furnace, which contains a certain
amount of free lime (f-CaO) in SS and will finally result in
volume expansion (Chen et al. 2015; Ahmedzade and Sen-
goz 2009). The free lime (f-CaO) present in the steel slag
can react with water to form Ca(OH),, resulting in a volume
expansion of 100%. This is considered to be the essence of
the volume expansion of the steel slag (Wang et al. 2010;
Wang 2016).
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In order to enlarge the feasibility of SS utilization, many
studies were conducted on how to deal with the weak activ-
ity of Ca** of SS (Wang et al. 2010; Ameri and Behnood
2012; Li et al. 2010). One common methodology is SS aging
over a specified period under the normal circumstances.
However, the drawback of this aging method is that the pro-
cedure will be time-consuming. According to the regula-
tions in Belgium and in the Netherlands, the qualified SS
used in unbounded base layers of pavement will take one
year for aging process. To reduce the aging time, steam SS
aging method is developed in Japan (Ivanka et al. 2016).
In this approach, the best condition to accelerate SS aging
is that the steel slag is exposed to a pressure of 0.5 MPa
for 3 h. Result shows that the volumetric change of SS is
reduced dramatically. To further broaden the utilization SS,
some researchers have currently applied SS to concrete and
cementitious system as a mineral admixture (Collins and
Sanjayan 1999; Hu et al. 2006; Peng et al. 2010; Rosales
et al. 2017). It is explained that the hydration activity of SS
can be improved by raising the fineness of its particles, the
curing temperature and the pH value of hydration condition
(Han et al. 2015).

Fig. 1 Reaction process and
products of calcium alumino-
silicate precursors with different
calcium content under alkaline
conditions (Provis and Bernal
2014)

The alkaline activation reaction products of solid alu-
minosilicate precursors are discussed, as shown in Fig. 1
(Provis and Bernal 2014). As for the low-calcium systems,
the main binding phase has been observed to be amorphous
(such as low-calcium fly ash and metakaolin) N-A—-S-H (N
refers to monovalent cations such as K™ and Na%t) (Provis
and Bernal 2014; Némecek et al. 2011; Smilauer et al. 201 1.
Amorphous N-A—S-H gel has similar chemical properties
to natural zeolite (Li et al. 2010; Fernandez-Jiménez et al.
2005). K™ and Na* are embedded into the three-dimensional
network frame structure space in the form of a balanced the
charge of the phase to form a long disordered three-dimen-
sional network zeolite structure (N-A-S—H) (Rovnanik
2010; Barbosa et al. 2000). An increased Ca/(Al+ Si) ratio
can promote the formation of C—A—S—H (such as slag, etc.)
(Walkley et al. 2016; Nikoli¢ et al. 2014; Kumar et al. 2010).
It has been found that during the reaction, when Al forms a
tetracoordinated [A10,]°~ tetrahedron, a positive potential
compensation is required; then, Ca>* can compensate for two
[AlO,]~ tetrahedrons at the same time, so that the polymer
is more tightly connected. It is believed that if sufficient
calcium is added to a geopolymeric system, a C—S—H-based
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Table 1 Chemical compos.itions Component SiO, CaO Al O, Fe,0; MgO MnO SO, Loss
of raw materials (mass ratio, * * ;
wt/%) ss 20.36 4221 5.6 22.73 5.17 2.66 0.04 1.23
GBFS 3391 39.45 14.09 1.81 8.99 0.12 0.24 1.4
v CaAlMgSiO, . +CS
| . « CS
V CAF
% Calcite
a RO phase
»
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j N
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20 20/°
Fig.2 XRD pattern of GBFS Fig.3 XRD pattern of SS
Table 2 Phase composition of SS and GBFS (mass ratio, wt/%)
cementitious ma'terlal may form 1nstzead (N'Ilj.arsh .et al. Phase SS GBFES
2015). However, if large amount of Ca** participate in the
reaction too late, it will be present in the final productina  ®-C,S (Alpha-2Ca0O-SiO,) 3.6 -
free state, which is not conducive to the polymerization of  B-C,S(Beta-2Ca0-Si0,) 9.6 -
aluminosilicate. 7-C,S (Gamma-2Ca0-Si0,) 9.4 -
Herein, alkaline activator and Ca(OH), are used for ~ C5S (3Ca0-Si0,) 393 -
the first time as a reaction indicator of Ca’* in SS—GBFS  C,AF (4Ca0-Al,05-Fe,05) 20.8 -
system in this research, and different amounts of Ca(OH),  Calcite (CaCO;) 8.8 -
were added into SS-GBFS system to investigate the early ~ Mn;O, 3.2 -
hydration of activity of Ca** in SS of SS—GBFS system. It  Periclase (MgO) 0.5 -
provides a theoretical basis on the utilization of SS. XRD,  Wauestite (FeO) 4.3 -
SEM, FTIR and TG-DTA were used in order to investigate ~ Akermanite (2Ca0-MgO-25i0,) - 10.34
the hydration products and microstructure of the test block. ~ Gehlenite (2Ca0-AlL05-5i0,) - 8.26
Amorphous - 81.4

Experimental
Materials and characterizations

GBFS and SS from Huaiyin Iron & steel company (Huaiyin,
PR China) were selected as raw materials in this study. The
chemical compositions of the feedstocks are tested by X-ray
fluorescence (XRF) spectroscopy, as presented in Table 1.
The mineralogy of GBFS and SS is presented in Figs. 2 and
3, respectively. The XRD pattern of GBFS shows that GBFS
is mostly composed of amorphous phases with minor peaks
of crystalline mineral (Singh and Singh 2019). Figure 3

exhibits the XRD of SS and its main mineral components
are C,S, C;S, C,AF, calcite and CaO-FeO-MnO-MgO
solid solution (RO phase). The phase composition of SS
and GBFS was calculated by external standard method, and
the results are shown in Table 2.

The density of GBFS is 2.62 g/cm?, and the specific sur-
face area is 276 m?/kg determined using the Blaine specific
surface area meter. The density and specific surface area
of the SS are 3.24 g/cm? and 411 m?%/kg, respectively. The
basicity coefficient of the SS is 2.58, and the stability is
qualified. Particle size distribution of GBES and SS is shown

@ Springer



4404

Chemical Papers (2020) 74:4401-4410

in Fig. 4. Water glass (WS) was supplied by Gulf Group Co.,
Ltd., Qingdao, China, and it contains 64% water with a SiO,/
Na,O ratio of 3.3. Sodium hydroxide with purity of around
98% was purchased from Jiangsu Tongsheng Co., Ltd.
(Wuxi, China) for regulating the modulus of sodium silicate
solution. Calcium hydroxide (analytical grade,>98%) was
purchased from Damao Chemical Reagent Factory, Tianjin,
China. Distilled water was used throughout the experiments
(Fig. 4).

Samples preparation

The alkali activator (SiO,/Na,O = 1.4) was made by mix-
ing water glass solution (SiO,/Na,O =3.3) with sodium
hydroxide (with 98% purity) in a mass ratio of 6.8. The
alkali activator solution was sealed at room temperature
for 24 h. Then, GBFS and SS with mass ratio 6/4 were
taken into a vortex mixer and stirred for 5 min. Subse-
quently, alkali activator solution was poured into the
vortex mixer. The mixture was initially mixed for 2 min
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Fig. 4 Particle size distribution of the used GBFS and SS
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slowly, stopped for 15 s and then stirred quickly for 2 min.
After that, the paste was poured into cube specimens of
size 20 mm X 20 mm X 20 mm and sealed to prevent any
moisture loss. After 24 h, the specimens were demoulded
and placed in laboratory conditions at a temperature of
2042 °C and relative humidity of 90 + 2% before testing.
The specimens were cured for 3, 7 and 28 days before
testing. After the specified aging, specimens were put
into small bottles containing anhydrous ethanol to stop
hydration for 5 h and then placed in a vacuum drying oven
(Yang et al. 2018) (Table 3).

Analysis technique

Thermometric TAM air was selected to determine the rate
of hydration heat liberation and cumulative heat of the mix-
tures. About 5 g of premixed fresh pastes was poured into a
flask. The flasks were then sealed and placed into the calo-
rimeter until the calorimeter was stable. The mixture was
mechanically stirred for approximately 1 min, and then the
heat evolution was measured during 5 h for the entirety of
the hydration process (Hu et al. 2018; Gao et al. 2015¢).

20 mm X 20 mm X 20 mm cubes were prepared and
tested at the duration of 3 days, 7 days and 28 days,
respectively. The compressive strength of each sample was
obtained from the average value of six specimens.

The mineral composition of the samples was analyzed
by XRD. After being dried for 24 h in a vacuum drying
oven, the samples were cracked and ground into fine pow-
ders of 20 pm for the analysis of XRD. The X-ray dif-
fraction patterns were recorded on a DX-2700 automated
diffractometer using Cu-Ka radiation. The tests were run
in a 260 range of 20°-70° at a scanning rate of 5°/min.

Scanning electron microscopy (SEM) (Model Nano
SEMA450, Hitachi Co., Japan) with energy-dispersive spec-
troscopy (EDS) and the accelerating voltage of the SEM/
EDS was maintained at 15 kV and the working distance
was maintained at 6.5 mm, which was used to observe the
morphology of the reaction products. The samples were
coated with gold to make them conductive before test (Xu
et al. 2019).

Table 3 Amounts of materials used in paste mixtures

Serial ~ SS/g  GBFS/g Alkali W/S ratio/%  Ca(OH),/wt%
number con-
tent/%
1 240 160 5.6 0.3 0
2 240 160 5.6 0.3 0.5
3 240 160 5.6 0.3 1.25
4 240 160 5.6 0.3 2
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FTIR analyses were operated on an infrared spectropho-
tometer (NICOLET, model NEXUS 670) in the range from
4000 to 400 cm™" and a resolution of 4 cm™.

The thermogravimetic analysis (TG-DTG) was conducted
on STA-449C at a heating rate of 10 °C/min in N, from 25
to 1000 °C, and the mass loss of the samples was recorded
(Abdel-Gawwad et al. 2019).

Results and discussion
Isothermal calorimetry

The calorimetric curve for the slurry is known to have five
distinctive periods: dissolution, dormancy, acceleration,
deceleration and steady state (Zhu et al. 2018). Figure 5a
and b shows the effects of different Ca(OH), contents on
hydration heat release rate and exothermic curve of the
mixture. The hydration process mainly exhibits two main
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Fig.5 Curves of hydration exothermic rate and cumulative heat of SS
and GBFS with different Ca(OH), content, respectively

hydration stages, and it is completed within 5 h. The first
hydration heat peak which happened during the first 30 min
possesses the exothermic peak caused by the wetting and
dissolution of SS and GBFS. Meanwhile, the second stage
indicates the periods of acceleration and deceleration, which
is associated with hydration products (C—(A)-S—H, etc.). It
is noteworthy to mention that the main product is C—-A—S—H
when GBFS is activated under relatively moderate alkaline
conditions (Bilim et al 2015; Fernandez-Jiménez 2000; Shi
et al. 2003). The second exothermic rate peak in Fig. 5a
shows that the higher the content of Ca(OH), is, the faster
the exothermic rate is. And the addition of 2% Ca(OH), can
make the heat evolution reach a maximum of 14.6 mW/g.
This is attributed to that the active Ca>* is provided by
Ca(OH),, which facilitates the formation of geopolymeric
gel, and thus released a lot of heat. It can also be seen from
Fig. 5a that exothermic reaction rate was accelerated with
an increasing dosage of Ca(OH),, and it can be explained
by the increase in alkali content which led to the acceler-
ated breaking of chemical bonds. Therefore, the heat release
rate became faster and the cumulative heat release rate was
higher with the increased incorporation of Ca(OH),.

Compressive strength

The compressive strength tests of 3 days, 7 days and 28 days
for the different Ca(OH), additions of mortars are shown
in Fig. 6. It is found that the compressive strength of the
slurry improves with the increase in Ca(OH), addition,
which exhibits more obviously when at later curing stages.
For example, the 28-day compressive strength of the speci-
mens with 2% Ca(OH), addition is 25.9% higher than the
blank, which is due to the highly reactive Ca>* provided
from Ca(OH),, and it promoted the hydration reaction.

I C_13d @4 74 077 284 7
80 |

Compress strength (MPa)

A Ca(OH), (Wt/%)

Fig.6 Compressive strength of different Ca(OH), content
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Meanwhile, Ca?* stimulated the formation of the silicate,
polyaluminosilicate network and the hardening of the matrix
phase, which promotes the development of strength. Further-
more, Ca(OH), can also be used as a nucleating matrix to
induce the growth of calcium silicate gels (Yip et al. 2008),
which also promotes the development of strength.

XRD results

Figure 7a, b shows XRD patterns of the slurry hydration
products at 3 days, 7 days and 28 days with the blank and
2% Ca(OH), addition, respectively. The main mineral com-
positions are calcite, C;S, C,S, mullite, RO phase, calcium
silicide aluminum and sodium calcium silicide (Pacheco-
Torgal 2015). In Fig. 7a, the diffraction peak at around 27°
of calcium silicide aluminum at 7 days is more obvious than
3 days, indicating that with the progress of reaction, a large
amount of calcium silicide aluminum precipitates and there

(a)

¢ Calicite & C.S ¢ CAS

.o, v SCS *CS & Mullite
* RO phase

(b)
0 Calicite #C,S o CAS
0 v SCS *CS A Mullite
F e s * RO phase

Fig.7 X-ray diffraction patterns of a samples with the blank and b
samples with 2% Ca(OH),
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is no enough time to be consumed. However, this peak dis-
appeared at 28-day sample, implying that most of calcium
silicide aluminum has been transformed into calc-silicate
and silicoaluminate gels, which is in high agreement with
the diffraction peaks between 30° and 35°. Calcium silicide
aluminum and sodium calcium aluminum are not precipi-
tated in large amounts. At 28 days, it is well observed that
the peaks are weakened, indicating that they have been con-
sumed, resulting in the generation of large amount of calc-
silicate and silicoaluminate gels. In addition, a small amount
of sodium-based zeolite (N—-A—S—-H) is formed (Singh and
Subramaniam 2017). It can also be seen from Fig. 7a that
more and more calcite is produced with the prolonged curing
age. Many mineral-enhanced phases such as C,S, C;S and
mullite are also shown in the figure. For the sample with the
addition of 2% Ca(OH),, the intensity of the peak at around
30° is enhanced obviously, which means that structure of
C-S—H gel moves toward more regular structure. The peak
at around 27° of calcium silicide aluminum is only present
in 3 days and 7 days; while the peak at 30° and 35° has been
weak, calcite diffraction peak has been strong all the time.
Therefore, the addition of Ca(OH), promotes the formation
of reaction products in the whole system and the increase
of Ca/Si ratio, which is beneficial to the formation of calc-
silicate gels.

SEM analysis

Figure 8 shows the microstructures of the cementitious
material with the blank (a and b) and Ca(OH), of 2% (c
and d) hydrated for 3 days and 28 days. It can be seen from
Fig. 8a that the flocculent gels were produced by hydration
of the cementitious material at 3 days. From the EDS spec-
trum, the main products are C—A-S—-H and C-S-H, which
agrees well with XRD results. However, due to the exist-
ence of a large number of unhydrated SS and GBFS parti-
cles, the structure is relatively loose. Figure 8b shows the
microstructure of 28-day hydration product of the blank. It
demonstrates a plate-like structure which is obviously denser
than hydration products in Fig. 8a. EDS spectrum shows
that Na, Al, Si and Ca peaks are much stronger than those
at 3 days, indicating that more hydration products including
C-A-S—H are formed at 28 days, and the hydration pro-
cess is more complete. Thus, the more gelatinous hydration
products were generated, the denser the microstructure was.
Compared with Fig. 8a, a dense plate-like hydration struc-
ture is formed in Fig. 8c, indicating that the addition of 2%
Ca(OH), promoted the reaction and compacted the micro-
structure. Figure 8d shows the hydration product mixed with
2% Ca(OH), at the age of 28 days. The matrix is compact
and consolidated as a whole, which is much denser than in
Fig. 8b (Wang et al. 2019; Yang et al. 2012; Liu et al. 2019).
From the EDS spectrum, it is found that the Ca peak is
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Fig.8 ESEM micrographs (magnification of 2500%) of SS and GBFS system at the age of 3 (left) and 28 days (right): a, b showing 0%

Ca(OH), at 3 and 28 days; followed by 2% Ca(OH), (c, d)

enhanced while Na and Al peaks become weaker, indicating
that after the addition of Ca(OH),, the extra Ca’* appears to
reduce the formation of sodium-based zeolitic phases, lead-
ing to an increase in the C—S—H gel and enhanced strength of
the reaction system. The SEM observations agree well with
compressive strength results. EDS shows that the hydration
products were mainly C—S—H gel in the sample group (c)
and (d) with 2% Ca(OH),, while the hydration products in
the sample group (a) and (b) with the blank were mainly
C-A-S-H gel. It can be seen that the Ca®* of the SS does
not participate in the reaction in this system, which indicates
that the SS does not react as a blending material.

Fourier transform infrared spectroscopy (FT-IR)

Figure 9a, b shows the FTIR spectra of the samples with
the blank and 2% Ca(OH), at curing age of 3, 7 and 28 days
(Angulo-Ramirez et al. 2017). The absorption bands near
3443 cm™!, 3446 cm™! and 3447 cm~! in Fig. 9a are the
asymmetric stretching vibration absorption bands of O-H
in gels. The absorption bands around 1633 cm™' and
1635 cm™! are the bending vibration absorption band of
O-H in C—(A)-S—H. An increase in the peak value was

well observed, indicating that the higher the hydration
degree of silicon aluminate ions and silicate ions in the
product and more C—(A)-S—H gel is generated. 1420 cm™"
and 1421 cm™! are the asymmetric stretching vibration
peaks of C—O, which are the characteristic peaks of calcite.
872 cm™!, 865 cm~! and 860 cm™! are associated with the
bending vibration peak of C—O and the asymmetric stretch-
ing vibration peak of Al-O. As the aging increases, the peak
decreases which is in the direction of Al-O and produced
by C—A—S—-H gel. The absorption band near 989 cm™~!,
987 cm™' and 986 cm™" is Si-O-T (T stands for Si or Al)
(Pasupathy et al. 2016; Gijbels et al. 2019). The peak value
decreases with time, indicating that Al replaces Si in C-S—-H
to construct C—A—S—H gel. The band at 458 cm™), 455 cm™!
and 456 cm™! is related to Si—O bending vibration peak and
asymmetric tensile vibration peak Al-O (Shi et al. 2018).
The decrease in the peak values indicates that the inten-
sity of Al-O band increases and the content of C-A-S-H
increases. In general, the main gel product in the hydration
sample is C—A—S—H, and some others including C—S-H and
calcite are also generated (Angulo-Ramirez et al. 2017). The
infrared absorption band of Fig. 9b is similar to (a), indicat-
ing that the main hydration products are mainly C—S—H,
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Fig.9 Fourier transform infrared spectra of a samples with the blank
and b samples with 2% Ca(OH),

C—A-S-H and calcite. However, the bending vibration peaks
of Si—O-T and C-O increase with prolonged aging time. The
absorption bands near 452 cm™!, 453 cm™! and 454 cm™!
also show the same trend. The increase in wavenumbers of
these band indicates that the degree of silicate polymeriza-
tion is higher after adding Ca(OH), and more C—-S—H gel
was formed, which agrees well with the result of SEM.

Thermogravimetric analysis (TGA)

The thermogravimetry results of blank sample and Ca(OH),
addition of 2% are presented in Fig. 10 (Walkley et al. 2016).
The high mass loss before 110 °C is attributed to the release of
physically bound water within the paste. The continuous mass
loss after 110 °C is assigned to the progressive decomposition
of hydrated calcium silicate gels and calcium aluminosilicate
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Fig. 10 TG/DTG analysis of a samples with the blank and b samples
with 2% Ca(OH),

gels (Gao et al. 2015b). Notably, a small weight loss can be
observed at 650700 °C, which might be caused by the decom-
position of CaCO; produced by carbonization of Ca(OH),
(Yang et al. 2019). After 700 °C, all mixtures have a slight
and continuous mass loss until 1000 °C. Thermogravimetric
analysis shows that the reaction products are mainly amor-
phous phases with bound water (Gao et al. 2015a ). As can
be seen from Fig. 10, the mass loss of the samples 28 days
doped with 2% Ca(OH), is 20.85%, while the mass loss of the
blank sample is 18.77%. The more significant loss of quality
after adding Ca(OH), indicates that more hydrated calcium
silicate gels were generated with the addition of Ca(OH),,
which is consistent with the SEM results. The higher amounts
of hydration products formed will definitely lead to a denser
microstructure, which is the major reason for the increase in
compressive strength (Gao et al. 2015a).
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Conclusions

1. When 2% Ca(OH), is added into the cementitious mate-
rial, the compressive strength of the 28-day cementitious
material increased by 25.9% compared with the blank
sample.

2. The incorporation of Ca(OH), promotes the hydration
reaction, accelerates the growth of C—S—H gel, and the
resultant microstructure is denser, thereby enhancing the
strength.

3. The hydration product of C-A-S—H (from blank) and
C-S-H (from 2% Ca(OH), addition) confirmed that steel
slag is not suitable as a sole precursor for the production
of building materials on a large scale due to the weak
early activity of Ca".
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