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Abstract

Enormous demand and production for cement and concrete lead to a sharp increase in carbon dioxide emissions, and
alternatives to cement are urgently needed to produce green cement and concrete. This paper is aimed at exploring the
feasibility of using steel slag (SS) and granulated blast furnace slag (GBFS) to prepare cementitious materials. Mineral
phases of SS are determined and observed by X-ray diffraction and backscattered electron microscopy. By measuring the
compressive strength of mortar samples, the composite effect of SS-GBFS is analyzed and compared. Results show that
SS can replace cement by 10%-30%, and the long-term strength of the prepared binary cementitious material is higher
than that of cement. SS and GBFS can replace up to 50% of the cement. The strength of SS-GBFA-C ternary cementitious

material is higher than that of SS-C, SS and GBFS promote mutually in cementitious materials.
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1 Introduction

Portland cement production is an energy-intensive con-
sumption process, and the cement industry accounts
for 5%-8% of global carbon dioxide emissions annually
[1-4]. The rapid development of China’s construction,
road and bridge construction industry leads to a great
demand for concrete and cement. China’s cement yield
has been ranked first in the world for exceeding 20 years
[5]; engineers and scientists have been searching for sec-
ondary raw materials that could substitute cement and
advance the properties of cement. On the one hand, to
reduce depletion of raw materials for cement production
is of major importance for the prospect of developing
sustainable construction materials and conserving natu-
ral resources. On the other hand, reducing the consump-
tions of heat and electricity to obtain these materials could
indirectly curtail carbon dioxide emissions [6].

In recent years, cement and concrete composites have
developed rapidly; cement mixtures containing different
kinds of supplementary cementitious materials (SCMs)
effectually reduce the dosage of cement powder. As stated
by [7-10], SCMs can be categorized into industrial wastes,
such as fly ash, silica fume, ground granulated blast fur-
nace slag, agriculture wastes and aquaculture wastes. The
application of SCMs in practical building materials shrinks
the use of cement and reduces the emission of carbon
dioxide.

Steel slag (SS) and granulated blast furnace slag (GBFS)
are by-products of the production process of iron and steel
industry, accounting for 30% of the total industrial by-
products in China [11]. The chemical and mineral compo-
sitions of SS and GBFS are approximating to cement, and
researches indicated that SS and GBFS could be used as
aggregates, SCMs and binder in the cement and concrete
industry [1]. GBFS has been widely used in cement and
concrete as SCMs. Nevertheless, the effective utilization
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rate of SS is low, only about 22%, because of its low hydra-
tion property and poor soundness [12]. The output of SS
accounts for 15-20% by mass of the total output of crude
steel [13]. The accumulation of SS not only is a waste of
resources, but also pollute to the environment [14, 15].

Reddy et al. [16] detected that the strength of water-
quenched SS as hydraulic cementitious materials is up to
42.7 MPa after 28 days. Papayianni and Anastasiou [17]
studied the replacement of cement with 30% SS and 50%
FA as cementitious materials, and the concrete made by
replacing some coarse aggregate with SS has higher com-
pressive strength (>70 MPa), higher abrasion resistance
and fracture toughness than ordinary cement concrete.
Sheen et al. [18] studied the properties of green concrete
obtained by replacing coarse aggregate and fine aggre-
gate with SS; results show that the compressive strength
of concrete made from 100% SS replacing fine aggregate
is higher than that of ordinary concrete.

The wide application and short supply of GBFS have
brought new challenges to the cement industry. On
the contrary, the low utilization rate of SS has not been
solved so far. In order to improve the utilization of SS and
reduce the load on the cement industry, this paper aimed
at mixing GBFS and SS to cement, preparing composite
cementitious materials. The interaction among SS, GBFS
and cement was studied by characterizing the hydration
properties of the material. At the same time, the effect of
raw material ratio on the mechanical properties of com-
posite cementitious materials is explored to determine the
optimal mixing ratio between SS and GBFS in cement.

2 Materials and methods
2.1 Materials

SS produced by Xinyu Iron And Steel Co. Ltd obtained by
crushing, removing iron, grinding and sifting has a den-
sity of 3.91 g/cm? and a specific surface area of 469 m?/kg.
Industrial-grade GBFS powder is of a density of 2.90 g/cm?
and a specific surface area of 354 m?/kg. Tap water and I1SO
standard sand were used to prepare mortar. Table 1 shows
the main chemical composition of C (cement), SS and GBFS
in this research.

2.2 Methods
2.2.1 Determination and observation of mineral phases

X-ray diffraction was used to determine the chemical and
mineral compositions of SS. Mineral phases of SS were
observed and identified by backscattered electron (BSE)
imaging technique and the element content of the sur-
face microregion was analyzed by energy-dispersive X-ray
spectroscopy (EDX). The surface morphology of SS-C after
hydration was analyzed by scanning electron microscope
(SEM). TG was used to analyze the hydration mechanism
of composite cementitious materials.

2.2.2 Strength test of mortar specimens

The proportion of SS and GBFS mixed with cement is
shown in Table 2. Mortar specimens were prepared in the
40 mm x40 mm x 160 mm mold. After molding, put into
standard constant temperature and humidity curing box
(YH-40B) for 24 h and then demold, curing at BWJ-1 auto-
matic cement curing water tank. Curing time was from
the time of specimen molding to the time of testing the
flexural and compressive strength, which was 3d, 7d and
28d, respectively, and the time error was less than 1 h. Dur-
ing the experiment, the temperature was controlled at
20°C+1 °C, the relative humidity was more than 50%, and
the humidity of standard curing box was more than 90%.

3 Results and discussion
3.1 Mineral phasein SS

Figure 1 shows the X-ray diffraction pattern of SS powder.
The results show that the minerals in SS mainly included
tricalcium silicate (C5S), ferroaluminum-calcium phase
(Ca,[Fe, Al],O5), calcium carbonate (CaCO;), RO phase
(MgO, FeO and MnO solid solution), free calcium oxide
(f-Ca0), calcium hydroxide (CH) and dicalcium silicate
(C,S). C;S and C,S in SS were the main sources of cementi-
tious properties. However, C;S and C,S in SS are formed
by melting at 1650 °C at high temperature, resulting in

Table 1 Chemical composition

. Raw materials
of raw materials

Mass percentage (%)

Si0, ALO, Fe,0, CaO MgO FeO Na,0O SO; f-CaO LOI
C 2178 517 049 6521 443 - 013 279 086 133
ss 1286 170 1309 5464 836 935 - - 239 17
GBFS 3198 1674 075 3849 1011 - - 193 043 022
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Table 2 Proportion of mortar

samples Samples Cement/% SS/% GBFS/% Samples Cement/% SS/% GBFS/%
SO 100 0 - S40G10 50 40 10
S10 90 10 - S35G15 50 35 15
S20 80 20 - S30G20 50 30 20
S30 70 30 - S25G25 50 25 25
S40 60 40 - S$20G30 50 20 30
S50 50 50 - S48G12 40 48 12
S60 40 60 - S42G18 40 42 18
$32G8 60 32 8 S36G24 40 36 24
$28G12 60 28 12 S30G30 40 30 30
S24G16 60 24 16 $24G36 40 24 36
$20G20 60 20 20
S16G24 60 16 24
1-C,S were mainly silicate including C;S and C,S, RO phase, fer-
2-C,8 roaluminum-calcium phase and free calcium oxide, which
3-RO was basically consistent with X-ray diffraction analysis as
4-C,F shown in Fig. 1. RO phase was generally considered to
5-Ca(OH), have no hydration activity [5], but accounts for 20-30%
Geade ab0; in SS, resulting in lower relative content of cementitious
;'icég active substances in SS than GBFS and cement. F-CaO is
-Lat A

Two-Theta(deg)

Fig. 1 X-ray diffraction pattern of SS

many vitreous bodies, relatively dense structure and low
cementitious activity [19].

Figure 2 presents the BSE images of steel slag, and the
EDX analysis results are listed in Table 3. The minerals in SS

Fig.2 BSEimages of various
mineral phases in SS

10um

the main factor leading to poor volume stability of SS [20,
21].

3.2 Binary cementitious material
3.2.1 Strength analyses

Figure 3 shows the compressive strength of SS-C cemen-
titious material with different SS contents. The early
strength (3d) of the mortar sample prepared by SS instead
of part of cement was lower than that of pure cement. With
the increase in the SS content, the early strength of the
composite cementitious material decreased gradually,
and the strength of the medium (7d) and long-term (28d)
increased first and then decreased. The binary cementi-
tious material with 10% SS content has the best mechani-
cal properties, and the compressive strength of 7d and
28d is higher than that of pure cement. The change of the

10um
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Table 3 EDX analysis results of

. - N Selected areas
various mineral phases in SS

Atomic percentage (%)

(0] Mg Al Ca Si Mn Fe
1 54.89 17.01 - 0.27 - 341 24.43
2 62.36 0.48 - 24.57 12.42 0.26
3 59.44 4.46 - 16.83 10.06 1.14 8.08
4 60.13 1.56 5.21 9.58 4.76 0.68 5.26
5 67.02 0.43 4.40 20.88 2.89 - 4.38

Fig.3 Compressive strength 10 ®
(a) and flexural strength (b) of 50+ —=—3d
SS-C binary composites o
F a0 _
= £
£ 3
&3 = 07
2 g
7 207 = 44
g =
U
E 104 =
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o
T T T T T T T 0 T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
SS Content (%) SS Content (%)
flexural strength of SS-C cementitious material has a simi- 120
lar pattern. e —=—7d
e —e—28d

When the content of SS was higher than 30%, the com-
pressive strength of the sample decreased obviously,
which limits the use of SS in large quantities.

3.2.2 Activity index

Figure 4 presents the activity index of 7d and 28d of the
mortar samples with different SS contents. The activity
index of SS-C binary composites decreased with the addi-
tion of SS. When SS was added with no more than 30%,
the activity index of SS-C composite powder for 7d was
above 80%, and that for 28d was above 100%. The high
activity index of composite cementitious materials in the
early hydration age benefited from the filler effect of SS
in cement.

3.3 Ternary cementitious material

Figure 5 shows the compressive strength of ternary
cementitious material. As the cement content decreased,
the compressive strength of the samples decreased sig-
nificantly. When the amount of cement was constant, the
strength of cementitious materials increased with the
increase in the GBFS content. SS and GBFS can replace 50%
cement at most. When cement content in ternary cemen-
titious material was 40%, the strength of the paste was
lower than that of cement. By comparing the compressive

SN Applied Sciences

A SPRINGERNATURE journal

100

80+

60

Activity index (%)

40

20

T i T ! T T T J T ' T
10 20 30 40 50 60

SS Content (%)

Fig.4 Activity index of SS—-C binary composites cementitious mate-
rials

strength of cement, the 28d compressive strength of com-
posite cementitious material was in the order of S16G24
>520G20>S510>S520>520G30>525G25 >524G16>S30>
C. The flexural strength of SS-GBFS-C cementitious mate-
rial has a similar pattern, but the 28d flexural strength of
$24G16 was higher than other samples.

Among cement-based cementitious materials, SS
accounts for 16% and GBFS accounts for 24%, the 28d
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Fig.6 TG-DTA pattern of binary and ternary cementitious materials

compressive strength of the paste reached 51.85 MPa,
and its mechanical properties were far superior to pure
cement (43.95 MPa). Meanwhile, the mechanical proper-
ties of ternary composite cementitious materials were gen-
erally better than that of binary composite cementitious
materials, which indicated that the strength enhancement
of mixing SS and GBFS was obviously stronger than that
of single-doped SS.

3.4 Thermogravimetric analysis

Figure 6 shows the TG-DTA curve of SS-C (550) and
SS-GBFS-C (S25G25) hardened slurry hydrated for
28 days. SS-C and SS-GBFS-C hardened slurry has three
obvious endothermic peak between 50 °C and 1000 °C as
presented in DTA curve: early dehydration endothermic
peak of C-S-H and AFt between 100 and 200 °C, dehydra-
tion endothermic peak of CH between 440 and 475 °C,
and decarbonation endothermic peak between 600 and
750 °C.

After 28 days of hydration, the CH content of binary
cementitious and ternary cementitious calculated by mass
loss was 12.99%-9.29%, respectively.

Fig.7 Dehydration bound water content of binary and ternary
cementitious materials. Content of binary and ternary cementitious
materials. a Amount of dehydration of C-S-H and AFt, b CH con-
tent

3.5 Theinteraction of SS and GBFS in cementitious
materials

Figure 7 presents the amount of dehydration of the hydra-
tion products C-S-H and AFt (Fig. 7a) and the CH content
in the cementitious material after hydration (Fig. 7b). The
total dehydration of CSH and AFt in the ternary cementi-
tious material after hydration is higher than that of the
binary cementitious material, but the overall dehydration
was lower than that of pure cement.

The binary cementitious materials will produce more
CH after hydration, while ternary cementitious materi-
als consume CH due to the pozzolanic reaction of GBFS,
resulting in lower CH content after hydration than binary
cementitious materials and lower than pure cement.

GBFS has hydration activities and pozzolanic activi-
ties, which means that the CH was consumed and C-S-H
gels were produced during its reaction process [22, 23].
Therefore, in ternary cementitious materials, the CH
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produced by the hydration of SS can be provided for
GBFS consumption, which participates in the pozzolanic
reaction of GBFS and promotes the hydration reaction of
SS. The ternary cementitious material has high strength,
more dehydration of the hydration products CSH and
AFt, and low content of the hydration product CH, which
confirms the mutual promotion between GBFS and SS.

4 Conclusion

GBFS is widely used as cementitious materials to replace
cement. However, the application of SS is restricted by its
content in cement. In this paper, SS and GBFS were used
as supplementary cementitious materials to mix cement
to prepare binary and ternary cementitious materials.
The main conclusions are as follows:

(1) The mineral phases in SS mainly contain C,S, C;S, RO
phase, C,F, Ca,(Fe, Al),O., f-Ca0 and so on. The main
cementitious active substances and hydration prod-
ucts of SS are similar to cement.

(2) The mechanical properties of binary cementitious
prepared by SS instead of cement are better than
cement, but the compressive strength of binary
cementitious material with SS content over 30%
decreases obviously. SS and GBFS can replace up to
50% cement, and by changing the proportion of SS
and GBFS, the mechanical properties of the prepared
ternary cementitious material are obviously better
than cement.

(3) Inthe hydration process of binary and ternary cemen-
titious materials, SS can produce Ca(OH), and C-S-H
gel, and the pozzolanic reaction of GBFS can con-
sume Ca(OH), to produce more C-S-H gel. When SS
and GBFS are applied together with cement-based
cementitious material, they can promote each other
and accelerate hydration reaction and pozzolanic
reaction.
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