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The influence of steel slag on the hydration of cement during the
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The influence of steel slag, a by-product from the processing of iron to steel, on the hydration of cement during the hydration
process of complex binder was studied by calorimetry, X-ray diffraction analysis, and Ca(OH), content determination. The
results show that steel slag and cement affect each other’s hydration by changing the hydration environment. Steel slag does
not react with the hydration products of cement. The dormant period of cement-steel slag complex binder during the hydration
is longer than that of cement. The more the adding amount of steel slag is, the longer the dormant period of complex binder
will be. The steel slag decreases the early hydration rate of cement. This phenomenon is more obvious with the increment of
steel slag addition. However, the steel slag can promote the hydration degree of cement at later ages and the promoting effect
becomes more obvious with the increment of steel slag addition and the hydration ages.
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1 Introduction

Steel slag is a by-product from the processing of iron to
steel, the amount of which produced during the process is
about 15% of the steel production [1]. The utilization ratio
of steel slag in America is almost 100% [2]. Most of the
steel slag in Europe is utilized efficiently [3]. In contrast,
the utilization ratio of steel slag in China is low, which is
lower than 45% [4]. The amount of waste steel slag in
China is over 300 million tons, and the total amount in-
creases by tens of million tons per year. The steel slag dump
occupies large area of land and leads to many serious envi-
ronmental problems. Now most steel slag is used as filling
material in civil engineering and some is also used as ag-
gregates for concrete and asphaltic paving [5-7]. Different
from common aggregates, steel slag can exhibit certain
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cementing property. So the properties (e.g., mechanical
properties and durability) of cement concrete and asphalt
concrete can be improved by using steel slag as aggregates
[8-11]. A small amount of steel slag is used as raw material
in brick production [12], to remove impurity agent [13, 14]
and neutralizing agent [15].

The chemical composition of steel slag includes CaO
45%-60%, SiO, 10%-15%, Al,O; 1%-5%, F,05 3%-9%,
MgO 3%-13%, FeO 7%-20%, and P,Os 1%-4 % [16]. Steel
slag is richer in Mg and Fe contents, but it is lower in Ca
and Si contents than cement. The alkalinity M =w(CaO)/
[w(S10,)+w(P,05)], proposed by Mason [17], is com-
monly used to evaluate the activity of steel slag. Steel slag
is classified into three grades based on alkalinity in China:
low alkalinity slag (M < 1.8), intermediate alkalinity slag
(1.8< M < 2.5), and high alkalinity slag (M > 2.5). Dical-
cium silicate (C,S), tricalcium silicate (C3;S), RO phase
(CaO-FeO-MnO-MgO solid solution), olivine, merwinite,
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tetracalcium aluminoferrite (C4AF), free-CaO, and elemen-
tal Fe are common mineral phases of steel slag [18, 19]. The
presence of C,S and C;S indorses steel slag certain cementi-
tious properties.

Steel slag can be used as additive in cement and concrete
production if its specific surface area is raised near or over
that of cement. The cement with a small amount (e.g., 10%
percent) of steel slag is easy to meet the requirements of
related standards [20, 21]. If the adding amount of steel slag
is high, the strength grade of cement is low. A small adding
amount of steel slag has limited influence on the strength
and durability of concrete, however the early strength of
concrete decreases sharply if the adding amount of steel
slag is large [22—-24]. High performance and “green” are the
main characteristics of modern concrete, which are related
closely to mineral admixtures. The study of mineral admix-
ture is an important research direction of modern concrete
[25]. Ground granulated blast-furnace slag and fly ash are
the most common mineral admixtures for concrete and
many researches on them have been carried out. Now these
two mineral admixtures are scarcity in many regions of
China. Therefore, raising the utilization of steel slag is
beneficial to environmental protection and provides more
mineral admixtures for concrete.

Ca® and OH™ can be released from the surface of C;S
immediately after the cement contacts with water, which
can make the pH value of the pore solution exceed 12.0
within a few minutes. Ca(OH), crystallizes constantly with
the hydration of cement and the pH value of the pore solu-
tion is a little higher than 13.0 in a short time [26]. Even for
concrete with a large amount of mineral admixture, the pH
value of its pore solution is higher than 12.0 [27, 28]. So the
reaction of steel slag is affected by the alkaline condition
produced by cement during the hydration of cement-steel
slag complex binder. Some researches showed that alkaline

Table 1 Chemical compositions of cement and steel slag
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condition can promote the hydration of steel slag [19, 29].
Though the hydration properties of steel slag has some in-
fluence on the hydration properties of cement-steel slag
complex binder, the hydration properties of cement play a
decisive role in the hydration of the complex binder. There-
fore, the influence of steel slag on the hydration of cement
cannot be neglected. In this study, the influence of steel slag
on the hydration properties of cement during the hydration
of cement-steel slag complex binder was investigated.

2 Raw materials and experimental methods

2.1 Raw materials

The cement used was pure Portland cement with the
strength grade of 42.5, which complies with the Chinese
National Standard GB 175-1999. The specific surface area
of cement was 312 m’/kg. The steel slag used was basic
oxygen furnace steel slag which was not processed by water
braising. The specific surface area of steel slag was 458
m’/kg. The chemical compositions of cement and steel slag
are shown in Table 1. The free CaO content in steel slag
was 1.16%. Figure 1 shows the XRD results of steel slag.
As shown in Figure 1, the main mineral phases of steel slag
were C,S, C3S, and RO phase.

2.2 Experimental methods

Table 2 shows the mix proportions of cement paste, steel
slag pastes, and cement-steel slag pastes. Sample SS was
prepared by mixing steel slag with NaOH solution at pH
value of 13.0. All the pastes were cast into plastic centrifuge
tubes immediately after being stirred uniformly and then
cured at 20°Cx1°C to testing ages. At the testing ages, the
hydration was stopped by soaking the samples in acetone.

Composition SiO, Al,O4 Fe, 05 CaO MgO SO; Na,Oq MnO Loss on ignition
Cement 21.86 4.25 2.66 63.59 2.19 242 0.55 0 1.75
Steel slag 17.03 5.64 22.69 43.38 5.98 0 0.45 1.70 1.86

Note: Na,O.=Na,0+0.658K,0

20 ()
1.C,S;2.CS,3.C,F, 4.C A, 5. RO phase, 6. Ca Al

28i3012’

7.Fe,0,, 8.Ca0, 9. MgO

Figure 1 XRD results of steel slag.
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Table 2 Mix proportions of different binders

Sample Cement Steel slag Water
N - 100 30
SS - 100 30
C 100 - 42
CS1 77.5 22.5 42
CS2 55 45 42

The samples were taken out of acetone and dried before
they were tested.

The rate of heat evolution during the hydration of binder
was measured by an isothermal calorimeter under a constant
temperature of 25°C. The hydration products of binder were
determined by X-ray diffraction with a TTR III diffracto-
meter using 50 kV voltages and 200 mA current. The
TG/DTG curves of hydration products were obtained by us-
ing a TA-Q5000 instrument with a heating rate of 10°C/min
in nitrogen atmosphere.

3 Results and discussion

3.1 Hydration products of cement-steel slag complex
binder

Figure 2 shows the X-ray diffraction patterns of sample S
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hydrated for 3, 90, and 360 days and sample SS hydrated
for 360 days. As shown in Figure 2, steel slag itself can hy-
drate after it contacts with water. C,S, CsS, C,A, and
Ca,AlLSi0y; in steel slag diminish with age. However, the
peaks of RO phase, Fe;O4, and C)F remain almost un-
changed, indicating that the hydration degree of these phases
is very low. It can be seen from the diffraction peaks in sam-
ples S and SS at the age of 360 days that the species of their
hydration products are the same, indicating that the hydra-
tion activity of RO phase, Fe;O,4, and C,F is very low even
under the alkaline condition. Therefore, the hydration prod-
ucts of steel slag, either with or without alkaline-activation,
are C-S-H gel which has no diffraction peaks due to its
amorphous state, Ca(OH),, unhydrated C,S, C;S, C»A, and
CayAl,Si0y,, and inert RO phase, Fe;0,, and C,F.

From above analysis, it can be seen that steel slag con-
sists of cementitious phases (C,S, C;S, CjzA, and
Ca,Al,Si01,) and inert phases (RO phase, Fe;0,4, and C,F).
The cementitious phases of steel slag are similar to the sili-
cate phases and aluminate phases of cement. Steel slag is
cooled naturally, but cement is quenched. The cementitious
phases of steel slag crystallize much better than those of
cement, and thus their activity is much lower than that of
cement clinkers. So the steel slag can be regarded as the mix-
ture of poor-quality cement and inert substances. Figure 3
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MWM e o N S-360 d
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20 (°)
A-C,S, B--C,S, C-Ca(OH),, N--C,F, R-RO phase, F--Fe,O,
Figure 2 X-ray diffraction patterns of steel slag hydrated at various ages.
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Figure 3 X-ray diffraction patterns of different binder pastes hydrated for 360 days.
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shows the hydration products of cement-steel slag complex
binders and cement. It can be seen from Figure 3 that the
main hydration products of complex binders and cement are
the same: C-S-H gel and Ca(OH),. RO phase, Fe;O,, and
C,F in the hydration products of complex binders increase
with the increment of the adding amount of steel slag.

As is well known, ground granulated blast-furnace slag
and fly ash react with Ca(OH), produced by cement during
the hydration of complex binder, which is called pozzolanic
reaction. However, steel slag does not react with the hydra-
tion products of cement, and cement does not react with the
hydration products of steel slag either. Thus, cement and
steel slag simply affect each other’s hydration (e.g., hydra-
tion rate and degree) by changing each other’s hydration
environment during the hydration of cement-steel slag com-
plex binder.

3.2 The influence of steel slag on the early hydration of
cement

Figure 4 shows the exothermic rates during the hydration of
cement (W/C=0.42) and steel slag (W/S=0.30). As can be
seen in Figure 4, the whole hydration process of steel slag
is similar to that of cement, which can be divided into 5
stages: rapid heat release period, dormant period, accelera-
tion period, deceleration period, and steady period. An
exothermic peak whose value is 30-40 J g~ h™' forms very
quickly at the first stage, which is mainly due to the release
of surface energy of particles. In order to reflect the whole
process more clearly, the maximum value of ordinate is set
at 10 J ¢! h™'. Hydration products Ca(OH), and C-S-H gel
start to crystallize only when the concentration of Ca®*
reaches the saturation state. So the hydration enters the dor-
mant period after the first stage. The dormant period of steel
slag is much longer than that of cement. As a result, the for-
mation of the second exothermic peak of steel slag is about
12 h later than that of cement. The exothermic rate of steel
slag in the acceleration period, deceleration period, and
steady period is much lower than that of cement in the corre-
sponding period. The accumulative hydration heat of steel

10

[¢)]

Steel slag

Exothermic rate (J g h™)

Figure 4 Exothermic rates of steel slag and cement during hydration.
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slag is 60.74 J g™ in 96 h, which is much lower than that of
cement.

Figure 5 shows the exothermic rates during the hydration
of cement-steel slag complex binders and cement. The wa-
ter-to-binder ratios of all the three samples were 0.42, and
the adding amounts of steel slag in complex binder 1 and
complex binder 2 were 22.5% and 45%, respectively. It can
be seen from Figure 5 that the dormant period of complex
binder becomes longer with the increment of steel slag add-
ing amount. Moreover, the more the steel slag addition is,
the later the second exothermic peak forms. Some re-
searches showed that the setting time of cement and con-
crete became longer by replacing part of cement with steel
slag, and the more the replacement the longer the setting
time [18, 30, 31]. Obviously, one of the main reasons for
the long setting time of cement-steel slag complex binder is
its long dormant period.

The hydration condition of steel slag during the hydra-
tion process of cement-steel slag complex binder is alkaline.
In this study, the alkaline condition was simulated by NaOH
solution at a pH value of 13.0. Figure 6 shows the exother-
mic rate of steel slag hydrating under alkaline condition. The
accumulative hydration heat of steel slag is 69.78 J g™ in 96
h, which is higher than that of the steel slag without alkaline
activation. Therefore, alkaline condition is beneficial to the
activity of steel slag. The hydration heat of cement

10
Cement

Complex binder 1

Complex binder 2

Exothermic rate (J g' h™")
(6}

Time (h)

Figure 5 Exothermic rates of complex binder and cement during hydration.
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Figure 6 Hydration heat curves of steel slag under the condition of alkali
environment.
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per unit mass in the complex binder can be described by

Os()-0s()-p
1-p ’
where Q(7) denotes the hydration heat of steel slag in time ¢
in Figure 6, Op(7) denotes the hydration heat of cement in

time ¢ in Figure 5, and p is the adding amount of steel slag.
Figure 7 shows the accumulative hydration heat of cement
and cement in complex binder per unit mass. In Figure 7,
cement 1 and cement 2 denote the hydration heat of cement
in complex binder 1 and the hydration heat of complex
binder 2 calculated based on eq. (1), respectively. It can be
seen from Figure 7 that the hydration heat of cement per
unit mass in complex binders is less than that of pure ce-
ment. Therefore, the hydration of cement is delayed by re-
placing part of cement with steel slag. Moreover, the effect
is more obvious with the higher steel slag adding amount.
This is mainly because steel slag can lead to a longer dor-
mant period of cement-steel slag complex binder, which
delays the hydration of the complex binder as well as ce-

ment.

ey

3.3 The influence of steel slag on the late hydration of
cement

The TG curves of the hydration products of samples SS, C,
CS1 and CS2 at the ages of 90 and 360 days were deter-
mined in this study. Figures 8—10 show the TG/DTG curves
of the hydration products of samples C, CS2 and SS at the
age of 360 days, respectively. It can be seen from Figures 8—
10 that the hydration products of all the three binders have
three main endothermic peaks within 900°C: initial decom-
position of C-S-H gel and hydrated aluminate phases
(50-200°C); decomposition of Ca(OH), (400-550°C); fur-
ther decomposition of C-S-H gel and hydrated aluminate
phases (550-770°C). The TG curves can further prove that
the main hydration products of steel slag are similar to those
of cement. However, as can be seen by comparing Figure 8§
with Figure 10, the Ca(OH), content of the hydration prod-
ucts of steel slag is lower than that of cement.

Table 3 shows the Ca(OH), contents of the hydration
products of different binders calculated by TG curves. The
reactions of steel slag and cement don’t cross mutually dur-
ing the hydration of cement-steel slag complex binder, so
the Ca(OH), in the hydration products of complex binder is
the sum of the Ca(OH), contents produced by cement and
steel slag respectively. The hydration condition of steel slag
in sample SS is alkaline, which is to consider the influence
of cement on the hydration of steel slag during the hydration
of cement-steel slag complex binder. The Ca(OH), content
of the hydration products of the cement per unit mass in
cement-steel slag complex binder can be described by

p—hw

o @)
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Figure 7 The hydration heat of pure cement and cement in complex
binder per unit mass.
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Table 3 Ca(OH), contents of hydration products

Ages (d)
Samples
90 360
SS 3.54 5.82
C 18.38 20.08
CS1 15.77 18.59
CS2 13.27 16.34

where n denotes the Ca(OH), content of the hydration
products of steel slag per unit mass in time ¢, p denotes the
Ca(OH), content of the hydration products of complex
binder per unit mass in time ¢, and w is the adding amount
of steel slag.

The hydration condition of cement is changed by steel
slag during the hydration of cement-steel slag complex
binder to result in the change of hydration degree of cement.
Eq. (3) can be used to describe the change amplitude of hy-
dration degree of cement.

p—nw_
K()y=-1=W_ 100%, 3)
m

where m denotes the Ca(OH), content of the hydration
products of pure cement per unit mass in time 7. Obviously,
if K(#)>0, the hydration of cement is promoted by steel slag;
if K(#)<0, the hydration of cement is hindered by steel slag.
The more the absolute value of K(¥) is, the greater the effect
of steel slag on cement will be.

The following results can be obtained by introducing the
values in Table 3 to eq. (3): If the adding amount of steel
slag is 22.5%, then K(90 d)=5.11%, and K(360 d)=11.04%;
if the adding amount of steel slag is 45%, then K(90
d)=15.51%, and K(90 d)=24.24%. It can be seen from these
results that the late hydration of cement is promoted by steel
slag, and the promoting effect becomes more obvious with
the increment of steel slag addition and the hydration ages.

Generally speaking, the hydration of C,S and C;S can be
respectively described by [32]:

C,S+2H=0.5C;S,H5+0.5CH “)
C3S+3H=0.5C;S,H5+1.5CH 5)

where H denotes H,O, CH denotes Ca(OH),, and C;S,Hj; is
the hydration product of C,S and C;S. The hydration of
1 mol C,S consumes 2 mol H,O, whereas the hydration of
1 mol C;S consumes 3 mol H,O. CsS is the main cementi-
tious phase of cement, but C,S is the main cementitious
phase of steel slag [18, 24]. What’s more, the inert phases of
steel slag do not consume any H,O. So the hydration of
steel slag consumes less water than that of cement. The
actual water-to-cement ratio increases by replacing part of
cement with steel slag on the premise of keeping the wa-
ter-to-binder ratio unchanged. At the late hydration age of
cement, the particles of cement are wrapped by thick C-S-H

Sci China Tech Sci

February (2011) Vol.54 No.2 393

gel. The hydration rate of cement at this stage depends on
the difficult degree of water permeating into the C-S-H lay-
ers. The inert phases of steel slag, wrapped by C-S-H gel,
play a role of nucleation, indirectly reducing the thickness
of C-S-H layer around cement particles. Therefore, steel
slag improves the hydration condition of cement and pro-
motes the hydration of cement in late ages.

4 Conclusions

(I) Steel slag can be divided into two parts: cementitious
phases and inert phases. The cementitious phases of steel
slag are similar to those of cement, and their main hydration
products are Ca(OH), and C-S-H gel. Steel slag and cement
do not react with the hydration products of each other. They
affect each other’s hydration by changing the hydration en-
vironment of each other.

(Il) The dormant period of cement-steel slag complex
binder is longer than that of cement. The dormant period of
cement-steel slag complex binder becomes longer with the
increment of steel slag. Steel slag decreases the early hydra-
tion rate of cement, and this phenomenon is more obvious
with the increment of steel slag.

(III) Steel slag improves the hydration condition of ce-
ment and promotes the hydration of cement in late ages.
The promoting effect becomes greater with the increment of
steel slag addition and the hydration ages.
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