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Abstract This paper investigated the hydration properties
of steel slag under autoclaved condition (216 °C and
2 MPa). The results show that under autoclaved condition,
besides C,S and C3S, f~CaO and the minerals containing
MgO can react sufficiently. The morphologies of Ca(OH),
produced by f~CaO are quite different from those produced
by C,S and C5S. The Ca(OH), produced by f~CaO has a
larger specific surface area or volume than that produced
by C,S and C;S. The mean Ca-Si ratio of the C-S—-H gel
produced by steel slag is between 1.7 and 1.9, which is a
little smaller than that produced by cement. The reaction of
f-CaO tends to cause greater expansion than that of the
minerals containing MgO.
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Introduction

Steel slag, a by-product from the steel-making process, is a
potential mineral admixture for cement or concrete produc-
tion [1]. C3S, C,S, C4AF, and C,F are common minerals in
steel slag, which endow steel slag with cementitious prop-
erties [2, 3]. The main hydration products of steel slag
include C-S—H gel and Ca(OH),, which are very similar to
those of cement [4]. The active minerals of steel slag hydrate
much more slowly than those of cement, because the cooling
process of steel slag is very long but that of cement is rather
short [5]. So steel slag tends to decrease the early strength of
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cement or concrete [6, 7]. But the negative effect of steel slag
on the strength of concrete is weaker at the lower water-to-
binder ratio, which might be due to the improving effect of
steel slag on the hydration of cement at the lower water-to-
binder ratio [8, 9].

When steel slag is used as a mineral admixture for cement
or concrete, its activity is very important. The activity of the
active components of steel slag can be improved by
increasing its fineness [10]. In the meanwhile, the non-active
components of steel slag can play a better role as fillers in the
hardened paste by increasing the fineness of steel slag [4].
The activity of steel slag can also be improved by increasing
its active components content through adding regulating
components to the steel slag in the melting state [11]. High
curing temperature can promote the hydration of the com-
ponents with high activity and also excite the activity of low-
active components such as large C,S particles. So steel slag
exhibits much higher activity under the condition of higher
curing temperature [12, 13]. Autoclave curing technology is
widely used in the building material products, such as brick,
cement pile, and precast concrete [14—18]. The temperature
of the autoclave curing technology is much higher than
100 °C, so the activity of the binder can be promoted sig-
nificantly. In theory, steel slag can exhibit satisfied cemen-
titious properties under autoclaved condition.

The soundness of steel slag is also very important when it
is applied to cement or concrete. Free CaO and the minerals
containing MgO are the main factors influencing the
soundness of steel slag [19, 20]. If a considerable amount of
free CaO and the minerals containing MgO react at the late
hydration age of cement, the internal expansion caused by
the formation of Ca(OH), and Mg(OH), might damage the
microstructure of concrete. Therefore, in theory, the free
CaO content and MgO content of steel slag should be strictly
restricted when it is used in cement or cast-in situ concrete.
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Table 1 Properties of the steel slags used

Samples A B C D E
f-CaO content in the mineral compositions/% 0.35 4.96 0.21 0.51 2.09
MgO content in the chemical compositions/% 7.68 3.46 6.54 5.98 5.15
Specific surface areas/kg m—> 453 461 472 442 516

Under autoclaved condition, free CaO and the minerals
containing MgO might react with the hydration of C3S and
C,S. So the reaction of free CaO and the minerals containing
MgO has a considerable influence on the hydration proper-
ties of steel slag under autoclaved condition.

In this paper, the hydration properties of steel slag under
autoclaved condition were investigated, among which the
reactions of free CaO and the minerals containing MgO are
the key points concerned.

Experimental
Raw materials

Five steel slags were used in this paper. Table 1 shows the
free CaO (f~CaO) contents, MgO contents, and specific
surface areas of the five steel slags. It is obvious that there
are significant differences among the f~CaO contents of the
five steel slags, but the differences among the MgO con-
tents are smaller. The specific surface areas of the five steel
slags are close to each other. Portland cement with the
strength grade of 42.5 complying with the Chinese
National Standard GB 8076-2008 was used. The specific
surface area of cement was 350 m* kg~'. The MgO con-
tent of the cement used is 2.32 %.

Experimental procedure

Steel slag paste was prepared by mixing steel slag with
water at the water-to-steel slag ratio of 0.3 (mass ratio).
Cement paste was prepared by mixing cement with water at
the water-to-cement ratio of 0.3 (mass ratio). Cement—steel
slag paste was prepared by mixing cement, steel slag, and
water at the water-to-binder (steel slag and steel slag) ratio
of 0.3 (mass ratio).

(1)  Microscopic test The steel slag paste and cement paste
were cured at 20 °C for 3 h, and then, under the
autoclaved condition (216 °C and 2 MPa) for 3 h. The
morphologies of the autoclaved sample were observed
by scanning electron microscopy (SEM). The chem-
ical compositions of the hydration products of the
autoclaved sample were measured by energy-disper-
sive X-ray (EDX). The TG-DTG curve of the
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Fig. 1 Morphologies of the Ca(OH), produced by cement

autoclave sample was obtained by using a TA-
Q5000 instrument with a heating rate of 10 °C min™"
in nitrogen atmosphere.

(2)  Expansion ratio The cement-steel slag paste and
cement paste were cured at 20 °C for 7 days. Then, the
samples were cured under the autoclaved condition
(216 °C and 2 MPa) for 3 h. The expansion ratio of
the sample after autoclaved curing was measured.

Results and discussion
Morphologies of the Ca(OH),

Figure 1 shows the morphologies of the products of cement
after autoclaved curing. It is clear that there are a lot of
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Fig. 2 Petal-shaped Ca(OH),
produced by steel slag

flakes or tabular crystals embedded in the C—S—H gel. It is
easy to confirm that these crystals are Ca(OH),. The
morphologies of the Ca(OH), in Fig. 1 are very similar to
those of the cement hydrating at normal temperature [21].
It is an indication that the morphologies of Ca(OH),
formed by the hydration of C,S or C;S at normal temper-
ature and under autoclaved condition are very similar.

There are significant differences among the morpholo-
gies of the steel slag pastes after autoclaved curing. In the
pastes of steel slag B and steel slag E, there are a lot of
petal-shaped crystals embedded in the C—S—H gel (Fig. 2).
Table 2 shows the chemical compositions of the crystals in
Fig. 2a. Based on the data in Table 2, the crystals in
Fig. 2a are Ca(OH),. The structures of the petal-shaped
crystals can be seen more clearly in Fig. 2b—d. It is obvious
that the specific surface area of the petal-shaped Ca(OH),
is much larger than that of the flake or tabular Ca(OH),.
Therefore, it can be deduced that the formation of the petal-
shaped Ca(OH), tends to occupy considerable space and
cause expansion. It should be pointed out that the petal-
shaped Ca(OH), is hardly observed in the pastes of steel
slag A, steel slag C, and steel slag D. Note that the f~CaO
contents of steel slag B and steel slag E are much higher
than those of steel slag A, steel slag C, and steel slag D. It
is an indication that the petal-shaped Ca(OH), is the
reaction product of f~CaO.

Table 2 Chemical compositions of the crystals in Fig. 2a/at.%

Samples Ca 0} Mg Al Si P Fe

1 2327 7212 076 023 1.19 0.08 098
2 28.84 6556 0.60 042 148 023 081
3 3435 6073 062 040 055 046 0.76
4 39.80 5840 079 043 049 O 0

5 3379 6621 O 0 0 0 0

In the pastes of steel slag B and steel slag E, there are
also a lot of big block-shaped crystals embedded in the C—
S—H gel (Fig. 3). Table 3 shows the chemical compositions
of the big block-shaped crystals in Fig. 3. It can be con-
cluded from Table 3 that the big block-shaped crystals are
Ca(OH),. The formation of these big block-shaped crystals
might also cause expansion. Note that the big block-shaped
Ca(OH), is hardly observed in the pastes of steel slag A,
steel slag C, and steel slag D, either. Thus, it can be con-
cluded that the big block-shaped Ca(OH), is also the
reaction product of f~CaO.

Ca(OH), is one of the main hydration products of steel
slag. It is produced by the hydration of C3S and C,S as well
as the reaction of f~CaO. Based on the above analysis, the
morphologies of the Ca(OH), produced by f~CaO are quite
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Fig. 3 Big block-shaped Ca(OH), produced by steel slag

Table 3 Chemical compositions of the crystals in Fig. 3a, b/at.%

Samples Ca (6] Mg Al Si
27.93 71.60 0.18 0.10 0.19
33.10 64.94 0.73 0.52 0.70
32.37 65.82 0.59 0.56 0.66

different from those of the Ca(OH), produced by C;S and
C,S. The Ca(OH), produced by f~CaO tends to have a
larger specific surface area or volume.

Morphologies of the Mg(OH),

In each of the steel slag paste after autoclaved curing, the
crystals in Fig. 4 can be observed. Table 4 shows the
chemical compositions of the crystals in Fig. 4a—d. It can
be concluded from the data of Table 4 that the crystals in
Fig. 4 are Mg(OH),. The shape of Mg(OH), is irregular.
The volume of Mg(OH), is larger than that of MgO, so it is
generally accepted that the formation of Mg(OH), is a
factor causing expansion [22, 23]. It should be pointed out
that the Mg(OH), crystals are much easier to be found in
the steel slag paste than in the cement paste. This phe-
nomenon is due to two reasons: (1) The MgO content of
steel slag is higher than that of cement; (2) the C—S-H gel
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produced by the hydration of steel slag is much less than
that produced by the hydration of cement.

Ca-Si ratio of C-S—-H gel

The mole fractions of elements of C—S—H gel were calculated
based on EDX analysis. For each sample, 40 micro-areas of
C-S-H gel were tested. Figure 5 shows the mean Ca—Si ratios
of C—S—H gel of the cement paste and steel slag pastes after
autoclaved curing. According to Taylor [24], the mean Ca—Si
ratio of the C—S—H gel of cement hydrating at normal tem-
perature for 20 years is 1.84. Some literatures show that the
mean Ca-Si ratio of the C—S—H gel of cement hydrating at
normal temperature is between 1.5 and 2.0, and even higher
[25-27]. It can be seen from Fig. 5 that the mean Ca—Si ratio
of the C—S—H gel of the cement paste is close to 2.0, and those
of the C—S—H gel of the steel slag pastes are between 1.7 and
1.9. Therefore, the difference of Ca—Si ratio of C—S—-H gel
between the cement cured at normal temperature and the
cement cured under autoclaved condition is insignificant. In
general, the Ca—Si ratio of C—S—H gel produced by steel slag is
a little smaller than that produced by cement.

TG-DTG results

Figure 6a—e show the TG-DTG curves of steel slag A paste,
steel slag B paste, steel slag C paste, steel slag D paste, and
steel slag E paste after autoclaved curing, respectively. For
each sample, there are three main endothermic peaks within
800 °C on the DTG curve: decomposition of Mg(OH), (at
about 300400 °C); decomposition of Ca(OH), (at about
400-500 °C); and decomposition of C—S—H gel (at about
550-650 °C). Based on the TG-DTG curves, the Mg(OH),
content and Ca(OH), content in the hydration products can
be calculated.

Figure 7 shows the relationship between MgO content
in the chemical composition of steel slag and Mg(OH),
content in its hydration products. It is clear that the
Mg(OH), content in the hydration products is positively
correlated with the MgO content in the chemical compo-
sitions. This is because the Mg(OH), is completely from
the reaction of the minerals containing MgO. It is an
indication that the reaction of the minerals containing MgO
is sufficient under autoclaved condition.

Figure 8 shows the relationship between f~CaO content in
the mineral composition of steel slag and Ca(OH), content
in its hydration products. On the whole, the Ca(OH), content
in the hydration products is not positively correlated with the
f-CaO content in the mineral composition. This is because
the Ca(OH), is from the reaction of f~CaO as well as the
hydration of C3S and C,S. The Ca(OH), content in the
hydration products is close to 10 % even when the f~CaO
content in the mineral composition is very low, indicating
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Fig. 4 Mg(OH), produced by
steel slag

Table 4 Chemical compositions of the crystals in Fig. 4a—d/at.%

Samples Ca O Mg Mn Fe

1 0 57.46 35.06 1.26 6.22
2 0.86 54.11 38.25 2.12 4.66
3 0 56.91 38.12 0.75 422
4 1.70 51.44 35.79 2.45 8.62

that the hydration degree of C3S and C,S is very high under
autoclaved condition. Figure 8 also shows that the Ca(OH),
content of steel slag B paste is much higher than those of the
other steel slag pastes. Note that the f~CaO content of steel
slag B is much higher than those of other steel slags
(Table 1). Therefore, in the hydration of steel slag under
autoclaved condition, the reaction of f~CaO makes consid-
erable contribution to the Ca(OH), content.

It can be concluded from the TG-DTG results that the
hydration degrees of C,S, C3S, f~CaO, and minerals con-
taining MgO of steel slag are all very high under auto-
claved condition.

Expansion ratio results

In order to investigate the expansion law caused by the
reaction of f~CaO and minerals containing MgO, fifteen

o5 - Cement paste Steel slag A paste

' Steel slag B paste Steel slag C paste

Steel slag D paste Hi steel slag E paste

2.0

o 71 N —
§ 1.54 —
4] ]
S 1.0 1 é
0.5 —
0.0- —

Samples

Fig. 5 Ca-Si ratios of the C—S—H gel produced by cement and steel
slags

cement—steel slag pastes and one cement paste were pre-
pared. Table 5 shows the compositions of the binders and the
expansion ratios of hardened pastes after autoclaved curing.
The reaction rate of f~CaO and minerals containing MgO is
rather low at normal temperature, so it is acceptable that they
hardly react after 7 days’ curing at 20 °C. But after auto-
claved curing, their reaction is sufficient. It can be seen in
Table 5 that the expansion ratio of the cement paste is very
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Fig. 7 Relationship between MgO content and Mg(OH), content

small. But the expansion ratio increases significantly by
replacing 15 % cement by steel slag B. When the replace-
ments of cement by steel slag B are 30 and 50 %, the hard-
ened pastes crack after autoclaved curing. Replacing cement
by steel slag E also significantly influences the expansion
ratio: The expansion ratio increases significantly in the cases
of 15 and 30 % replacements; the hardened paste cracks after
autoclaved curing in the case of 50 % replacement.

Table 5 also shows that the expansion ratio increases
with the replacement of cement by steel slag A, or steel slag
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Fig. 8 Relationship between f~-CaO content and Ca(OH), content

C, or steel slag D. However, when the replacement is 15 %,
the expansion ratio increases slightly; when the replacement
is 50 %, the hardened paste does not crack. It is obvious that
under autoclaved condition, steel slag B and steel slag E
tend to increase the expansion ratio more seriously than
steel slag A, steel slag C, and steel slag D. What is more,
steel slag B tends to increase expansion ratio more seriously
than steel slag E. Therefore, it can be concluded from
Tables 1 and 5 that under autoclaved condition, the reaction
of f~CaO tends to increase expansion ratio more seriously
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Table 5 Autoclave soundness of the binders

Composition of binder/%

Expansion ratio/%

Cement Steel slag

100 0 0.18

85 15 (steel slag A) 0.27

70 30 (steel slag A) 0.39

50 50 (steel slag A) 0.55

85 15 (steel slag B) 0.51

70 30 (steel slag B) Cracked
50 50 (steel slag B) Cracked
85 15 (steel slag C) 0.17

70 30 (steel slag C) 0.29

50 50 (steel slag C) 0.41

85 15 (steel slag D) 0.28

70 30 (steel slag D) 0.45

50 50 (steel slag D) 0.58

85 15 (steel slag E) 0.42

70 30 (steel slag E) 0.72

50 50 (steel slag E) Cracked

than that of the minerals containing MgO. This might be
because the Ca(OH), produced by f~CaO has a larger spe-
cific surface area or volume than the Mg(OH), produced by
the minerals containing MgO.

Conclusions
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High curing temperature can excite the activity of
steel slag. Under autoclaved condition, C3S, C,S, f-
Ca0, and the minerals containing MgO of steel slag
can react sufficiently.

Under autoclaved condition, the morphologies of
Ca(OH), produced by f-CaO are quite different from
those of Ca(OH), produced by C3S and C,S. The
Ca(OH), produced by f~CaO has a larger specific
surface area or volume.

Under autoclaved condition, the mean Ca-Si ratio of
C-S—H gel produced by the hydration of steel slag is
between 1.7 and 1.9, which is a little smaller than
that produced by the hydration of cement.

Under autoclaved condition, the reaction of f~CaO
tends to cause larger expansion than that of the
minerals containing MgO.
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