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Component modification of steel slag in air quenching process to
improve grindability
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Abstract: A new solution called component modification in-process was introduced to the difficult grinding of air quenching steel
slag by a series of experiments. The results show that the fly ash added into the molten steel slag before air quenching can more
effectively improve the slag’s grindability than milltailings, which is the other modification agent tested under the same conditions.
The role of fly ash is strengthened as its proportion increases, although the degree of promotion is gradually reduced. As a result of
the reaction between fly ash and steel slag at high temperature, some new mineral phases and vitreous bodies with fine grindability
promote the slag grinding easily. This work is helpful to making a comprehensive utilization of steel slag and maximize its economic

efficiency in China.
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1 Introduction

At present, processing technology of steel slag is
developing to make slag granulate easily, to disappear
free calcia as far as possible, to separate scrap from slag
conveniently, and to make a comprehensive utilization of
tailings to reach 100% in order to maximize the
economic efficiency and environmental benefits[1—4].
The main chemical compositions of steel slag are CaO,
Fe,03, SiO,, some MgO and the main phases are C;S,
C,S and periclase, etc. Because of its high alkalinity, it is
difficult to form glassy phases in steel slag[5—6]. Air
quenching of steel slag is a process to use high-pressure
air to cool molten steel slag from high-temperature
rapidly to form small slag particles. Due to small particle
size uniformity, the following coarse crushing process
cannot be adopted, which has a certain advantage to
reduce energy consumption[7—8]. What’s more, the slag
particle size can be controlled by adjusting parameters of
air quenching process. f-C,S is the main calsil in air
quenching steel slag with granular patterns or the
flowers-like patterns. The patterns of C;S are like plate
or strip[9]. There are a large number of aphanitic ferrite

on the edge of interface and some well-developed
monocalcium ferrite locally[9—11]. Based on the results
of analysis of mineral phase, the existence of calsil in air
quenching slag makes it hydraulic set. After air
quenching treatment[12], there is a relatively small
number free calcia with instability. It is a major problem
faced in the application of steel slag that the hard slag is
not easy to be crushed[13—15]. It is obvious that there are
very few documents in which in-depth study on slag
grindability is given, especially, using component
modification to improve the grindability of slag
in-process is difficult to be found in literatures. In this
work, a new solution method to the slag grinding was
introduced. The basic idea of the experiment is that
adding modification agent to the molten slag before
quenching can change the slag phase composition and
improve its grindability.

2 Experimental

The capacity of the slag tundish used in air
quenching slag production was about 3.5 t in Ma Steel
Company in China where the hot tests were done. Before
experiment a layer of modification agent (50 kg) was put
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at the bottom of the slag tundish. 1 t of high-temperature
slag (about 1 650 ) was poured into the tundish from
the slag ladle. This course lasted not more than 40 s.
Because of the flow and scouring effect of slag in molten
condition, the high-temperature slag and modification
agent were mixed well with reaction developing. Air
quenching was subsequently done to the mixed slag.
When the air quenched slag was cool, several samples
were taken out and crushed in a ball mill with the same
parameters. The evaluation method of grindability in this
work was that the more the proportion of fine-grained
samples is, the better the grindability. In addition, SEM
was used to analyze the samples. To compare the
modification effect, a blank experiment without
modification was also done each time. In order to make
chemical components of each slag sample is almost the
same before modification, all the experiments were done
when the BOF was used to produce the same type of
steel.

3 Results and discussion

3.1 Effect of two kinds of modification agent

Fly ash and milltailings are two kinds of component
modification agents tested in this work. The chemical
composition of modification agents is shown in Table 1.
The component of slag without modification is also
given. The samples after quenching were broken first by
general crushing machine. 500 g crushed slag within
0.60—1.18 mm in diameter screened by standard sieves
was gotten. The slag was put into the ball mill (Q M-SX5)
where 3 kg small steel balls with 6 mm in diameter were
loaded. The rotation speed was 140 r/min, the crushing
time was 2 h, and the direction of rotation was single.
Each sample was weighed after grinding, and the results
are given in Table 2.

It can be seen from Table 2 that under the same
milling conditions, for the particles of 300—600 pm and
600—1 180 um in diameter, the proportion in air
quenching slag without modification is more than that of
the modified samples with 5% fly ash or milltailings
added. For particle size of 150—300 pm, 75—150 pm and

75 pm in diameter, there is much larger proportion in
both 5% fly ash samples and 5% milltailings samples
than that in the original slag samples. The big proportion
of fine-grained level shows the addition of fly ash and
milltailings improves the grindability of the air
quenching steel slag.

The results of the volume under 150 pum sieve for
the 3 kinds of samples are shown in Fig.1. As can be
seen from Fig.1, under the same milling conditions, the
sample with 5% fly ash added has more particles whose
size is less than 150 pum than the other two kinds of
samples. More fine particles mean better milling effect.
So it can be also drawn that the order of grindability
from low to high for the 3 samples is as follows: the air
quenching slag without modification, the sample with
5% milltailings added, the slag sample with 5% fly ash.
That is, the promotion of fly ash can effectively improve
the grindability of air quenching slag.

When the addition of fly ash was adjusted to 9%, a
similar experiment was also completed. The particle size
distribution of the slag modified by 9% fly ash and the
original slag is given in Fig.2.

It can be seen from Fig.2 that in the region of fine
particle size, such as particle size less than 30 pm, the
volume of each size in the modified slag is significantly
greater than that of the original slag. On the contrary, in
the coarse particle region, for example, larger than 50 pm,
the content of each size in modified sample is less than
that of the original slag.

Table 1 Composition of modification agent and slag without modification (mass fraction, %)

Component TFe CaO MgO Al,O4 SiO, S f-CaO FeO M-Fe C
Fly ash 1.53 5.3 078 2153 6727 047 - - - 3.59

Milltailings 15.79 - - - 6342 153 - 0.71 - -

Steelslagwithout 0 e 4473 846 460 1453 0045 954 2100 845 -

modification

Table 2 Particle size distribution of air quenching slag with different component modification agents

Size distribution/pm Slag modified by 5% fly ash/%

Slag modified by 5% milltailings/%

Slag without modification/%

75 4.2
75-150 21.5
150-300 17.8
300-600 16.2

600—1 180 40.3

2.7 1.3
14.2 5.1
15.6 12.5
20.3 22.7

47.2 58.4
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Fig.2 Particle volume fraction of slag modified by 9% fly ash
and original slag

3.2 Effects of the addition ratio of fly ash

In order to obtain the effect of the amount of fly ash
addition on the grindability of steel slag, a series of
experiments were carried out in laboratory. The course of
the experiment is shown in Fig.3.

Experimental analysis indicates that the more the
amount of fly ash is added, the more easily the samples are

Cold steel slag before quenching

1 Flyashadding

Silicon-molybdenum furnace

J Heating

Keep temperature 1 650 C for 25 min

l Cooling in air

Grinding and analysis

Fig.3 Flowchart of experiments in laboratory

ground. This was mainly because the reaction between
steel slag and fly ash is promoted by the great amount of
mixing of fly ash, thus the grindability is improved
greatly. Fig.4 gives the cumulative undersize distribution
of steel slag with different ratios of fly ash added.
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Fig.4 Cumulative undersize distribution of steel slag with
different ratios of fly ash

As can be seen from Fig.4, under the same grinding
conditions, the proportion of fine particles (less than 75
um) of original steel slag is 13.3%. After 20% fly ash is
added, the value is 35.21%, and it turns to 36.9% while
the proportion of additive is 30%. For the particles less
than 250 um, the percentage share of the accumulated
slag is from 16.1% to 83.8% when the amount of fly ash
changes from 0 to 30%. All this indicates that with the
increase of fly ash, the proportion of fine-grained powder
of steel slag grows. Therefore, it can be concluded that,
the fly ash can improve the grindability of steel slag
greatly. Simultaneously this role is strengthened as the
proportion of fly ash increases.

For the particle size of less than 75 pum and 106 um,
Fig.5 shows the relevant cumulative percentage under
different ratios of fly ash added. When the ratio of fly ash
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Fig.5 Effects of ratio of fly ash added into steel slag on
cumulative undersize distribution of less than 75 pm and 106 pm
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changes from 20% to 30%, the increasing trend of the
percentage of particles less than 75 um is gentle. In sharp
contrast, the increasing trend of the percentage of
particles less than 106 pm is obvious. This shows that,
with the increase of fly ash, the slag’s grindability
improves, but the degree of promotion is gradually
reduced. Taking into account of the restrictions on the
amount of fly ash, the proposed ratio of fly ash is about
10%.

3.3 Effect of two adding ways of modification agent
There are two ways to add the fly ash into steel slag,
one is called physical mix, and the other is chemical mix.
Physical mix is remelting slag and fly ash alone first,
then mixing the two air-cooled samples together to the
certain proportion. Chemical mix is mixing the fly ash
and slag to the certain proportion first, then remelting the
mixture together. Comparison of these two ways can tell
whether it is the chemical reaction resulting in the
substantial increase of grindability for the mixture. It
should be noted that all experiments done before are the
so-called chemical mix here. Of course, the melting
temperature and the proportion of additives are the same
for the two ways, as well as the crushing process. In this
work, the melting temperature is kept 1 650 for 25
min, and the cooling medium is air at room temperature.
The particle size of the test fly ash is very small, which is
mostly less than 75 pm. The ball mill (Q M-SX5) and its
parameters are the same as those mentioned in this paper.
From the grinding results (as shown in Fig.6) of the
two adding ways above, as to the chemical mix samples,
the proportion of fine particles is much larger than that of
the physical mix sample. This shows that the good
grindability is due to the reaction between fly ash and
steel slag taking place at a high temperature, not because
fly ash owns fine grindability. In this test, for the
modified slag by fly ash, the modification in molten state
is not the same as the simple cold mix (physical mix
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Fig.6 Effects of two mix methods on grindability

mentioned before) in nature. Modification under
high-temperature of the slag changes its composition and
structure. This means that a qualitative variety is
undergone in the slag.

3.4 SEM analysis

The change in mineralogical structure before and
after modification was analyzed by SEM. For SEM
observation, the samples obtained in this work was
consolidated with epoxy resin adhesive, and were
polished to slices.

The microstructures of the slags are shown in Figs.7
and 8, Tables 3 and 4. For the steel slag samples
modified by fly ash, there exist new minerals grammite
(Ca0-Si0;,), a small amount of vitreous body and some
metallic iron. A little of ferriferous oxide, monocalcium
ferrite and C,S also occurs in the modified samples. The
f-CaO is difficult to find basically. The emergence of
new mineral phase and vitreous body with fine
grindability promotes the slag grinding. The hardness of
grammite (CaO-SiO,) is from 4.5 to 5.0, which is less
than that of C;S and Fe,O; (their hardness is 5—6). In
addition, the increase of metallic iron in slag improves
the magnetic properties, and the rate of magnetic
separation in slag can be increased. That is to say, the
recovery rate of iron increases, which is beneficial to
both the conservation of resources and the use of
follow-up products.

Fig.7 SEM images of slag without fly ash added: 1, 3, 6—
3Ca0-Si0y; 2, 4, 5—RO; 7—2Ca0-Si0,; 8—Ca(FeO,),; 9—
f-CaO



s838 ZONG Yan-bing, et al/Trans. Nonferrous Met. Soc. China 19(2009) s834—s839

Fig.8 Micrographs of slag with 5% fly ash added: 1, 2, 3, 4—
Ca0-Si0,; 5, 7—2Ca0-Si0,; 6—CaO-FeO-SiO,; —RO

Table 3 Mineral phases in steel slag without modification

Mineral phase Volume fraction/%
CsS 30-35
C,S 20-25
MgO 7-8
RO 30
f-CaO 68
M-Fe 3

Table 4 Mineral phases in steel slag modified by 5% fly ash
added

Mineral phase Volume fraction/%
C5S 10-20
(&N 30-35
CS 10-15
RO 3
CF 3-4
M-Fe 20

As the main components of fly ash are SiO, and
ALOs; (as shown in Table 1), the following reaction can
take place between fly ash and steel slag at high
temperature[ 16]:

f-CaO +Si0,—Ca0-SiO,
2f-Ca0 +Fe,0;—>2Ca0-Fe,0;
3f-Ca0O +Al,0;—>3Ca0-AL,04
2f-Ca0 +Si0,—>2Ca0-SiO,
C+2Fe,0;—>4FcO+CO,
C+2FeO—2Fe+CO,

These reactions change the slag mineral phases,
produce the easy grinding phases, decrease the content of
f-CaO, and overcome the shortcomings inherent in the
performance.

4 Conclusions

1) The fly ash added into the steel slag before air
quenching can more effectively improve the slag’s
grindability than milltailings under the same conditions.
The role of fly ash is strengthened as the proportion of
fly ash increases, although the degree of promotion is
gradually reduced.

2) The good grindability is a result of the reaction
between fly ash and steel slag taking place at a high
temperature, not because fly ash owns fine grindability.
Modification under high-temperature of the slag changes
its composition and structure.

3) In the steel slag samples modified by fly ash
there exist new minerals grammite (CaO-Si0O,), a small
amount of vitreous body. The emergence of new mineral
phase and vitreous body with fine grindability promotes
the slag grinding easily.
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