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Experimental Study on the Characteristics of Rapid Chilled
Converter Slag by Watering
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Abstract: In this study, a physical and chemical properties analysis was conducted for PCSP to evaluate properties of its materials

and, for comparison purpose, was also conducted for CSP. The result of experiment confirmed improvement of iron recovery rate due

to introduction of rapid water-cooling equipment and greater density of exterior and interior structure through SEM observation and

porosity measurement. Also, SEM, XRD and DSC-TGA analysis showed that content of f-CaO in PCSP was minuscule so it was

decided that problems of material stability including f-CaO-caused bulging failure, which has been problematic, can be solved.
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1. Introduction

Steel industry, among various areas of industry, is a large-scale,

facility-based industry consuming large amount of resource and

energy and its huge size makes it unavoidable that it creates vari-

ous by-products and wastes.

Accounting for the biggest part among them is steel slag,

divided into blast furnace slag and steel-making slag. Blast fur-

nace slag is classified into water-granulated slag and slow chilled

slag and steel-making slag into converter slag and electric arc fur-

nace slag. Electric arc furnace slag is further classified into oxida-

tion process slag and deoxidation process slag.
1,3

The amount of steel slag is related to crude steel output and is

projected to see continued increase each year.
1

 Among steel slag, research to develop uses of blast furnace slag

has been lively since slag cement was initially produced in Europe

in the 1890s, and as a result, its recycling level has been improved

greatly and recycling for high value-added uses has become possi-

ble for the most part.

On the contrary, steel-making slag partly includes f-CaO and f-

MgO due to nature of the process by which steel-making slag is

created and, when contacting moisture, is transformed to Ca(OH)2

and Mg(OH)2 and results in volume expansion. This causes prob-

lems to material stability so its utilization is limited except for

some uses.

To stabilize f-CaO and f-MgO, aging treatment, known to

require 6 months to 1 year or more, is crucial.

But Korean steel companies recently introduced, and are now

operating, rapid treatment equipment in the converter process and

rapid chilled converter slag are being created therefrom.

Such rapid treatment process, after undergoing watering and

mechanical cold crushing of high-temperature molten slag, col-

lects iron content by magnetic separation and then discharges

them, resulting in reduction of slag treatment period, securing of

yard and reduction of fly ash.

This study, anticipating that difference of cooling speed and

treatment process for rapid chilled converter slag may cause dif-

ference of properties in comparison to existing slow chilled con-

verter slag, investigated material properties to review utility in the

resource recycling.

 

2. Design and method of experiment

2.1 Design of experiment 
In this study, by analyzing raw material properties of rapid

chilled converter slag (hereinafter “PCSP”) created by watering

method, properties evaluation by physical/chemical method was

conducted for use in recycling review. Design of experiment is

shown in Table 1. The same experiment was also conducted for

slow chilled converter slag (hereinafter “CSP”) and its result was

used for comparative ·analysis.

2.2 Method of experiment
2.2.1 Chemical composition and basic properties

To evaluate original properties of raw materials of rapid chilled

converter slag and slow chilled converter slag, some sample were

collected and crushed by Disk mill for fixed time allowing the

material to become minute, and chemical components (XRF),

density (KS L 5110) and loss on ignition (KS L 5201) of milled

sample were measured.

2.2.2 Pore properties

Natural minerals and materials processed by calcination and
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melting and cooling have fine cracks and fine pores. These pore

defects are diverse in size and structure and can or can not be

reached from the surface.
2

In this study, to review in-slag density and pore properties

according to steel-making slag creation process and cooling

method, 5.0mm sieve residual quantity sample and 2.5mm sieve

residual quantity sample were partly collected in pre-milling sam-

ple sieve analysis test and then porosity was measured by mercury

intrusion porosimetry.

2.2.3 X-ray diffraction analysis

To confirm component minerals and f-CaO of steel-making slag

according to cooling method, X-ray diffraction analysis (RIGAKU,

Dmax-2200H) was conducted.

In general, steel-making slag undergoes aging treatment in the

air to stabilize f-CaO. Large amount of steel-making slag takes a

long time for all f-CaO therein to be changed to Ca(OH)2 and col-

lapse, but it is difficult to observe specific f-CaO peak of aging-

treated steel-making slag even if XRD is measured. Therefore, the

existence of f-CaO was decided from Ca(OH)2 changed from f-

CaO.

2.2.4 Observation of SEM fine structure

To find out the difference in fine structure of the surface indi-

rectly, existence of residual f-CaO and change in particle charac-

teristics by milling according to types of steel-making slag, 2.5mm

sieve residual sample by sieve analysis test and powder sample

milled by Disk mill for fixed time are observed in SEM (HITA-

CHI, S-3000H) at 1,000 ~ 3,000 magnifications. Fig. 1 is a photo

of Disk mill used in the milling.

2.2.5 DSC-TGA heat analysis

Exothermic/endothermic properties, phase transfer and Ca(OH)2

thermal decomposition behavior according to existence of f-CaO

for raw materials were measured by DSC (SHIMADZU, DSC-

50). In the DSC measurement, amount of Ca(OH)2 created can be

measured by peak area method but as this method converts peak

area into amount of heat (calorie), there is restriction to direct link

with the created amount of calcium hydroxide. So, to solve such

problem, a method indirectly comparing created or remaining

amount of Ca(OH)2 by measuring TGA(SHIMADZU, TGA-50)

was used.
4,5

3. Result of experiment

3.1 Chemical components and basic properties
Measurement of chemical components, density and loss on

ignition of milled raw materials is shown in Table 2.

Steel-making slag, unlike blast furnace slag, has low amount of

silica and has large amount of lime and iron and high specific

gravity and forms Ca(OH)2, caused by f-CaO-moisture combina-

Table 1 Experimental design.

Experiment items Experiment level Sample condition Test condition

Density 1 Fine powder Gravity Lechatelier Bottles method

LOI 1 Fine powder 975 ± 25

XRF 1 Fine powder -

Pore properties 2
5.0 mm sieve residual quantity

mercury intrusion porosimetry
2.5 mm sieve residual quantity

XRD 1 Fine powder scan speed: 1°/min, scan angle: 5~60°

SEM 2
2.5 mm sieve residual quantity

X 1,000~3,000
Fine powder

Particle size distribution 1 Fine powder wet-type particle size analysis

DSC-TGA 1 Fine powder

heating speed: 10
o
/min

temperature range: 0~700
o
C

atmosphere: nitrogen

Table 2 Chemical composition of raw materials. (wt%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Ig.loss Density (g/cm
3
)

PCSP 10.25 6.40 31.67 35.36 10.49 0.18 0.22 −1.82 3.72

CSP 10.13 6.52 36.35 31.30 8.69 0.39 0.23 1.70 3.63

Fig. 1 Photograph of disk mill.
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tion, thus causing problems of volume expansion. This has been

pointed to as a serious obstacle and problem to recycling.

Chemical composition and content of PCSP and CSP are simi-

lar but it should be noted that around 5% higher iron recovery of

PCSP due to introduction of watering process can be indirectly

confirmed by content of Fe2O3.

It was shown that PCSP had greater density than CSP despite

lower Fe2O3 content. This can be seen caused by the structure and

pore properties of respective raw materials' chemical components

and it seems that, for analysis of result, further evaluation of

respective materials' pore properties is necessary.

3.2 Pore properties
Generally particle density equals mass divided by volume and

particle density in the particle system equals average density of

particles of all other sizes. But density of multi-pore particle has to

be given a special definition. Particles dispersed in a fluid are

absorbed inside the pores reachable from the surface so intrusion

by fluids depends on the size of molecules within liquid regarding

pore size and non-existence of other liquids in the pore.
2

Figure. 2 is the result of measuring porosity by mercury intru-

sion porosimetry and frequency distribution and accumulation dis-

tribution are shown differently according to creation process and

cooling method.

PCSP and CSP are concentrated on fine pores and, although

showing some difference according to the size of sample, porosity

of PCSP as a whole is lower than that of CSP. This result can also

be confirmed in the accumulation distribution curve and, overall,

total pore volume is lower for PCSP. So PCSP by rapid chilled

water-granulation seems to have better surface and interior densi-

ties than CSP.

Also, the tendency from such porosity measurement applies the

same to fine particles caused by milling and seems to be one of the

reasons for PCSP's high density in the result of density experiment

shown above.

3.3 X-ray diffraction analysis
To confirm component minerals of raw materials, X-ray diffrac-

tion analysis was conducted and the result is shown in Fig. 3. 

Under the same intensity, PCSP's components form individual

compounds and Dicalcium ferrite (C2F, #00-047-1744), Hematite

(α-Fe2O3, #00-033-0664) and Magnetite (Fe3O4, #00-019-0629)

peaks are clearly observed and low Lamite (β-C2S, #00-020-

0237) peak at around 31
o
 is clearly observed. CSP also has such

peaks but most of them have low crystallinity and have high level

of Portlandite (Ca(OH)2, #00-004-0733) and Quartz (SiO2, #00-

011-0252) crystal peaks caused by f-CaO-moisture combination

and not observed in PCSP.

Such XRD result seems to show that frequency for PCSP's f-

CaO content becomes extremely low due to rapid chilled water-

granulated method and most CaO contents form SiO2 compounds

and form solid solution inside the material.
6

3.4 Observation of SEM fine structure 
To find out the difference in the fine structures of raw materials'

surface, SEM observation was conducted for 2.5 mm sieve resid-

ual quantity sample. The result is shown in Fig. 4.

Both samples of PCSP and CSP showed surface with smooth

characteristics but it seems that surface density is higher for PCSP. 

Change in particle characteristics according to milling in Fig. 5

shows that, with the same amount of milling time, PCSP has a

fewer amount of large particles than CSP and PCSP's amount of

fine particles has increased significantly.

However, such result comes from small amount of sample mill-

ing. And although PCSP's milling efficiency can be seen better

than that of CSP, it can vary according to inter-particle cohesive-

ness, mill properties and temperature in large-scale milling.
7

3.5 DSC-TGA
Exothermic/endothermic properties, phase transfer and decom-

Fig. 2 Porosity of raw materials. Fig. 3 XRD patterns of raw materials.
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position behavior according to properties of respective materials

were heat-analyzed by DSC and TGA, showing the result in Fig. 6.

DSC result of PCSP shows that the f-CaO-based Ca(OH)2 peak

of 450
o
C is insignificant and that weight increases along with exo-

thermic peak from around 250
o
C.

It can be said that such phenomenon is caused by creation of

Fig. 4 SEM photographs of raw materials.

Fig. 5 SEM photographs of grinding particle.

Fig. 6 DSC-TGA curves of raw materials.
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new materials through phase transfer or reverse reaction of solid

state reaction and that, with change of oxidized iron's crystal struc-

ture, such phenomenon is caused by combination with oxygen or

other factors.

CSP is caused by slow chilling and contains large amount of f-

CaO inside and outside the material. Such f-CaO combines with

atmospheric moisture to change into Ca(OH)2 and is known to

have problems of material stability due to volume expansion,

restraining its recycling. 

Ca(OH)2 creation and decomposition reactions due to hydration

of f-CaO can be defined by the reaction formula below.

(1)

(2)

DSC heat analysis shows that CSP has high endothermic peak

at around 420
o
C by Ca(OH)2 which is formed by combination

between f-CaO contained inside or outside of materials and mois-

ture, and the temperature is shown shifted lower than 450
o
C, the

generally-known decomposition temperature of Ca(OH)2. It

seems that the temperature moved to a relatively low decomposi-

tion temperature range either due to impurities entering Ca(OH)2

or due to insufficient crystallinity. The result of TGA, similar to

that of DSC, also shows that the amount of Ca(OH)2 estimated

from H2O loss by thermal decomposition of Ca(OH)2 accounts for

about 4.5% of the total, which is about 3.4% of f-CaO.

4. Conclusions

 In this study, material properties of PCSP were analyzed and

the conclusion is as follows.

1. Introduction of rapid chilling equipment improved iron

recovery rate for PCSP by about 5%.

2. Measuring of porosity showed low porosity in PCSP rapid

chilled water-granulation and it was thus confirmed that its interior

has a fairly high-density structure.

3. Analysis of X-ray diffraction showed that f-CaO-based

Ca(OH)2 peak was not detected in the PCSP and that its compo-

nents formed individual compounds.

4. Analysis of DSC-TGA showed that endothermic peak and

weight loss of Ca(OH)2 caused by f-CaO were not observed in the

PCSP.

5. From the above-mentioned results, it seems that rapid chilled

converter slag by watering can make improvement in the material

stability problem caused by f-CaO, which has been problematic,

and that various reviews of its utilization can expand the range of

recycling.
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