-5-

TABLE 1.

TYPICAL SLAG COMPOSITIONS

2240

Slag Source Weight Per Cent
5102 A1203 MgO cal)
Basic Slast “urnace (1 (min) 0.1 7.9 1.2 166
(max) 2.0 21.9 6.0 53.4
w > Basic Blast Fur.ace (2) (min 30.8 12:3 3% B
; 3 (max) 33,8 18,5 12,6 43,8
[ E Foundry Blas! Furnace () (min) 26.1 12.3 2.4 k0,0
g v (max) . W7 %3 55 e
E Blast Furnace (3) * 33,2 18.2 18.5 28.2
Blast Furnace ') 39 19 205 MHeb
5 Blast Furncce (@) (min) 28.2 6.7 3.5 22:0 °
(aax) < 39,0 9.5 B8 KA
Blast Furnace (10) (min) 29.3 2.€ 1.8 BN 5
(max) 38.0 21.9 60 A
g Blast Furnace (12) (win) 13.0 12.2 C.6
E (max) %7 W8 2008
Binat Bl o 1 (min) 31.0 9.0 B9
g mex) 380 W0 abiel 2
Krupp-lenn £ . 57.4 4.8 4,0 8.9
Ferro-manganese '8 (min) 27.2 13.1 .5 3.6
L (max) 28,3 W3 G2 NS
g Peavecattsaton 1T 2.4 %62 WE Ay
{erro-manganese (15) 24,0 8.0 0.9 1.5
B. ‘o Oxygen Furnace (16) 29.7 0.0 6.6 h3.2
Pad.a L. {min) 13.0 0.0 0.6 8.9
< reax) . L Shh M8 RS
4 Tablo I. 2. 9 B 3%.2
*% : ‘, ¢ yalues not indicated as (min) or (max) are average values
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1.4.1 Iron Blast Turnzce 3lars

Blast furnace ugs are formed during the reduction of iron ores,

primarily caematite and limonite., Slags consist of material derived T

from minerals associated with the cre and certain fluxing additions
intentionally added to aid in the melting and refining of pig iron.
The composition of blast furnace slag varies from plant to plant, but

will normzlly '+~ the rollowing constituents in the proportions in-

dicated:
810, : 28 - 41 per cent
Alao} : 6 - 20 per cent
Mgl : 2 - 2C per cent
Ca0 : 27 - 45 per cent

c:o/51o ratio : 1= 1.5

Much of the material which composes blast furnace slag s eharscﬁ

with the iron ore as gangue, nolably $i0, end AL 3. A certain .““““i; 1
of Ca0 and/or Mg0 may be present in the paturally occurring ore, dut -
lime or dolomite is usually added separately. Ores which contain tﬁn
proper proportion of acidic and basic - ~ronents are said to be self- ;j 5

fluxing but additions of lime or silica are usually required to yru-

duce a slag with proper refining characteristics, suitable vtlcotitr.
reasonable liquidus v.~verature, and other qualities. Zach of the four

oxides and the interaction of these provide these functions which are

optimized at specific slag compositions.

1.4.2 Steelmaking Slazs

The constituents of steelmaking slags, like iron blast furnace
slags, fall into tk~ four-oxide system 5102-A1205-xgo-c-o. There are ; ‘?‘
& number of different processes practised in steelmaking, viz., acid : i
and basic open hearth, Bessemer, electric arc, basic oxygen, Kaldo and

others, e, g., tandem and rotor. In spite of the wide variationm in
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composition of st2elmaking slags, many of them have a suitable com-

L ||

position which warrants their use as cement.
UnliZe blast furnace slags, steslmaking slags often contain con= ‘

siderable anounts (5 - 10 per cent) of metallic iron as well as other

impurities. Thus steelmaking slags are sometimes reprocessed to re-

cover valuable constituents. After iron removal, steelmaking slags

are occasionally used as fluxing additions to blast furnaces. This is ‘..fﬁ

possible because of the high CaO/SiO2 ratioe present in basic steel-

making slags. For this same reason, these slags may develop good ‘ 3

hydraulic properties from the hydration of di- and tricalcium silicate. 5 ¥€
Other than metzllic iron, a significant amount of materisl r&vﬁ.vls,'; i

senting impurities is also present in steclmaking slags. Oxides (FeO, e

Pé05, MnO, ete.) may affect the hydraulic capabilities of steelmaking

slags, hence careful evaluation of these effects must be made prior to :

making slag cement from these slazgs. A considerable amount of steel-

meking slags is used as raw material in the manufacture of portland

cement clinker,

1.4.3 Ferro-alloy Slazs

Considerable tcnnages of slags are produced during the manu-
facture of ferro-alloys, notably ferro-chromium and lerro-manganesc.
Again, the major constituents of these slags are the four oxides, 8103
104, Y50, and Ca0, but often considerable amounts of other oxides
are pressnt, mainly Crzo3 (ferro-chromium), ¥n0 (ferro-manganese),

(%)

Fe.O. a~ -thers., Jochens, ‘'olhuter and Howat have srown that

2>
certain slags from ferro-alloy production would make satisfactory
cement provided that certain ccmpositional adjustments are made. These

adjustments, in fact, yield a slag with a composition similar to that

of blast furnace slags and subsequently permit treatment of the ferro-

alloy slags as blast furnace slags in the manufacture of cement.
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1.5 Granulation of 3Slacs

Slags which are destined for cement manufacture must be treated

in such a way that minimum crystallization cccurs during cooling. The

temperature at which nvcleation ceases in blast furnace slags is about

1
840°¢c a7 so the problem that arises is to cool the slag rapidly from

the tapping temperature to below 940°C at such a rate that crystalli-
zation cannot occur,
The commercial granulation processes provide a double mmtim‘n‘ ‘, :
(1) quenching of the slag from the liquid state to the solid state Qﬁ, nf 

such a rate as to preclude crystallizaticn end (2) rendering the

quenched product more essily handled by virtue of transforming it into i
small grains normally lesc than 5 x 10" m. Tris process is usually

accomplished by directing a stream of molten slag int> a high pressure sure

R s R R A R ARG s TR

jet of water, steam, or air. The rapid cooling thus achjeved is uf-

4

ficient to prevent crystallization. These rates depend Lpon the gran-

ulation methcd employed but it is believed that they are in excess af

&

; 500°C per second.

B

& During commercial granul&tion processes, some crystals are esm
9

£

formed but it is Lelieved that this is due to precooling of the slag

to below its liquidus temperw.ture prior to granulating. This ‘Ml: {oeig

5
% ,g‘wﬂ = F. S

occurs when the slag must be irensported away from the furnace for

granulation (13) .
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EXPERIMEZNTAL PROCEDURE - SLAGS

2.1 Selection of Slac Compnositions

¥or this investigation, samples of synthetic slag were chosen

within the following range of cumposition:

These compositional limits best reflect the entire range of‘:h@nﬁ“ i
available for cement manufacture. Additionaily, those slags which i
fall into the above compositional eriteria but which have a liqnuﬁi :
temperature of 1600°C or higher were not investigated. ;

The slag compositions chosen were based on the SiOZ-AleyMW 0

diagrams

Si0, : 20 ~ 50 per cent
A 05 : 10 - 35 per cent
Mg0 t 0O~ 35 per cent

Cca0 ¢ 10 = 50 per cent.

(18)

prepared by Osborn, DeVries, et al , which consist of Smf*

MgO-Ca0 pscudo-ternary diagrams plotted at constant uz% levels., The

Ce0 to Vg0 ratio is maintaired constant at the various Al‘.zo3 levels

by the technique of plotting them on lines drawn from the 5i0, apex

to 10 per cent intervals on the MgO-CaC axis of the throo-colycmat'_

(SiOZ-CaO-MgO) phase diagram. By plotting points on these iines at

alternating intersections with the five per cent Si0, levels, tﬁow :

tire area in question was covered and closely-spaced points were mibdo 2

A sample

diagram indicating the technique of point selection is shown

in Figure 1. The approximate liquidus temperatures and the primary

phases present were taken from various sources

(12,13,18, 19.20.21).

One-hundred-one points satisfied the above requirements of both

liquidus

temperature and composition, based on the available data in the

literature. These points were grouped into series based on the alumina

content.,

position,

These ser’'<s are shown alphamerically with the sample com=-

approximate liguidus temperatures, and assumed primary phase
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307 A1,0, Flane

3
E - Series

7 / / / |
Ca0
A1l points on or within the framework satisfy the
imposed comwposition requirements.

: / 23 1) 3 32 33 \ '
34 /— 35 36 37 38 \59

Sample Number Assignment

Figure 1. DlNethod of Point Selection




in Table II.
Table II incorporatcs the shorthand nctation for oxides as fol-

= 5102

e A1203
= Mg0
= Cal,.

o = »>» &0

Other oxides represented in this thesis are:
B = H0 5
F = Fczo}. : ;

Using this shoythand system, various compounds and solid nmm

thus be written: L
Ackermanite c zmz
Anorthite mz
Dicalcium silicate 55 : e
Forsterite ¥,S i o
Gehlenite
Melilite
Merwinite c’nsa
Mullite A)SZ
Periclase M i
Pyr.xene : cms, - 15 (solid solution) )
Rankinite c’sz :
Spinel MA
Tricalcium aluminate c’A

Tricalcium ;muu c’l.
It should be noted that several slags had liquidus temperatures
close to but groab.A" than 1600°C as determined from the literature.
These were excluded from study. It was later found that the liquidus

temperature of some of the slags included for study exceeded 1600°C.
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TABLE Il
SAIMPLE NUMBTR ASSIGUIUNT, COMPOSITICH, ESTIMATSD LIGUIDLS
TEMPEDRATURS, AND ASSUMED  PRIMARY PHASE
sple o Vgt ot LS e
: 273 2 Phase . Temperaturs
i £ 10 50 0.0 40.0  «C5 1435%¢
A-2 10 50 8.0 32,0  Pyroxene 1260
P 10 50 16.0 24.0  Fyroxene 1340
§ A= 10 50 24,0 16,0 M8 1450
; A-T 10 45 4.5 40.5 4CS 1340
j 48 10 45 13,5 31.5  Melilite 13%0
¢ A-9 10 45 25 #5 K8 uo
£ 4-10 10 45 35 135 KS g
f a-12 10 4 0.0 500 S, B
f A=13 10 40 10.0 40,0  Nelilite 1375 ;
* A-14 10 40 20,0 30,0 M8 e -
i‘ A-15 10 40 0.0 20,0 M5 1560 23
é A-19 10 35 16.5 38,5 G5, - 1485 :
: A-20 10 3 27.5 215 N 1560
i v
i Bl 15 50 0,0 350 =08 1330
15 50 7.0 28.0  CAS, 1270
15 50 14.0 21,0  Pyroxene 1300
15 50 21,0 14.0 MS 1420
15 45 4.0 3.0 «Cs 1270
: 15 45 12,0 28,0 Pyroxene 1280
}% 15 45 20,0 20.0 HzS 1410
180 e W RS 155
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TABLE 11,

(Continued)

Sample
Number

A120}

Weight Per Cen®

510, g0

Cal

Assumed
Primary

Yhase

Bstinated
Ligquidus
Temperature

B-12
B-13
B-14
B-15
B-18
3-19
B-20
B-24

C-1
c-2
c-3
c-4
¢-7
Cc-8
c-9
C-10
c-12
c-13
C-14
Cc-15
Cc-18
c-19
C-20

15

15

15
15
15
15
15
15

B % 4 3 3 3 B 320 88 8

0.0
9.0
18.0
27.0

5.0
15.0
25.0

11.0

0.0
6.0
12,0
18,0
345
1C.5
17.5
24.5
0.0
8.0
16.0
24.0
4.5
13.5

22.5

45.0

18.0
45.0
3540
25.0

44.0

24.0
18,0
12,0
31.5
24.5
17.5
10.5
40.0
32,0
24.0
16,0
40.5
31.5
22.5

Melilite

Felilite

M,S
telilite
MA

MA

HQS
Melilite
Melilite
MA

HA
Melilite
MA

HA

1360°%¢

1525
1445
1420
1520
1485

1370
1370
1320
1320
1325

IRy o

1345
1450
1360
1305
1420
1530
1460
1460
1595
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TABLE IT., (Continued)

Sample Weight Fer Cent ;::::;3 ﬁ:m;:d
Number 41,0 3 510, iig0 Cal Phase Temperature

c-23 20 30 0.0 50.0 C,8 1560°¢C

2
C-24 10.0 40C.0 Melilite 1450

3
3

Cc-25 20

k<)

20,0 30.0 MA 1570

%» L-1 25 5C 0.0 25.0 Cas, 1450
£ D-2 25 50 )0 20,0 CAS, 1425
D=3 25 56 10.0  15.0  Cas, 1380
: D-4 2% 5 150 10,0 M 1360
| D-7 25 45 30 21.0 Cas, 1410
-8 25 45 9.0 21.0  GiS, 1400
D-9 25 45 15,0 15.0 MA 1405
D-12 25 40 0.0 35.0 CaS, 1340
D-13 25 40 7.0 28,0  Cas, 1340
D-14 25 40 14.0 21,0 M 1495 T
D15 25 © 2.0 140 M 1560
D-18 25 35 4.0 36,0 Melilite T
D-19 25 35 12,0 28,0 MA 1510
D-23 25 30 0.0 45.0 lMelilite 1560
D-24 25 30 9.0 35.0 M 1480
D-29 25 25 5,0 45.0 Melilite 1500
D-30 25 25 15,0 35.0 MA 1550
D-35 25 20 11,0 44.0 XM 1500
E-1 30 50 0.0 20.0 CaS, 1540
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TABLE 171,

{Continued)

Sample
Number

A1205

5i0

Weight Ter Cent
g0

Cal

Assunied
Primary
Phase

Estimated
Liquidus
Temperature

T RE N S e )

E-3

E=-T

E-8

E-9

B-12
B-13
E-14
E-15
£-18
£-19
E-23
E~24
E-29
£-30
E-34
E-35

¥ ¥ ¥ e 8 8 089

i
la)

¥N % 89 8B 99890

50
45
45
45
40
40
40
4)
35

25
25

3

8.0
2.5
745
12.5
0.0
6.0
12,0
18,0
3.5
10,5
0.0
£.0
4.5
13.5
0.0
10.0
20,0

12,0
22.5
17.5
12.5
30,0
24.0
18.0
12.0
21.5
24.5
40.0
32.0
40.5
3345
5040
40.0
30.0

felilite
CAS2
0&32
MA

CASZ

CA52
MA
MA
Helilite
MA

Melilite

1425%C
1490
1460
1470
1490
1400
1520
1550

15%
1560
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TABLE 1T, (Continued)

, g A Estimated

§ Sample Weighi Per Cent SN

1 Primary Liqu'dus

1 Kunber MO, 510, ¥gd Cad - B o

13 3% 40 5.0 20,0 i, 1w’
o 4 F-14 35 40 10.0 15,0 WA 1525

s F-15 35 £  15.0 10,0 . 1590

P13 3 % 3.0 21.0 e, 145

o F-19 35 35 5.0 21,0 W 1565_°

P-23
P-24
F-29
F-34
F-35

35 30 0.0
35 30 7.0
35 25 4.0
35 20 0.0

35 20 9.0

28,0
36,0

45.0

lielilite

MA

Melilite
Melilite

HA
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