
T A B L E

TYPICAL SI i AO CCMPOoTTrCNi

Slag Source Veight Per Cent 
Si02 A120? MgO Car''

Basic 31ast Furnace (min)
(max;

30.1
33.0

7.9
21.9

1 .2

6 .0

16.6

53.1*
Basic Blast Fur.rice ^ (min) 

(max)
30.8

33.8
12.3
18.5

3.3
12.6

3 5.7

1*3.8
(2)Foundry Blnst Furnace (min)

(max)
26.1
«*<*.7

12.3
26.3

2.<+
5.5

1*0.0
1*8.1*

Blast (3) *Furnace 33.2 18 .2 18 .5 28.2

Blast „ (1+) Furnace 35.9 11.9 20.5 26.6
Blast (S)Furnt :e (min)

(mux)
28.2
39.0

6.7
19.5

3.5
22.6

27.0
1*7.0

Blast do)Furnace Coin) 
(max)

29.3 
38.0

7.6
21.9

1.8
6.0

37.9
53.1*

Blist Furnace <12) (rin)
(max)

13.0
36.?

12.2
37.8

0.6
20.1*

30.1*
1*6.7

Blast ft -3 (min)
(max)

31.0

38.0

9.0
1U.0

2.5
22.0

27.0
1*2.0

Krupp- I ’■
?*r n y?.b Vt.3 <4.0 8.9

?!Ferro-manganese (min)
(max)

2 7.2

28.3

13.1
1U .3

1.5
6.2

39.6
1*2.1

WFerro-chromiura 27.1* 16.2 11.2 1*2.3

turro- (15)•manganese 2l*.0 8.0 0.9 19.3

Bi dfe'iOxygen Ftirnace 2 9.7 0.0 6.6 t'3.2

Tab ft J> t (nin)
'max)

13 .0

57.1*
0.0
37.8

0.6
22.6

8.9 
53.^

Table X • 32.9 1U.9 8.k 36.2

* Values not indicated as (min) or (nax) are average valuei



1. *♦. 1 Iron Mast. .Xirmce 31srs

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

primarily ematite ana limonite. slags consist of material derived 

from minerals associated «/ith the ere a^d certain fluxing additions 

intentionally added to aid in the melting and refining of pig iron.

The composition of blast furnace nlng varies from plant to plant, but 

will normally '•*- the following constituents in the proportions in­

dicated:

Si02 : 28-41 p-?r cent

Al^O^ : 6 - 3 0  per cent

KgO : 2 - 2C per cent

CaO : 27-^5 per cent

CaO/SiC^ ratio : 1 - 1.5*

Much of the material which composes blast furnace slag is charged 

with the iron ore as gangue, noiably SiO^ end Al^Oy A certain amount 

of CaO and/or MgO may be present in the naturally occurring ore, out 

lime or dolomite is usually added separately. Ores which contain the 

proper proportion of acidic and basic or.enta are said to be self- 

fluxing but additions of line or silic- %re usually required to pro­

duce a slag with proper refining characteristics, suitable viscosity, 

reasonable liquidua w"«erature, and other qualities. Each of the four 

oxides and the interaction of these provide these functions which are 

optimized at specific slag compositions.

1.4.2 Steelaakinr ~la^s
Tha constituents of steelmaking slags, like iron blast furnace 

slags, fall into th* four-oxide system SiC2~Al20yMgO-CaO. There are 

a number of different processes practised in steelmaking, viz., acid 

and basic open hearth, 3essemer, electric arc, basic oxygen, Kaldo and 

others, e. g., tandem and rotor. In spite of the wide variation in



composition of staelsaking sli<js, many of them have a suitable com­

position which ve.rrs.nts their use as cement.

Unlike fcl=3st furnace sla<js, ste-ilmaxing slags often contain con­

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

impurities. Thus steelnaking sla^s are sometimes rcprocessti to re­

cover valuable constituents. After iron removal, st*'e!making slags 

are occasionally used os fluxing additions to blast furnaces. This is 

possible because of the high Ca0/3i0^ ratios present in basic steel- 

making 6lags. For this saoc reason, these slags may develop good 

hydraulic properties from the hydration of di- and tricalcium silicate.

Other than r.otallic iron, a significant amount of material repre­

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

P̂ Ot-, MnO, etc.) may affect the hydraulic capabilities of steelmaking 

sl.̂ .gs, hence careful evaluation of these ef^cts must be made prior to 

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

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

cement clinker.

1.*t,3 Ferro-alloy Sla-ts

Considerable tonnages of slags are produced during the manu­

facture of ferro-alloys, notably ferro-chronium and rerro-manganesr. 

Again, the major constituents of these slar.s are the four oxides, Si02 

A120^, KgO, and CaO, but often considerable amounts of other oxides

are pressnt, mainly Cr^O, (ferro-chromiura), MnO (fei-o-manganese),
 ̂ ( 1*0 Fe.O «' others. Jochens, ‘./olhuter ana Howat have shown that

® 3
certain slags from ferro-alloy production would make satisfactory 

'■ement provided that certain ccopositional 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.

-  7 -



1.5 Granuletior. of "la-s

Slags which are de.rtined for cement manufacture must be treated 

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

temperature at which nucleation ceases in blast furr.'ce slags is about 

8^0°C  ̂^  so the problem that arises is to cool the slag rapidly fron 

the tapping temperature to below 8^C°C at such a rate that crystalli­

zation cannot occur.

The cornercial granulation processes provide a double function: 

(1 ) quenching of the sls.g from the liquid state to the solid state at 

such a rate as to preclude crystallization and (2) rendering the 

quenched product more easily handled by virtue of transforming it into 

snail grains normally less than 5 x 10  ̂is, This process is usually 

accomplished by directing a stream of raolton slag into a high pressure 

jet cf water, steam, or air. The rapid cooling thus achieved is suf­

ficient to prevent crystallization. These rates depend upon the gran­

ulation methed employed but it is believed that they are in excess of

500°C per second.
During commercial granulation processes, some crystals are often 

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

to below its liquidus tempor.ture prior to granulating. This usually 

occurs when the slag must be t-^nsported away from the furnace for 

granulation
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II. e :< p 5 3 i 2 n t a l p ? o c : 3 u p :: - ■"> l o 3

2.1 Selection of Compositions

For this investigation, samples of synthetic slag were chosen

within the following range of composition:

SiO^ : 20-50 per cent

Al^C^ : 10 - 35 per cent

KgO : 0 - 3 5  per cent

CaO : 10-50 per cent.

These compositional limits best reflect the entire range of slags

available for c.ement manufacture. Additionally, those slags which

fall into the above compositional criteria but which have a liquidus

temperature of 1600°C or higher were not investigated.

The slag compositions chosen were based on the SiO^-AlgO^-MgO-CfcO
( *lf>)diagrams prepared by Osborn, Dev’ries, et al , which consist o± .iÔ - 

MgO-CaO pseudo-ternary diagrams plotted at constant Al^Oj levels. The 

CaO to KgO ratio is maintained constant at the various A120j levels 

by the technique of plotting them on lines drawn from the SiO., apex 

to 10 per cent intervals on the I'03-CaC axis of the three-component 

(SiOp-CaO-KgC) phase diagram. By plotting points on these lines at 

alternating intersections with the five per cent Si02 levels, the en­

tire area in question was covered and closely-spaced points were avoided. 

A simple diagram indicating the technique of point selection is shown

in Figure 1. The approximate liquidus temperatures and the primary
(12,13,13,19t20,?D

phases present were taken from various sources
One-hundred-one points satisfied the above requirements of both 

liquidus temperature and composition, based on the available data in the 

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

content. These ser."J are shown alphamerically with the sample com­

position, approximate liquidus temperatures, and assumed primary phase



All points on or within the fretwork satisfy the 
isiposed composition requirements.

Sample Number Assifoment 

Figure 1. Method of Point Selection
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in Table II.

Table II incorporates the shorthand notation for oxides as fol­

lows:

S = Si02 

A = A1203 

M = MeO 

C = CaO.

Other oxides represented in this thesis are:

H = H20 

F = Fe20^.

Using this shoithand system, various compounds and solid solutions may 

thus be written:

Ackermanite 

Anorthite

Dicalcium silicate 

Forsterite 

Gehlenite 

Kelilite 

Herwinite 

Mullite 

Periclase 

Pyroxene 

Rankinite 

Spinel

Tricalciura aluminate 

Tricalcium silicate 

It should ho noted that several sl.es had liquidus to.peratures 

close to but greater than 1600°C as determined fro. the literature. 

These -ere excluded fro. stud,. It waa later found that the liquidu. 

te.per.ture of s c  of the sl.8a tor study exceeded 1600°C.

C2HS2 

cas2

C2?

KgS

c2as

C2MS2 - C2»JS (solid i.lution)

C3H32

A5S2 
K
CHS2 - Its (solid solution)

C5S2
MA

V
CjS.
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T A a L 3 1 1 .

s ^ m s in-:3^a ASSl^! NT. 0 2STIH*PSD Li;.aiDU5

TEMPsT'•ATUK2. AND ASSUIrED PHD'■.JtY PHASE

Sample
Number A12°3

Weight Per Cent 
Ci02 MgO CaO

Ass’ancd
Primary
Phase

Estimated
Liquidus
Temporatura

----------------------------------------------------

A-l 10 50 0.0 40.0 «*CS 1435°C

A-2 10 50 8.0 32.0 Pyroxene 1280

A-3 10 50 16 .0 24.0 Pyroxene 1340

A-4 10 50 24.0 16 .0
V

1450

A-7 10 45 4.5 40.5 ** CS 1340

A-8 10 45 13.5 31.5 Kelilite 1330

A-9 10 45 22.5 22.5
V

1440

A-10 10 45 31.5 13.5 N?S 1555

A-12 10 40 0.0 5C .0
C ? S 2

1370

A-l 3 10 40 10.0 40.0 Ilelilite 1375

A-14 10 40 20.0 30.0 v 9 1400

A-15 10 40 3C .0 20.0 MgS 1560

A-19 10 35 16.5 33.5 c3f52 1465

A-20 10 35 27.5 27.5 M 1560

B-l 15 50 0.0 35.0 «* CS 1330

B-2 15 50 7.0 28.0 CAS? 1270

B-3 15 50 14 0 2 1.0 Pyroxene 1300

B-4 15 50 21.0 14.0 MgS 1420

B-7 15 45 4.0 36.0 <* CS 1270

B-8 15 45 12 .0 28.0 Pyroxene 1280

B-9 15 45 20.0 20.0 HjS 1410

B-10 15 45 28.0 12 .0 MgS 1550

MM H I
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TA3L3 II. (Continued)

Sample
Number ill?°3

V.’eigfrt Per Cent 
Si02 CaO

Assumed
Primary
Phase

Ketinated
Liquidus
Temperature

B-12 15 40 0.0 45.0 Kelilite 1360°C

3-13 15 40 9.0 36.0 Kelilite 1355

0-14 15 40 18.0 27.0 JUSz 1400

B-15 15 40 27.0 18.0 M95 1525

3-18 15 35 5.0 45.0 Kelilite 1445

3-19 15 35 15.0 35.0 MA 1420

B-20 15 35 25.0 25.0 MA 1520

B-24 15 30 1 1 .t 44.0 C2S 1485

C-l 20 50 0.0 30.0 C. ", 1370

C-2 20 50 6.0 24.0 OvS2 1370

c-3 20 50 12 .0 18.0 CAE^ 1320

C-4 20 50 18.0 12.0 V 1320

0-7 20 45 3.5 31.5 CAS2 1325

C-8 20 45 10.5 24.5 CASg 1315

0-9 20 45 17.5 17.5 MgS 1345

C-10 20 45 24.5 10.5

COJN4 1450

C-l 2 2u 40 0.0 40.0 Kelilite 1360

C-l 3 20 40 8.0 32*0 Kelilite 1305

C-14 20 40 16 .0 24.0 MA 1420

C-15 20 40 24.0 16.0 HA 1530

C-18 20 35 4.5 40.5 Kelilite 1460

C-19 20 35 13.5 31.5 MA 1460

C-20 20 35 22.5 22.5 11A 1595

-.. -II ■ » ■ nn.m.1 II1MII wtr nf-.n i •MMMTlffTT
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TABLE IT. (Continued)

Sample
Number a12°3

Weight jer Cent 
Si02 iigO CaO

Assumed
Primary
I’haae

Estimated
Liquidua
Temperature

C-23 20 30 0.0 50.0 C23
1560°C

C-24 20 30 10 .0 40.0 Kelilite 1450

C-25 20 30 20.0 30.0 MA 1570

L-l 23 5C 0.0 25.0 CA52 1450

D-2 50 j.o 20.0 CASg 1425

D-5 25 5C 10.0 15 .0 CASg 1380

D-4 25 50 15 .0 10 .0 MA 1360

D-7 25 45 3 0 27.0 cas2 1410

l)-8 25 45 9.0 21.0 cas2 1400

D-9 25 45 15.0 15.0 MA 1405

D-12 25 40 0.0 35.0 cas2 1340

D-13 25 40 7.0 28.0 cas2 1340

D-14 25 40 14 .0 21.0 MA 1495

D-15 25 40 2 1.0 14.0 MA 1560

D-ie 25 35 4.0 36.0 Kelilite 1420

D-19 25 35 12 .0 28.0 MA 1510

D-23 25 30 0.0 45.0 Kelilite 1560

D-24 25 30 9.0 56.0 MA 1480

Q-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 M 1500

E-l 30 50 0.0 20.0 CAS2 1540

S-2 30 50 4.0 16 .0 CAS2 1475



- 15 -

TABLE IT, (Conti Trued"}

Sample
Number j4l2°J

eight Ter Cent 
Si02 IlgO CaO

.As Burned 
Primary 
Phase

Estimated
liquidus
Temperature

E~3 50 50 8.0 12.0 Melilite 1425°C

S-7 50 45 2.5 22.5 CASp 1490

E-8 50 45 7.5 17.5 CASg 1460

E~9 50 45 12.5 12.5 MA u no

E-12 50 40 0.0 30.0 CAS2 1490

K-13 50 40 6.0 24.0 CkS2 1400

E-14 50 40 12.0 18.0 KA 1520

E-15 50 40 16.0 12.0 MA 1550

E-ie 30 35 3*5 >1.5 Melilite 1380

E-19 30 35 10.5 24.5 KA 1520

E-25 30 30 0.0 40.0 Melilite 1525

E-24 30 30 e.o 32.0 MA 15X0

E-29 30 25 4.5 40.5 Melilite 1540

p-5 0 30 25 13.5 31.5 MA 1595

E-M 30 20 0.0 50.0 KA 1590

E-35 30 20 10 .0 40.0 MA 1550

B-36 30 20 20.0 30.0 MA 1580

P-l 35 50 0.0 15.0 A3S2 1520

F-2 35 50 3.0 12.0 A3s2 1530

F-7 35 45 2.0 18.0 CASg 1515

F-8 35 45 6.0 14.0 MA 1475

y-9 35 45 10.0 10.0 MA 1490

F-12 35 40 0.0 25.0 CAS2 1500

>V' - - -
■** ■y*ii*tet-*e,v *• y,: irt}-: .&i,-. p

SHI

■



T/. BLR II. (Continued)

f> ample Weight Per Ce/it
Number Al2°3 Si0 2

F-1 3 35 40 5.0

F-14 35 40 10.0

F- 1 5 35 40 15 .0

F-18 35 35 3.0

F-19 35 3^ 9.0

F-23 35 30 0.0

F-24 35 30 7.0

F-29 35 25 4.0

F-34 35 20 0.0

/spumed Intimated
^  Primary Liqt' dus

Phase Temperature

20.0 CAS- 1440°C

15.0 Ki 1525

10.0 MA. 1590

27.0 cas2 1450

21.0 I1A 1565
35.0 tielilite 3475

26.0 MA 1540 
<6,0 Melilite 1525
45.0 Helilito 1590
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