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SUMMARY

I. Title

Development of low-energy portland cement

II, Purpose of Study

The cement industry in Korea has an advantage in the rate
of net exchange from export compared with other domestic in-
dustries owing to abundant raw materials such as clay and lime
stone. But the cement industry in Korea has a serious problem
since it has to import all the fuels it needs. This means that
the unit price of fuel in Korea is higher than that of other
countries such as U.S.A. and U.S.S.R. Therefore it is urgent
to develope a low-energy portland cement so thaf’the cement

industry in Korea might cut down the fuel expenses.

III. Contents and Scope of Study

In this study on clinker burning, raw mixes from a cement
company in Korea have been used in conjunction with a variety
of additives and combinations from fluorite, gypsum and slag.
The compositions of industrial raw mixes and mineralizers were

chemically analyzed. The samples prepared from each batch were
7



fired in an electric furnace of high precision, in the tempera-
ture range 1350-14500C, being retained for about 20 minutes at
the respective highest temperature. Fired samples were examined
under X-ray diffractometer and optical microscope to get infor-
mation on the formation of clinker minerals. The amounts of
free-Ca0 present in fired samples were determined by ethylene-

glycol method.

IV. Results

1. The mineralizer, slag is not effective in lowering the
clinkering temperature of portland raw mixes.

2. The mineralizer pair of slag and gypsum is only effective
in lowering the clinkering temperature of portland raw
mixes from 1450°C to 1400°C.

3. The mineralizer gypsum is effective in lowering the clin-
kering temperature of portland raw mixes from 1450°C to

1350°C. The optimum gypsum level is likely to be 8-10 wt.

54

4. The mineralizer pair of CaSO4 + 0.5% CaF2 is effective in
lowering the clinkering temperature of portland raw mixes
from 1450°C to 1350°C. The optimum gypsum level is likely

to be 2-6 wt. %.
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Ghosh6) = DTAE A}& 3ty LiF, NaF, CaF,, SrF,, BaF, ¢
A7 CaCo, sl mae] mA- Sae zAs A o= A
JHe R CaCo, 9 g@d weol dojur ex¥ 4 A

stAl7lvl B3 NaFe} LiFs} andq e wago (Fig.2-3).

2 . Fluosilicate Salts

Lea” & 19 @Fo}A CaF, v alkali fluosilicate
gggscl o ARzl ByAPn FIHP F CaF, o B
297 A4 BAH2=E 100C~200T =
3% A% A7 orsh}, Na,SiF, ¢ MgSiF 9 A% 0.2~0.3
% A% A2 F¥sgz P Flint¥ = 3% Axe R,0,%
FHe(AAFe] ms AZ) gHddsd 1~2% A= CaF,,
MgSiF,, Na;AlF, B,0,, P,0,2 A7sIstad 1450 CAA gk Al 7
'L &2A4% F  free-CaO, C,S, g-C,S, r—C,S%& B 43y

o, 2 43 MgSiF, 7} 713 g#xel sz #EEATh

T zAF 23 130T ¥2AA Aol FAHe o dge
C;aNAg eI = T e = E}hgirim)% KZSO4-CaSO4,KZSO4
-K,0, CasSO,-Mg0,Caso, -K,0, K,S0,-CaS0,—K,0-Mg0o = 7},

F7td = sulphate &3 w®W3lo] m& free-Cale WslE A
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Fig.2-3

t
100 150 200 250 300

The variation in decomposition temperature
(AT=TCaCO,-T(CaCO, + mineralizer) of CaCo,
with amount of mineralizer in the mixes

containing silica gel and CaCO, (1 :3)
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olgtdom=z % 150TC Ax9 2AHLE Az 7158 Zez @
datgeh £ g fluorogypsumg #3A 2 AMEE AL §
AN 2FE fdd g2 Hdus FHA4E et fvm sy

Klemm!4) & CaF,, CaF,+Mg0O, CaF, +K,S0,, CaF,+Mgo+
K,S0,¢ H7l7l Ca0-Al,0,-Fe,0,-Si0,A4 ¢ nxe oo o

3 A7sych ddel AgE Assd @Az HYEe Table 2-

13 g

Table 2—-1. Designations and compositions of samples

Quaternary .
Composition Ca0/810, Al,0, /Fe,O0,
A 3 0.67
B 3 1.50
¢ 3 4.00
P 2.6 , 0.67
E 2.6 1.50
F 2.6 4.00

Table 2-2& MgOe #H7t7l free-Ca0xe Fole &l e
7AW C S A dHgE dFE 7AA GEE HAFH

a3 w2 Al,0,/Fe,0,ve Z7& 9

R
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®
!
O
)
o
o2
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AAA F F 9

it

ol ZaA9Yd 2L AsA
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Table 2-2. Analysis of compositions containing CaF,
0.5%F7) and MgO, burned 30minutes at 1300 C

. Silicate
Cllnker phase

Commosition Free Ca0 (%) C.S (%) 91157@3_?,* “F (%Y = (%)

A + CaFp 3.8 S0 0 0.41 0.33
A+ 1% MgO + CaFy 5.2 57 0 (.40 0.35
A + 3% MgO + CaFjp 4.1 51 0 0.39 0.33
B + CaF; 5.6 45 + 0.39 0.29
B + 1% MgO + CaFy 4.0 51 0 0.40 0.34
B + 3% MgO + CaF; 3.9 49 0 0.38 0.33
C + CaFz 8.3 47 . 0.38 0.24
C + 1% Mg0 + CaFy 6.7 46 +4 0.40 0.25
C + 3% MgO + CaFs 5.9 S0 e 0.39 0.29
D + CaF> 2.6 36 0 0.40 0.20
D + 1% MgO + CaF, 1.3 32 0 0.41 0.31
D + 3% MgO + CaFy 1.5 35 0 0.39 0.34
E + CaFy 3.4 33 + 0.37 0.24
E + 1% MgO + CaFy 1.3 33 0 0.39 0.31
E + 3% Mg0 + CaF 2.0 33 0 0.38 0.29
F + CaFy 4.1 38 - 0.33  0.20
F + 1% MgO + CaF; 1.6 36 ++ 0.40 0.21
F + 3% MgO + CaFy 4.3 32 e 0.39 0.18

*The CijA7-CaFy contents given in relative wmits
0 = none, + = detectable, ++ = moderate, +++ = substantial
Table 2-3& K,S0,¢ #Hry7l free-Ca0 %o =78 7}

Ag ¥ oY CS ANF =TI AEANYE wodEy CaF, g
HA7lg Alg BE 120Ce 1300ToAAM 2% A3 ZF 2xdA
AdE & e dREEY C,SE 158 oud AgAEHIgen 9
1200 Tl M doixl Ho C,S MAFLS 40%, 1300 TCAAE
55% A =9

Kumar!s) &= CaF,, CasO, - 2H,0, Ca,(P0,), 0.5% CaF,+
0.5% CaSO,-2H,09 H7l7t €348 wgd mxs o o

ol &9 Azl & ouA Azl ol AFstHTh o] AFelA
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Table 2-3. Analysis of compositions B and C containing
CaF,(0.5%F ) and various minor oxides burned

30 minutes at 1300 T

L . Clinker Silicate Thase
Camosition rree G0 (7 C.5 (&) CA G 10 OGS

B 28.2 2

B+ 1% MgO 18.0 13

B + CaF, 3.8 50 + 0.41 0.25
B + 1% MgO + CaF, 2.1 S1 + 0.40 0.31
B + 3% MgO + Ca.FE 2.9 50 0 0.43 0.34
B+ 1% SO, + CaF, 4.2 30 - 0.38 0.21
B+ 1% MgO + 1% SO, + CaF, 4.0 50 0 0.37 0

3+ 3% MgO + 1% ch + Ca?'z' 2.0 37 0 0.37 0.25
C 36.0 1

C + 1% MgO 22.6 9

C + CaFy 4.4 34 - 0.42 0.16
C + 1% Mg0 + CaF, 3.5 50 - 0.42 0.25
C + 3% MgO + Cars 2.9 S1 ++ 0.41 0.27
C+ 1% SO3 + CaF, 9 26 e 0.40 0.14
C + 1% Mg0 + 1% SO. + CaF, 7.2 33 +- 0.38 0.18
C + 53 Mg0 + 13 C3 - CaF; 4.4 51 > 0.38 0.23

= Alote] ofu A AWME THAA ALHdE gnz ZgAs
A4 AT M@ slzow A7 s BEHAS HAN 2T 1450

Cellx ad3 979 =Ex> Table 2-49 2th

Table 2-4. General average modulli and mineral compos-

ition of clinkers formed at 1450 C

Average module values Mineral content %
Free CaO 1.0

MS 2.8 C,S 50.0
MA 1.8 c,s 32.0
LSF 0.92 C;A 9.0
C,AF 8.0

27
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Table 2-5.

Burnability characteristics of a raw meal with various

mineralizers [-CaF,:[[-Ca,(P0O,),:[[-CaS0, 2H,0,

(8) free-CaO:b) C,S:fc) C,S:(d) intermediate phase

% Mineralizer 1300°C 1350°C 1400°C 1450°C
(Wt6h of
raw meal) (a) (b (©) (d) (a) (h) () (d) () (L] () (d) (a) (b) () (d)
0.0 10 276 480 143 10 307 454 138 70 405 374 151 | L0 502 340 148
I 85 327 442 145 | 02 363 S04 27| 15 451 395 139 [ 08 s25 330 137
0.5 1 75 344 429 150 | 25 31 515 118 20 ast 372 157 | 10 497 353 139
11 82 286 490 4.0 | 25 34 477 156 75 455 357 170 | 075 498 339 165
! 125 396 4301 160 | 05 420 396 179 075 S04 M8 140 | 08 555 3Ll 125
1.0 1 18 400 423 1S58 | 10 390 420 1781 08 477 365 149 | 08 546 270 149
m 15 357 464 160 | 10 430 396 163 ] L0 480 336 473 | 09 SL6 308 166
I 175 935 377 170 | 125 482 339 166 | 075 $39 303 150 | 037 601 245 150
15 1 U8 452 354 182 1 1.0 445 384 160 | 08 552 280 159 | 0.6 577 250 166
1" 1RSI0 433 167 | 10 437 382 1701 10 S0 317 171 | 08 555 270 167
i 16 S07 318 159 0 558 260 7.0 | 065 616 214 164 | 030 642 203 152
20 I 18 482 340 148 L 1o Sed 285 60| 08 575 228 168 | 0S5 605 240 159
1 19 409 414 IS8 | 10 453 %7 170 08 0.7 288 86 | 0n 561 258 174
0.5% CaF. + o
0.5% 195 w2 M1 1es | 02 amo oawsg 2o p2 o 488 o0 120 ] 02 603 278 117
CaSOL2H,0
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Fig. 2 -4. Burnability characteristics of a raw

meal with (1) 0%, (2) 0.5%, 4) 1.0% ,
(4) 1.5%, 6) 2.0% CaSoO,-2H,0
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Fig.2-5. Burnability characteristics of a raw
meal with (1) 0%, (2) 0.5%, (3) 1.0%,
4) 1.5%, (5) 2.0 % Cay(PO,),
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Fig. 2—6. Burnability characteristics of a raw

meal with (1) 0%, (2) 0.5%, 3) 1.0 %,
4) 1.5%, (5) 2.0% CaF,
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Fig. 2—- 7. Burnability characteristics of raw
Ca¥F, {3) 0.5% CaS0,-2H,0 and

(4) 0.5% CaF,+0.5% CasO,-2H,0
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Table 2-6. Fuel and power economy by use oOf mineralizer,

0.5% CaF, +0.5% CasO,-2H,0

Lowering burming zove temperature Lowering burning zone temperature
Savings and processes by 100°C by 150°C
Wet process Dry process Wet process Drv process
Savings in heat: (Kcal/kg clinker) ,
From combustion of gases 80.0 49.2 120.0 73.80
From radiation losses 17.0 11.08 26.0 16.62
Total 97.0 60.28 146.0 90.42
Saving in coal: (kg/tonne clitker)
At bumer pipe 17.32 10.76 26.07 16.14
Extra due to 10% water 1.73 1.24 2.60 1.86
Extra due to 5% transit losses 0.95 0.40 1.43 0.60
Total 20.00 12.40 30.00 18.60
Power economy as viewed in terms of reduction of exit gases:
Reduction in volume of exit gases to be handled 136.0 830 208 127
Reduction in air volume required for clinker cooling
{Nm'/tonne clinker) 29.0 168.0 3 250
Reduction in air volume required after taking 25% extra
to cope with the production fluctuations
(Nm'/tonne clinker) $2.0 42.0 78.0 62.0
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Fig.2-8. Influence of gypsum and CaF, additions on
combinability temperature required for 2%

free lime
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Table 9-7. Influence of mineralizer proportions on combinability of work’s

raw mix

Mincraliser i Combinability

additon 1o - Clinker chemical parametess Caleulanted Free lime contentt temperature
Sample i mix clinker % (or 2%
cade S free lime

Gypsum | CaF, | LSF(1) | LSF(2) | S/IR | A/F | SO, Fy Yo 1350°C | 1400°C | 1450°C | 1500°C <

il % % % % % :
MIN/L nil nil 99.8 996 4261 2.4 0z 0.02 38.2 - 8.3 5.5 3.4 1550
MIN/2 2.0 0.25 101.5 1007 | 2.6 | 2.4 .8 0.12 57.6 6.3 4.0 2.4 — 1470
MM/ 2.0 0.50 101.2 100.0 [ 2.6 | 2.4 1.2 0.21 558 5.0 3.7 2.0 — 1450
MIN/A 4.0 025 102.4 1000 | 26 | 2.4 22 0.10 53.4 5.4 4.1 2.1 — 1460
MIN/S 4.0 0.50 102.5 W0.s | 26 | 2.4 1.9 022 58.7 5.2 31 1.7 — 1440
MIN/G 6.0 mil 103.6 99.8 26 24 3.4 002 522 52 4.0 23 — 1460
NN/ 60 0.25 103.6 99.9 | 2.6 | 2.0 32 0.12 55.3 39 3.0 1.8 — 1440
MIN/R 6.0 0.50 103.8 997 [ 26| 24 37 0.23 59.8 24 1.7 1.6 —_ 1370
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Table 9--8. Combinability results illustrating potential for increased

cement C;S contents

Mineraliser Raw mix
addition to residue Clinker chemical parameters® Caleulated Free lime contentt Combinability
Sample raw mix plus clinker D temperatore
code 90 C,8* for 2%
Gypsum | CaF, microns | LSF(1} § LSF(2) | /R AlF SO, Fa. Fo o o o o (ree lime
% % % o % %, % 1300°C 1 1350°C | 1400° {1450°C o
MIN/9 6.0 0.50 8.5 101.4 98.0 | 2.5 2.3 3.1 0.22 57.9 4.1 2.1 1.3 0.7 1360
MIN/IOD 6.0 0.50 0.1 101.5 97.8 29 2.3 36 0.25 60.1 4.3 2.2 13 0.9 1360
MIN/TL 6.0 0.50 10.0 102.3 98.4 4.0 23 3.7 0.25 64.7 6.1 2.6 1.6 1.0 1380
MIN/12 6.0 0.50 10.4 102.4 98.5 5.8 1.9 3.6 0.25 65.4 7.1 39 2.9 2.4 1470
MIN/13 6.0 0.50 4.9 102.4 98.5 5.8 1.9 3.6 0.25 68.6 52 29 2.1 1.8 1420
MINA nil nil 8.5 99.8 99.6 | 2.6 2.4 0.2 t().OZ 38.1 — — 8.3 5.5 1550
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Table 2-9 . Quality of typical U.K. production cements and

high alite cement

mineralized

SSA Compressive strengths MPa Warkability
1:2.5:3.5 mix
Cement m? kg~'
1d 3d 7d 28 d wic Stump
mm
oprC 330 10 23 13 44 0.60 30
RHPC 450 15 28 35 46 0.60 40
Mineralised

cement 450 25 40 50 57 0.60 60
450 30 45 54 62 0.55 25
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Table 3—1. Designations and compositions of each batches

Designations Batch Composition(wt.%)

of Batches | W I AEN enwn | sewa|a 4 |wda |4 2 |9
R 100.00
RS 2 82.00 14.12 0.72 0.34 0.04 2.00
RS 4 65.00 27.37 1.40 0.66 0.02 4.00
RS 6 47.00 41.49 2.12 1.00 0.07 6.00
RS 8 30.00 '54.03 2.76 1.31 8.00
RS 10 13.00 67.98 3.47 1.65 0.03 10.00
RG 2 90.00 7.27 0.61 0.11 0.60 2.00
RG 4 88.00 7.50 0.8 0.10 0.71 4.00
RG 6 86.00 7.73 1.16 0.09 0.82 6.00
RG 8 84.00 7.96 1.43 0.07 0.94 8.00
RG 10 84.00 6.43 | 1.62 0.03 0.93 10.00
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Table 3-1.

(Continued)

Designations Batch Compeosition(wt.%)

of Batches I:iw Mtlx 2 j 3 FAHH | B | 3 A 82| A = |l3® A
RGS 2 80.00 14.36 0.99 0.33 0.15 2.00 2.00
RGS 4 63.00 26.07 1.86 0.61 0.13 4.00 4,00
RGS 6 44.70 38.93 2.79 0.90 0.18 6.00 6.00
RGS 8 26.20 51.96 3.72 1,21 0.24 8.00 8.00
RGS 10 7.70 65.00 4.65 1.51 0.31 10.00 10.00
RG 0.5 100.00 0.50
RG 1.0 100,00 1.00
RG 0.5 F 0.5 100.00 0.50 0.67
RG1 F(.5 100.00 1.00 0.67
RG2 F0.5 90,00 0.61 0.61 0.11 0.60 2.00 0.67
RG4 F.5 88.00 0.88 0.88 0.10 0.7 4.00 0.67
RG6 F0.5 84.00 1.43 1.43 0.07 0.94 6.00 0.67
RG8 FO0.5 84.00 7.96 1.43 0.07 0.94 8.00 0.67
RG10 F 0.5 84.00 6.43 1.62 0.03 0.93 10.00 0.67
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Table 4-~1. Chemical compositions of raw materials

Amounts(wt.%) of chemical compounds present in raw materials

Raw
Materials| gio, | al,0, |Fe,0, | Ca0O | MgO | Na,0 K,0 | MnO, |Ig-loss| Total
A3 4] 1 1.48 0.65 48.40 1.79 0.02 0.59 38.42 | 99.06
ZEANHA | 4,31 0.90 0.36 50.90 1.38 0.02 0.42 40.64 | 98.93
AFANA | 10.40 1.66 0.74 45.30 2.25 0.02 0.65 37.67 | 98.69
HFA3 A 1.91 0.47 0.10 53. 50 0.62 0.03 0.08 43.00 | 99.72
A & | 57.00 16.50 7.02 2.72 2.35 0.24 2.78 11.15 | 99.76
4 % 4| 59.70 4,80 | 28.70 2.26 0.84 0.98 1.66 1.19 | 100.13
A7 22 A 3.92 0.30 86.6 5.39 1.67 0.05 0.05 0.91 98.89
st n] | 45.40 9.35 13.00 23.00 2.92 0.23 0.81 1.50 2.68 | 98.89
73 A | 50.90 4 22.10 5.42 1.13 0.84 0.13 2.61 15.34 98.47
¥ & o 2| 30.20 3.66 68.00 0.90 1.09 0.51 0.83 -3.96 | 101.23
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Fig. 4-1. X-ray diffraction pattern of raw material, high-
quality lime stone.
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C:calcite
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X A_J w JM
A N IS o N
| | | | L N
94Cuka
10 20 30 40 50 60

Fig. 4-1. (Continued) Raw material, lime stone
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H:Hemitite
Q:Quartz

26#Cuk a
10 20 30 40 50 61

Fig. 4-1. (Continued) Raw material, iron ore
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H:Hemitite
S:CaFeSiO,

28Cukea .
10 20 30 40 50 60

Fig. 4-1. (Continued) Raw material, sludge
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0:Ca,FeSb1,0;,
S:Fe, Si0,

. 26Cuka
10 20 30 40 50 60

Fig. 4-1. ({Continued) Raw material, copper slag
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Fig. 4-1. (Continucd) Raw material, clay
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£ F: FeSio,
C C:CaFe,0,

29Cuka
10 20 30 40 50 60

Fig. 4-1. (Continued) Raw material, mine exhausts
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Q:Quartz
A:Al,5i,0,,(0H),

F:FeSi0,

K:K(Li,AL), (5i,A1),0,(0H),

Q
F
26Cuka
10 20 30 40 50 60
Fig. 4-1. (Continued) Raw material, coal exhausts
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Table 4-2. Chemical compositions of mineralizers

2 7HA
N ] A 1 3 A
(WL, %)

Sio, 32.90 4.00 14.80
21,0, 2.9 0.50 0.77
Fe,0, - 0.77 0.50 0.23
Ca0 41.20 33.60 59. 50
Mgo 7.79 0.05
Na,O 0.25
K,0 - 0.53
Mno, 0.59

Fo | 39.20
S0, 41.4
Ig-loss 3.02 17.4 1.95
Total 99.95 97.4  116.50
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Fig. 4-2. X-ray diffraction pattern of mineralizer, gypsum
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C:Ca,S$10,.0.35 H,0

60
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Fig. 4-2. (Continued) Mineralizer, slag
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F:Fluorite
Q:Quartz

YO

U A
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2 6Cuka

20 30 40 50 -60

Fig. 4-2. (Continued) Mineralizer, fluorite
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Table 4—-3. Chemical compositions of batches

Amounts(wt.%) of chemical compounds present in each batch

Batches

SiQ, Al,0, |Fe,O, Cao MgO Na ,O K,0 SO, F Igjloss Total
R 13.80 3.17 | 2.20 | 42.40 | 1.80 | 0.04 | 0.75 34.14 98.30
RS2 13.51 3.15| 2.24 | 42,60 | 1.91 | 0.05 | 0.72 33.49 97.67
RS 4 13.24 | 3,14 | 2.27 | 42.78 | 2,02 | 0.05 | 0.69 32.84 97.03
RS 6 12.96 | 3.13 | 2.31 | 42.98 | 2.13 | 0.05 | 0.66 32.20 96.42
RS 8 12,70 | 3.11| 2.34 | 43.15 | 2.24 | 0.06 | 0.63 31.54 95.77
RS 10 12.41 | 3,10 2.38 | 43.35 | 2.35 | 0.06 | 0.59 30.89 95.13
RG 0.5 13.75 | 3.15| 2.19 | 42.36 | 1.79 | 0.04 | 0.75 | 0.21 34.06 98.30
RG 1 13.70 | 3.14] 2.18 | 42.31 | 1.78 | 0.04 | 0.74 | 0.41 33.97 98.27
RG 2 13.68 | 3.16 | 2.22 | 42.50 | 1.77 | 0.04 | 0.74 | 0.82 33.62 98.55
RG 4 13.67 | "3.16 | 2.23 | 42.50 | 1.75 | 0.04 | 0.73 | 1.64 33.05 98.77
RG 6 13.68 | 3.16| 2.23 | 42.50 | 1.73 | 0.4 | 0.72 2.4 32.48 98.98
RG 8 13.67 | 3.16 | 2.22 | 42.50 | 1.70 | 0.04 | 0.71 | 3.23 31.92 99.15
RG 10 13.71 3.17| 2.22 | 42.47 | 1.68 | 0.04 ‘0.71 4.02 31.33 99.35
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Table 4-3.

(Continued)

Amounts(wt.%) of chemical compounds present

in each batch

Batches

Si0, | AlL,0,|Fe,0, CaO MgO Na,O0 | X,0 S0, F Ig-loss| Total
RGS 2 13.51 3.15 2.24 | 42.60 1.89 0.05 0.71 0.83 32.93 97.91
RGS 4 13.27 3.14 2.27 | 42.76 1.97 0.05 0.67 1.66 31.69 97.48
RGS 6 13.01 3.13 2.30 | 42.93 2.06 | 0.05 0.63 2.50 30.47 97.08
RGS § 12.75 3.12 2.34 | 43.11 2.15 0.06 0.59 3.33 29.24 96.69
RGS 10 12.49 3.10 2.37 | 43.29 2.24 0.06 0.55 4.14 28.02 96.26
RG0.5 F0.5 13.75 3.14 2.18 | 42.45 1.78 | 0.04 0.74 0.20 33.83 98.37
RG1 F0.5 13.72 3.13 2.17 | 42.44 1.77 0.04 0.74 0.41 33.78 98.46
RG2 F0.5 13.68 3.14 2.21 | 42.60 1.76 0.04 0.73 0.81 33.40 98.63
RG4 F0.5 13.67 3.14 2.22 | 42.59 1.74 0.04 0.72 4.64 33.83 98.85
RGg FO0.5 13.68 3.14 2.22 | 42.60 1.72 0.04 0.71 2.42 32.27 99.06
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Table 4-4. Cement modulli of batches
A F
Batoh H.M S.M I.M Al L.S.F
R 2.21 2.57 1.44 4.35 97.10
RS2 2.25 2.51 1.41 4.28 99,32
RS 4 2.29 2.45 1.38 4.22 101.50
RS6 2.34 2.38 1.35 4.14 103.84
RS8 2.38 2.33 1.33 4.08 106,09
RS10 2.42 2.27 1.30 4,01 108.61
RGO.5 2.22 2.57 1,44 4.37 97.38
RG1 2.22 2.58 1.44 4.36 97.62
RG2 2.23 2.54 1.42 4.32 98.07
RG4 2.23 2.54 1.42 4.32 98.08
RG§ 2.23 2.54 1.42 4.32 98.06
RG8 2.23 2.54 1.42 4,32 98.07
RG10 2.22 2.54 1.43 4.33 97.82
RGS?2 . 2.25 2.50 1.41 4.28 99.33
RGS4 2.29 2.45 1.39 4.22 101.21
RGS6 2.33 2.40 1.36 4.16 103.37
RGSS 2.37 2.34 1.33 4.09 105 .61
RGS10 2.41 2.28 1.31 4,02 107,92
RGO.5F0.5 2.23 2.58 1.44 4.38 97.63
RGIF0.5 2.23 2.59 1.44 4.38 97.84
RG2F0.5 2.24 2.56 1.42 4.36 98 .37
RG4F0.5 2.24 2.55 1.41 4.35 98.40
RG6F0.5 2.24 2.55 1.41 4.36 98.36
RG8F0.5 2.24 2.56 1.42 4.35 98.41
RG10F0.5 2.23 2.55 1.43 4.34 98.07
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Fig. 4-3. X-ray Diffraction Patterns of Samples, R
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Fig. 4-3. (Continued) Samples, RS2.
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Fig. 4-3. (Continued) Samples, RS4.
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Fig. 4-3. (Continued) Samples, RS6.
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Fig. 4-3. (Continued) Samples, RSS.
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Fig. 4-3. (Continued) Samples, RS10.
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Fig. 4-3. (Continued) Samples, RG2.
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Fig. 4-3. (Continued) Samples, RG4
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Fig. 4-3. (Continued) Samples, RG6.
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Fig. 4-3. (Continued) Samples, RGS.
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Fig. 4-3. (Continued) Samples, RGI10

82



A:C,5
B B:CZS
C:C,A
D:C4AF
F.Free-CalO
B
A
B
. A
C 1450 C
|
A A
J /
1400 ¢
WA |
1350 T
26 Cuka
30 40 50

Fig. 4-3. (Continued) Samples, RGS2
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Fig. 4-3. {Continued) Samples, RGS4
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Fig. 4-3. (Continued) Samples, RGS6
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Fig. 4-3. (Continued) Samples, RGS8
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Fig. 4-3. (Continued) Samples, RGS10
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Table 4-5, Crude comparison of amounts of each phase
by x-ray diffraction
F & % 49 =
Batch (&A483ex= (O
C,s C,s free-Ca0O| C;A | C,AF
1,450
1,350 - +++++ -
1,450 + ++ - +
RS 10
1,450 =
RS8§
19400 -
1,450 +
RS
1,400
1,450 + + + -
RS4
1'400 - -
1,450 ++++ - -
RS2
1,400 ++ ——
1,450 - ++ + ——— +
RG10 1, 400 + 4+ + ———— +
1,350 + ++ ++ ———
1,450 + ++++ + —— +
RGS 1,400 ++ +++++ + -
1,350 — ++ ++ ——— +
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Table 4-5. (Continued)
- - | B
Batch [A42%(C)
C,S c,s |free-Cao| C,A | CAF
1,450 ++ ++ ++ ——-
RG6 1,400 | At ++ -—-
1,350 +++++ ++ - +
1,450 + + + -—
RG4 1,400 + 4+ -
1,350 + ++ -—
1,450 ++ - +
RG2 1,400 + -
1,350 —— - ++ —
1,450 ++ -
RGS 10 1, 400 + 4+ + ———=] ++
1,350 - + +4 —_—— +
1,450 + + ————
RGSg 1,400 + + - +
1,350 - - ++ -——
1,450 ++ —
RGS6 1,400 + +++++ + -
1,350 - + ++ -——
1,450 - +
RGS4 1,400 + S
1,350 ++ S
1,450 +++ ++ + +
RGS?2 1,400 + + -
1,450 —-—= - +++ ——
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Table 4-6, Amounts of free-CaO present in each batch

A2 & x4 free-Ca0& (WE.%)
Batch

1,450 T 1,400 C 1,350 C
R 0.69 3.12
RS510 2.38 3.43
RS8 2.10 3.34
RS6 1.83 2.56
RS54 2.72 3.32
RS2 1.76 2.79
RG10 1.69 2.21 2.44
RG8 1.70 2.07 2.03
RG6 1.95 2.06 2.42
RG4 1.83 2.85 3.95
RG2 1.62 3.26 5.29
RG10 1.58 1.53 3.05
RG8 1.43 1.95 2.57
RG6 | 1.63 | 1.87 2.36
RG4 1.90 1.36 2.48
RG2 1.25 1.97 5.38
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Fig.4-4. (Continued) mineralizer, CaSoO,
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Amounts of free-Cal0 (wt.%)
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Fig,4-4, (Continued) mineralizer, gypsum plus slag
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R 1400 T 360X ) 28pm

Fig. 4-5. Phetographs of cement clinkers
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RS2 1400 C 360X L4 28pm

Fig. 4-5. (Continued)
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Fig. 4-5. (Continued)
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Fig. 4-5. (Continued)
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R510 1400T 360X L1 28pm

Fig. 4-5, (Continued)
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RG2 1450 T 360X L 28pm

Fig. 4-5. (Continued)
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RG6 1450 C 360X L 28pm

Fig. 4-5. (Continued)
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Fig. 4-5. (Continued)
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RGS2 1450 T 360X L1 28um

Fig. 4-5. (Continued)
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Fig. 4-5. (Continued)
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Fig., 4-5. (Continued)
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Fig. 4-5. (Continued)
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RGS10 1350 T 360X L— 28um

Fig. 4-5. (Continued)
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Table 4-7 . Amounts of each phase determined by optical

microscopy
s = 2 ZF(wt, )
Batch ¥ BF(WE.%) Poros ity
(T) C,S C,S Intermediate
R 1,450 76.2 11.9 11.8 30.0
1,400 56.3 41.6 2.1 56.6
1,450 78,7 5.4 16.0 24.8
RS9
1,400 60.1 39.9 53.0
1,450 85.0 7.5 7.5 38.4
RSg
1,400 65.8 34.2 48,4
»45 79.4 9.5 11.1 50.0
RS10 ! 0
1,400 76.4 9.9 13.7 42.1
1,450 67.8 19.4 12.9 43.6
RG?2
1,400 45.2 53.3 1.4 53.9
1,450 61,0 31.1 7.9 60.1
RG6 1,400 54,5 43 .4 2.1 45,7
1,350 37.9 62.1 55,0
1,450 72.4 19.5 8.1 35.2
RG10 1,400 55.9 40.4 3.6 92.1
1,350 56.9 41.3 1.9 27.8
1,450 53.4 26.1 20.5 39.6
RGS?
1,400 54,2 45.8 49.3
1,450 12.3 16.8 10.9 52.6
RGSs 1,400 65.3 34.7 59.8
1,350 39.6 60.4 55.9
1,450 71.43 20,2 8.3 28,8
RGS 10 1,400 59.0 41.0 24,0
1,350 64.5 31.7 3.7 32.9
(* Interemediate means intermediate phase, i.,e C,A
and C,AF)
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Fig.4-6. (Continued) mineralizer, CaSQ,
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Table 4-8, Amounts of free-Ca0 present in each batch

A e 2l free-CaO % (wt %)
Batch
1450 C 1400 C 1350 C

R | | 1.05 1.22

RG( .5 1.42 1.23

RG1 0.94 1.33 8.08
RG2 1.48 2.28 8.00
RG4 9.09 9.48 10.59
RG6 9.22 10.02 9.15
RGS8 7.75 9.05 8.17
RG10 6.76 7.28 6.77
RF0.5 1.17 1.06 1.22
RF1 0.75 0.86 0.83
RF2 0.99 1.08 0.51
RG0.5 F0.5 0.89 1.18 0.80
RG1 F0.5 0.74 0.78 1.00
RG2 F0.5 0.93 0.84 0.90
RG4 Fg.5 0.94 G.97 0.76
RG6 F0.5 2.01 2.13 ' 1.97
RG8 F(.5 2.47 2.1 3.01
RG10 Fp.5 3.84 5.56 6.79
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Fig.4-7. (Continued) mineralizer, CaF, and CaF,+CaSO,
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Fig. 4-8. X-ray diffraction patterns of samples
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Fig. 4-8. (Continued)
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Table 4—9 . Crude comparison of amounts of each phase

by x~-ray diffraction

2 ¥ 3 o+ W
Batch 2 e O
c,S |c,s |free-caoO| C,A | C,AF
R 1450 T
RG (.5 " . . . +
RG 1 " : "
RG 2 1" +
RG 4 / S ++ _
RG 6 " | —_—— —_— +++ J— _
RG 8 " _—— e -+ —_ -
RG 10 " — -t -
RF (.5 " . - . . +
RF 1 7 . . . - +
" 1400 C : - . . +
" 1350 T - + : —— e
RF 2 1450 C ‘ -= . - ++
4 1400 C + —- - — +
" 1350 C - - : — +
RGO.5F0.5 1450 C +
RG1FQ.5 I . - +
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Table 4,9 (continued)
3 2 7 v =
Batch Aades

G S G, S |free-CaO| C,A | C,AF
RG1F0.5 1400 C + - +
1 13507 - -- ++
" RG2F(.5 1450 C | +

” 1400 T + ++
U 1350 C -+ +
RG4F(,5 1450 C - ++ ++
" 1400 C - - +
4 1350 ¢ -= | + +
RG6F( .5 1450 C - +++ + ++
RG8F0Q.5 ” N + +
RG10F 0,5 1% -- -- + +
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Table 4-10 . Amounts of free-Ca0 present in each batch

a2 exd  free-CaO g (wt %)
Batch

1450 T 1400 T 1350 T
R 0.95 1.73 5.88
RG(.5 2.68 3.34 5.59
RG] 1.22 1.54 3.72
RG2 1.35 1.65 3.58
RG6 0.87 | 1.80 2.13
RG10 0.85 0.87 2.28
RG0.5F(.5 1.30 1.95 2.16
RG1F(.5 1.08 1.59 3.37
RG2F( 5 1.05 1.18 1.75
RG4F( 5 0.96 1.68 2.20
RG6F(.5 1.05 1.13 1,70
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Amounts of free-Cal0 (wt.%)
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Correlation between amounts of free-Ca0O and
amounts oOf mineralizer, CaSoQ,
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Amounts of free-CaO (wt.%)

o: 1,450 T
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2.0 o /:\0
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0 1 1 | 1 | 1
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Fig,4-9. (Continued) Mineralizer, CaF, and CaS0,+0.5% CaF,
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R 1450 T 360X L 28pm

R 1400 T 360X ——1 28pm

Fig. 4-10, Photographs of cement clinkers
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R 1350 C 360X L1 28pm

RG(,5 1450 T 360X L—1 28pm

Fig. 4-10. (Continued)

141



RG(O,5 1400 T 360X L——1 28pm

Fig. 4-10. (Continued)
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RG1 1400 TC 360X — 28um

Fig, 4-10, (Continued)
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RG1 1350 C 360X L1 28um

RG2 1450 C 360X i 28pm

Fig. 4-10. (Continued)
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RG2 1350 C 360x  — 28pm

Fig. 4-10. {Continued)
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RG6 1450 C 360X L 28pm

RG6 1400 T 360X L— 28pm

Fig. 4-10. (Continued)
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RG10 1450 C 360X — 28pum

Fig. 4-10. (Continued)
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RG10 1400 C 360X L—1J 28pm

RG10 1350 T 360X be—i 28pm

Fig. 4-10. (Continued)
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RG).5 F0,5 1450 C 360X 1 28pum

Fig. 4-10. (Continued)
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RG1 F0,5 1450 C 360X L——J 28pm

Fig. 4-10. (Continued)
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RG1 F0.5 1400 C 360X L—1 28um

Fig. 4-10. (Continued)
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RG2 F0.5 1400 C 360X 8pm

Fig. 4-10. (Continued)
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RG4 F0.5 1450 T 360X  L—J 28pm

Fig. 4-10. (Continued)
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Fig. 4-10. (Continued)
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RG6 F0.5 1450 C 360X  L— 1 28pm

RG6 F0.,5 1400 T 360X L— 28um

Fig. 4-10. (Continued)
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RG6 F0.5 1350 C 360X ) 28um

Fig. 4-10. (Cont inued)
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Table 4-11., Amounts of each phase determined by opti-

cal microscopy

Z B 5y (wt.%) .
Batch | £4d&=0 CyS C,S |Intermediate Forosity

R 1450 52.5 21.1 16.5 44,7
1400 46.4 36.8 16.8 63.5

RGQ .5 1450 43.4 34.3 22 .4 48.5
1400 36.7 42.5 20.8 56.9

1350 28.0 59.5 12.5 63.5

RG] 1450 44 .6 36.7 18.7 47.5
1400 36.0 40.3 23.7 59.3

1350 27.5 51.5 21,0 61.2

RG2 1450 58.6 30.0 11.4 64.5
1400 54.6 33.7 11.7 64.2

1350 42,2 43.5 14.3 65.9

RG6 1450 60.3 24.9 14.8 55.3
1400 61.2 23.4 15.4 67.8

1350 52.0 42 .5 5.5 70,6

RG 10 1450 53.2 27.3 19.5 50.0
1400 54,1 35.0 10.9 53.2

1350 51.0 42.0 7.0 50 .6

RG0.,5F0.5 1450 35.2 40.8 24.0 59.3
1400 30.4 53.3 16.3 53.1

RG1F(.5 1450 50.0 26.0 19.4 53.7
1400 65.8 21.4 12.8 59.1

1350 52 .6 29,17 17.8 67.8

RG2F(.5 1450 62.6 20.0 17 .4 52.9
1400 55.4 27.5 18.1 55.8

1350 50.9 34.3 14.8 72.7

RG4F(.5 1450 58.0 25.0 17.0 50.6
1400 47.6 37.2 15.2 60.0

1350 46,2 41.1 12,17 67.3

RG6F (.5 1450 54.6 30.2 15.3 54.8
1400 51.6 28.7 19.7 68.9

1350 54,1 30.9 15.0 64.9
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