The Effect of Al,O5; on Liquidus Temperatures of Fayalite

Slags

B. ZHAO, E. JAK, and PC. HAYES

The effect of alumina on the liquidus temperatures of fayalite slags at iron saturation has been
investigated experimentally. Equilibrated synthetic slags were quenched, and the samples were subse-
quently examined using optical microscopy and electron probe microanalysis (EPMA). The isotherms
in the fayalite primary field and boundary lines were determined, and the results were presented in
the form of pseudo-ternary phase diagrams of “FeQ”-CaO-SiO, with 0, 2, 4, and 6 wt pct Al,Os in
the slag. The experimental results show that the alumina addition expands the fayalite primary phase
field and decreases the liquidus temperatures in the fayalite primary phase field.

I. INTRODUCTION

THE slag compositions used in copper smelting lie in
the vicinity of the fayalite (2FeO-SiO,) primary phase field.
To date, the FeO-Fe,05-SiO, and “FeQ"-Ca0-SiO, phase
diagrams have been used to estimate the liquidus tempera-
tures of these copper smeting slags.*[*" In practice,

*In this article, all iron is given as FeO, which actually represents
FeO + Fe,0s.

however, the slags contain not only “FeO”, CaO and SiO,,
but also other components, such as, Al,O; and MgO.[8%9
These additional components are introduced through the
mineral concentrates, fluxes, recycled converter slag, coal
ash, or dissolved refractories.

The “FeQ"-Ca0-SiO, system, in equilibrium with metal-
lic iron, was first investigated by Bowen et al.,*¥ who
carried out research in the high-silica region. Allen and
Snow? investigated this system in the low-silica region.
Muan and Osborni*® then constructed the entire ternary
diagram based on these experimental data.

The“FeQ"-Al,05-SiO, system, in equilibrium with metal -
liciron, hasbeen studied by anumber of investigators.[*415.16]
These results can be used to evaluate the effect of an alumina
addition on the liquidus temperatures of fayalite slag.

Henrichl'” discussed the function of alumina in copper
smelting slags. He proposed that, in slags containing larger
guantities (20 to 30 wt pct) of alumina, the alumina should
be considered as an acid, and the liquidus temperature of a
slag will rise with increasing alumina content. However, no
experimental data were given to support this conclusion.
According to Newton and Wilson,[*¥l “aumina is never
added intentionally, as it makes the dlag viscous, and is
generally an undesirable constituent of slags.” Lankford et
al.' stated that alumina is seldom employed as a flux, but
it ispresent in alarge number of raw materials asan impurity
and, therefore, is present in slag.

Schairer! investigated phase equilibria in the Al,O5
Ca0-"“FeQ"-Si0, system in equilibrium with metallic iron.
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Five sections were presented in the form of pseudo-ternary
phase diagrams. Muan and Osborn®! also studied several
sectionsin this system. However, investigations of alumina
containing slags have not been carried out in the composition
ranges relevant to copper smelting slags. In fact, to date, no
experimental information has been found on the effect of
alumina on the liquidus temperatures of copper smelting
dag. Verneyl® has shown that the liquidus temperatures
for alumina-containing slags cannot be accurately estimated
from the “FeQ'" -CaO-SiO, system.

The objective of the present work is, then, to determine
the liquidus temperatures in the fayalite primary phase field
of the multicomponent Al,Os-“Fe0”-Ca0-SiO, system in
equilibrium with metallic iron. The investigation concen-
trates on the composition range relevant to copper smelting
dlags, i.e., in the fayalite primary phase field near silica
saturation. The results can be directly used to more accu-
rately predict the liquidus temperatures of copper smelting

slag.

[I. EXPERIMENTAL

A. Experimental Procedure

The experimental procedure is similar to the one pre-
viously used by the PY ROSEARCH group at the University
of Queendand.[?-281 The dlag samples were prepared from
the following chemicals, obtained from Sigma-Aldrich Pty.
Ltd. (Australia): 99.8 pct Al,O3, 99.95 pct CaCOs, 99.9 pct
Fe powder, 99.98 pct Fe,O; and 99.9 pct SiO,. Thechemicals
were mixed in an agate mortar to the required compositions.
Then, 15 to 20 pct excess Fe powder (<10 um in size)
was added to the slag samples to ensure that the slag was
equilibrated with metallic iron. About 0.3 g of the mixture
was pelletized and placed in platinum foil (0.025-mm thick)
or Fe fail (99.9 pct, 0.1-mm thick) envelopes. The experi-
ments were carried out in a vertical silicon carbide furnace.
The furnace temperature was controlled within =1 K. A Pt-
Pt/13 pct Rh thermocouple placed in an aumina sheath was
located adjacent to the sample to accurately measure the
sample temperature. The thermocouple was calibrated by a
reference thermocouple supplied by National Measurement
Laboratory (CSIRO, Melbourne, Australia) and was periodi-
cally checked against the melting point of pure gold. The
overall temperature accuracy was estimated to be within
+2 K.
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Fig. 1—Pseudo-ternary sectionsinthe Al,Os-“ FeO” -Ca0O-SiO, systemwith
wt. pct Al,Oz in slag in equilibrium with metallic iron (temperature in K).

The sample was first placed in the cool zone, and the
bottom end of the furnace was sealed by aplastic film. After
ultra high purity nitrogen (total impurities <5 ppm, oxygen
=1 ppm) was passed through the furnace tube for 15 to 30
minutes to remove the air, the sample was raised into the
hot zone adjacent to the thermocouple. The experiment was
usually carried out in two steps. The first step was to premelt
the sample at atemperature higher than the liquidusto ensure
that the sampleis homogeneous. The samplewasthen equili-
brated at the desired temperature for a time sufficient to
achieve equilibrium. The equilibration usually takes from 2
to 20 hours, depending on the mixture composition and
temperature, i.e., at higher temperatures or lower silica con-
tents, a shorter time was employed; otherwise, the sample
was kept for a longer time. If the sample has not attained
loca equilibrium, then the composition of the glass phase,
asmeasured by the electron microprobe, will not be uniform,
and this sample will be rejected. There was no attempt to
control the oxygen partial pressure of the system in the gas
phase, since local equilibrium with iron metal is achieved
in the sample. After equilibration, the sample was quenched
directly in the cooling water.

B. Sample Examination

The quenched sample was mounted and polished for anal-
ysis. First, optical microscopy was employed to identify the
phases present in the sample. The compositions of the phases
were then measured using a JEOL* 8800L electron probe

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

X-ray microanalyser. An accelerating voltage of 15 kV and
aprobe current of 15 nA were used. The Duncumb—Philibert
ZAF correction procedure supplied with the JEOL 8800L
was applied. The standards used for analysis were from
Charles M. Taylor Co. (Stanford, California): Al,O; for Al,
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Tablel.

Experimental Results on the CaO-“FeQ”-SiO,
System in Equilibrium with Metallic Iron

Composition (Wt Pct)

Experiment Temperature
Number Phases (K) FeO CaO Al,O; SO,
464 liquid 1473 452 247 00 301
fayalite 353 324 00 323
wustite 995 03 00 02
468 liquid 1423 514 177 00 309
fayalite 415 268 00 317
wustite 995 02 00 03
480 fayalite 1393 60.3 89 00 308
wustite 996 00 00 04
485 liquid 1473 639 00 00 361
fayalite 700 00 00 300
495 liquid 1403 58.1 114 00 305
fayalite 642 52 00 306
wustite 996 00 00 04
499 liquid 1463 625 00 00 375
fayalite 701 00 00 299
514 liquid 1423 583 9.1 00 326
fayalite 69.1 09 00 300
534 liquid 1473 677 21 00 302
fayalite 69.1 08 00 301
535 liquid 1403 520 127 00 353
fayalite 666 31 00 303
537 liquid 1423 456 202 00 34.2
fayalite 408 273 00 319
551 liquid 1393 50.2 142 00 356
fayalite 656 41 00 303
552 liquid 1403 448 191 00 36.1
fayalite 428 253 00 319
556 liquid 1423 534 55 00 411
fayalite 698 05 00 297
silica 17 01 00 982
557 liquid 1403 499 77 00 424
fayalite 69.7 06 00 297
silica 1.1 00 00 989
560 liquid 1423 395 236 00 369
fayalite 392 289 00 319
wollastonite 53 441 00 506
566 liquid 1393 480 88 00 432
fayalite 692 06 00 302
silica 1.3 00 00 987
567 liquid 1383 477 151 00 372
fayalite 66.6 32 00 302
574 liquid 1383 441 184 00 375
fayalite 50.1 183 0.0 316
wollastonite 18.0 322 0.0 498
591 liquid 1383 46.1 10.0 00 439
fayalite 689 0.7 00 304
silica 1.2 00 00 988
593 liquid 1373 450 172 00 37.8
fayalite 50.1 183 0.0 316
wollastonite 322 180 0.0 498
594 liquid 1393 422 199 00 379
wollastonite 18.0 322 0.0 498
fayalite 50.1 183 0.0 316
595 liquid 1393 482 111 00 407
fayalite 683 14 00 303
596 liquid 1423 53 84 0.0 380
fayalite 68.7 11 00 302
597 liquid 1403 494 104 00 40.2
fayalite 685 13 00 302
601 liquid 1423 393 183 00 424
wollastonite 242 266 00 492
617 liquid 1373 450 128 00 422
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Tablel. Continued Tablell. Experimental Results on the Al,O;-CaO-“FeQ” -
SiO, System with Al O3 in Liquid Close to 2 Wt Pct in

Expenment Ternperature Compogtlon (Wt PCt) EquHIbl‘Ium W|th Meta||IC Iron
Number Phases K FeO CaO Al,0; SO —

favali ® == Experiment Temperature _COMPosition (Wt Pet)

aydite 685 16 00 299 .
618 liquid 1373 449 110 00 441 Number  Phases (K)  FeO CaO AlO; SO,
fayalite 68.7 12 00 301 1 liquid 1453 603 00 23 374
silica 10 01 00 989 fayalite 699 00 00 301
629 liquid 1423 38.0 155 0.0 465 5 liquid 1413 508 79 24 389
silica 08 01 00 991 fayalite 685 08 00 307
wollastonite 285 228 0.0 487 6 liquid 1413 545 91 23 341
661 liquid 1373 455 171 00 374 fayalite 678 17 0.0 305
fayalite 552 139 0.0 30.9 7 liquid 1463 603 00 21 376
wollastonite 20.3 304 0.0 493 fayalite 695 00 00 305
662 liquid 1373 456 146 0.0 398 11 liquid 1393 46.7 92 29 412
faydite 669 32 00 299 fayalite 686 09 00 305
663 liquid 1423 398 221 00 381 14 liquid 1423 552 85 21 342
wollastonite 6.5 428 0.0 50.7 15 liquid 1433 523 70 21 386
664 liquid 1423 393 235 00 37.2 18 liquid 1453 586 00 21 393
fayaite 396 285 00 319 silica 11 00 00 989
679 fayalite 1358 663 39 00 298 19 liquid 1433 546 50 21 383
wollastonite 292 225 0.0 483 20 liquid 1433 501 61 21 327
683 liquid 1403 524 168 0.0 30.8 21 liquid 1415 509 79 21 391
fayalite 435 250 00 315 22 liquid 1415 531 90 21 358
wustite 9296 01 00 0.3 23 liquid 1443 55 00 21 384
706 liquid 1396 548 136 00 316 fayalite 702 00 00 298
717 liquid 1463 450 232 00 318 silica 12 00 0.0 988
fayalite 373 303 00 324 24 liquid 1433 557 53 21 369
752 liquid 1373 457 10.6 0.0 437 fayalite 69.7 05 0.0 298
fayalite 69.0 12 00 298 25 liquid 1413 521 74 23 382
846 liquid 1373 451 105 00 444 fayalite 693 08 00 299
faydite 683 12 0.0 305 26 liquid 1433 609 60 20 311
silica 10 00 00 99.0 fayalite 691 11 00 298
847 silica 1363 10 00 0.0 99.0 27 liquid 1413 513 80 20 387
fayaite 669 14 00 317 28 liquid 1393 435 104 19 39.2
wollastonite 345 172 0.0 483 fayalite 686 15 0.0 29.9
848 liquid 1368 446 109 00 445 31 liquid 1447 760 00 20 220
fayalite 679 14 0.0 307 fayalite 708 00 0.0 29.2
silica 10 0.0 00 99.0 32 liquid 1433 556 23 21 400
fayalite 705 01 00 294
silica 13 00 00 987
35 liquid 1453 646 27 23 304
Fe,0; for Fe, and CaSiO; for Caand Si. The average accu- fi”.‘yaj_'ée 705 04 00 291
racy of the electron probe microanalysis (EPMA) measure- 36 . 'q;'. 1413 %g g'g S'S 33'6
ments was estimated to be within =1 pct of element ayaite ' ' ' =
L silica 11 0.0 0.0 989
concentration in wt pct. 33 liquid 1393 479 70 21 430
Only metal cation contents were measured by EPMA; fayalite 695 06 00 299
the oxygen content was added according to the assumed silica 1.0 00 00 990
oxidation state. All iron was calculated as FeO in the present 40 liquid 1355 420 114 21 445
work. However, it should be kept in mind that small amounts fayalite 685 13 00 302
of Fe*" are always present in the sample, even in contact wollastonite 352 168 00 480
fayalite 655 40 0.0 305
52 liquid 1373 43 94 22 441
fayalite 683 09 00 308
I11. RESULTS AND DISCUSSION silica 09 01 00 99.0
. . . . . 53 liquid 1373 445 128 22 405
_ Experl mentswere carried out mthefayal iteprimary phase fayalite 670 23 00 307
field in the Al,Os-“FeQ”-Ca0-SiO, system in equilibrium 54 liquid 1373 491 145 31 333
with metallic iron. The results are presented in the form of fayalite 593 95 00 312
pseudo-ternary sections “FeQ”-Ca0O-SiO, at a fixed weight 55 liquid 1373 500 146 28 326
percentage of Al,Os, as shown in Figure 1. The quaternary faydite 570 120 00 310
system is viewed as a compositional tetrahedron with one 59 liquid 1345 401 117 27 455
component at each apex. The base is the “FeO”-Ca0-SiO, fﬁ‘ya"te_ 686 13 00 30-%
system, and Al,O; is the top apex. Horizontal planes in the wosﬁtcc;mte 3?:8 181 8:(1) gg:g

tetrahedron represent levels of constant alumina content. In
Figure 1, the position of selected planesisindicated asagrey
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Tablell. Continued

Composition (Wt Pct)

Experiment Temperature
Number Phases (K) FeO CaO Al,O; SO,
65 liquid 1363 431 135 21 413
fayalite 673 24 00 303
66 liquid 1363 412 122 20 446
fayalite 339 179 00 482
67 liquid 1352 414 143 24 419
fayalite 676 25 00 299
wollastonite 309 211 01 479
68 liquid 1349 405 119 25 451
fayalite 694 13 00 293
wollastonite 359 167 01 473
silica 09 01 00 990
74 liquid 1360 414 177 20 389
76 liquid 1453 60.2 24 21 353
fayalite 704 02 00 294
89 liquid 1355 423 16.8 22 387
wollastonite 223 284 01 492
90 liquid 1373 388 205 28 379
fayalite 416 265 00 319
93 liquid 1436 565 18 21 396
silica 12 00 00 0988
94 liquid 1383 454 89 21 436
fayalite 691 09 00 300
silica 09 01 00 990
105 liquid 1373 46.0 155 20 365
107 liquid 1363 416 184 24 376
fayalite 457 225 00 318
109 liquid 1353 424 170 21 385
fayalite 618 7.7 00 305
126 liquid 1358 423 168 21 388
wollastonite 235 275 0.0 490
128 liquid 1353 429 147 23 401
wollastonite 29.0 223 0.1 486
fayalite 662 34 00 304
187 liquid 1433 551 40 22 387
fayalite 695 03 00 302
189 liquid 1413 506 6.7 23 404
fayalite 691 06 00 303

plane, and the composition range investigated isindicated as
a dark zone.

The mixture compositions made up for study were
selected in such a way that the liquid phase in the sample
after equilibration had a composition lying in these horizon-
tal planes, which are designated as 0, 2, 4, and 6 wt pct of
the Al,O5 planes. The precipitation of solid phases changes
the Al,O; content in the liquid phase. The compositions of
the phases present in the quenched samples are, however,
measured by EPMA after the experiments; the bulk mixture
compositionsare not important in the current work. The bulk
compositions were adjusted after preliminary experimentsto
obtain Al,O3 contents in the liquid phase close to the fixed
valuesof 2, 4, and 6 wt pct Al,Os. Only thoseliquid composi-
tions that have the Al,O; content near the selected values
have been used in the construction of the pseudo-ternary
sections. Specia attention was also paid to the positions of
boundary lines of the fayalite primary phase field with the
wollastonite ((Ca,Fe),SiO,) and tridymite (SIO,).

Experimental data for compositions of liquid and solid
phases are given in Tables | through 1V. The results of
liguidus determination for the sections containing 0, 2, 4,
and 6 wt pct of Al,Os in the liquid phase are presented in
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Tablelll.

Experimental Results on the Al,O5-CaO-“FeO” -
SiO, System with Al,O5 in Liquid Close to 4 Wt Pct in
Equilibrium with Metallic Iron

Composition (Wt Pct)

Experiment Temperature
Number Phases (K) FeO CaO Al,O; SO,
8 liquid 1433 550 51 32 367
fayalite 69.0 05 00 305
12 liquid 1393 492 116 32 360
fayalite 675 22 00 303
13 liquid 1423 529 55 35 381
fayalite 694 05 00 301
29 liquid 1413 492 80 41 387
33 liquid 1393 30.1 155 40 504
fayalite 700 0.7 00 293
silica 10 00 0.0 990
39 liquid 1393 547 104 33 316
fayalite 67.7 24 00 299
41 liquid 1355 404 119 39 438
42 liquid 1433 56.7 0.0 44 389
fayalite 703 00 00 297
43 liquid 1433 571 36 46 347
fayalite 69.2 04 00 304
44 liquid 1413 511 6.8 41 380
fayalite 69.1 0.7 00 302
45 liquid 1413 536 83 42 339
46 liquid 1413 579 72 42 307
fayalite 681 16 00 303
47 liquid 1413 504 44 41 411
48 liquid 1349 39.7 115 34 454
fayalite 684 13 00 303
wollastonite 346 172 0.0 482
50 liquid 1393 548 96 43 313
fayalite 66.9 25 00 306
51 liquid 1335 371 129 48 452
fayalite 678 15 00 307
wollastonite 335 179 0.1 485
56 liquid 1373 421 9.0 40 449
silica 10 01 00 989
60 liquid 1433 372 114 48 46.6
fayalite 69 1.1 00 299
silica 10 01 0.0 989
61 liquid 1413 51.6 29 40 415
fayalite 69.9 02 00 299
silica 13 00 01 986
63 liquid 1393 485 105 41 369
fayalite 68 18 00 302
64 liquid 1393 466 6.2 41 431
fayalite 69.3 05 00 302
silica 08 01 01 990
71 liquid 1398 458 63 4.2 437
silica 12 00 00 988
72 liquid 1369 417 91 43 449
silica 09 01 01 989
73 liquid 1339 37.7 11.3 50 46.0
fayalite 69.2 11 00 297
silica 10 01 00 989
75 liquid 1360 38.0 203 34 383
fayalite 432 258 0.0 310
77 liquid 1373 452 134 42 372
fayalite 67.7 28 00 295
78 liquid 1373 50.2 131 4.7 320
fayalite 648 52 00 300
79 liquid 1358 403 184 4.0 373
80 liquid 1358 39.3 188 9.1 328
faydlite 416 269 0.0 315
85 liquid 1348 404 143 4.0 413
fayalite 679 23 00 298
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Tablelll. Continued TablelV. Experimental Results on the Al,O;-CaO-“FeO” -
SiO, System with Al,O3 in Liquid Close to 6 Wt Pct in

Expenment Tempera[ure Composnon (Wt PCt) Equl“b”um Wlth Metal“c Iron
Number Phases K FeO CaO Al,0; SO —

wollastonite - 315 205 0213 47; Experiment Temperature _Somposition (Wt Pef
90 liquid 1355 404 18 41 375 Number  Phases (K)  FeO CeO AlO; SO,
101 liquid 1348 40.6 181 40 373 57 liquid 1433 60.7 27 55 311
102 liquid 1343 401 121 40 438 fayalite 694 03 01 302
103 liquid 1343 39.0 10.7 4.6 457 58 liquid 1423 547 00 53 400
fayalite 69.1 09 00 300 fayalite 70 0.0 0.0 30.0
silica 09 01 01 989 silica 1.2 00 0.0 988
132 liquid 1328 379 117 47 457 62 liquid 1413 536 00 6.3 401
fayalite 69.2 13 0.0 295 fayalite 699 00 00 301
silica 09 01 01 989 silica 14 00 01 985
137 liquid 1345 40.1 179 41 379 69 liquid 1418 539 00 6.2 399
fayalite 69.2 13 00 295 silica 13 00 00 987
188 liquid 1433 5.6 19 43 37.2 70 liquid 1428 548 00 54 398
fayalite 695 01 00 304 faydlite 70.7 00 00 293
190 liquid 1413 511 54 41 394 silica 1.3 00 0.0 987
fayalite 695 04 00 301 81 liquid 1413 527 59 66 348
191 liquid 1338 385 182 46 387 fayalite 70 06 00 294
fayalite 515 171 00 314 82 liquid 1413 573 49 7.2 306
192 liquid 1393 468 79 41 412 fayalite 70 06 01 293
227 liquid 1323 357 11.7 6.1 465 83 liquid 1393 432 68 60 440
fayalite 683 13 00 304 silica 07 01 03 989
wollastonite 343 172 0.2 483 84 liquid 1393 463 104 61 37.2
228 liquid 1353 402 99 43 456 86 liquid 1393 547 86 6.2 305
fayalite 689 09 0.0 302 fayalite 683 20 01 296
silica 08 01 01 990 87 liquid 1388 43 66 6.0 444
229 liquid 1353 40.8 128 42 422 silica 1 01 02 987
fayalite 678 18 00 304 88 liquid 1388 46.1 103 6.1 375
231 liquid 1393 474 48 49 429 92 liquid 1373 403 197 72 328
fayalite 695 03 00 302 fayalite 40.2 278 0.0 320
silica 10 00 01 989 95 liquid 1373 435 134 60 37.1
232 liquid 1373 427 78 49 446 96 liquid 1373 525 111 6.0 304
fayalite 69.2 06 0.0 302 97 liquid 1351 349 123 6.0 468
silica 10 00 01 989 silica 08 01 01 990
233 liquid 1373 433 86 41 440 98 liquid 1351 403 161 60 37.6
fayalite 683 08 00 309 99 liquid 1353 47.7 146 6.1 316
235 liquid 1433 533 108 4.0 319 wustite 99 06 02 02
100 liquid 1373 391 97 61 451
104 liquid 1343 449 153 6.7 331
faydite 582 112 0.0 306
Figures 2(a) through (d), respectively. In these figures, light 106 liquid 1373 gg.l 18'8 g'g 38'1
lines represent isotherms, and heavy lines represent bound- 110 Vlv.ua.'te T o 4

. . . iquid 1393 445 65 59 431
aries between the fayalite and wollastonite, and between the 1 liquid 1393 468 100 59 373
fayalltg and tridymite primary phase f|eld_s. It can be seen 112 liquid 1373 40 93 59 448
from Figures 2(a) through (d) that the fayalite primary phase 113 liquid 1373 442 131 59 368
field is bounded by the wollastonite and tridymite primary 114 liquid 1351 364 11.7 58 461
phase fields in the composition range investigated, and that 115 liquid 1351 415 162 6.0 36.3
the addition of up to 6 wt pct of alumina does not introduce 127 liquid 1358 352 213 59 376
any new primary phases in this region. wollastonite 44 448 03 505

The EPMA measurements show little or no alumina dis- fayalite 405 275 00 320
solved in fayalite (2FeO-SiO,). The composition of fayalite 129 liquid 1353 g'g'g 13'8 8'? Sé'g
does not liein the alumina-containing sections of the quater- }Nu;'ittee 650 49 01 300
nary system. Note that these sections are not true ternary 130 ﬁy id ' ' ' ’

. . . . . qui 1393 46.2 45 6.1 432
diagrams, and caution should be exercised in predicting silica 09 00 01 990
subliquidus phase relations. 131 liquid 1393 497 82 61 360

The results of Bowen et al.l*¥ on the “FeO”-Ca0-SiO, fayalite 688 10 00 302
systemin equilibrium with metallic iron are shown as dashed 133 liquid 1373 527 105 6.2 30.6
lines in Figure 2(a), for comparison. There were only two fayalite 671 29 01 299
isotherms, at 1473 and 1423 K, determined by Bowen et al. 135 liquid 1373 399 89 59 453
in thefayalite primary phasefield. It can be seen from Figure 136 l?c']:ji:z - 4%-(1) 12-% g-é 3513-3
2(a) that there is good agreement between the results of the wusite 990 01 06 03

present studies and those obtained by Bowen et al.
The present results are compared to those of Schairer and
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TablelV. Continued

TablelV. Continued

Composition (Wt Pct)

Composition (Wt Pct)

Experiment Temperature Experiment Temperature
Number Phases (K) FeO CaO Al,O; SO, Number Phases (K) FeO CaO Al,O; SO,
fayalite 573 120 00 30.7 wollastonite 187 316 0.0 497
138 liquid 1351 401 92 59 448 227 liquid 1323 357 11.7 6.1 465
fayalite 69.1 08 00 301 fayalite 683 13 00 304
139 liquid 1351 422 138 6.2 37.8 wollastonite 343 172 0.2 483
fayalite 671 30 00 299 230 liquid 1353 454 155 57 334
147 liquid 1393 495 24 62 419 fayalite 555 132 0.0 313
fayalite 700 01 00 29.9 234 liquid 1353 46.8 150 5.6 326
silica 12 00 01 987 fayalite 522 160 0.0 318
148 liquid 1373 432 6.7 6.0 441 236 liquid 1373 429 6.1 6.8 442
fayalite 694 05 0.0 301 fayalite 694 03 0.0 303
149 liquid 1373 442 104 6.7 387 silica 09 01 01 989
faydlite 681 13 00 306 237 liquid 1373 429 80 61 430
150 liquid 1359 40.7 7.8 64 451 fayalite 687 08 00 305
faydlite 693 05 00 302 238 liquid 1413 520 24 6.1 395
silica 09 01 02 988 fayalite 69.3 01 00 306
151 liquid 1337 345 122 59 474 239 liquid 1393 473 57 59 411
silica 07 01 01 9.1 fayalite 689 04 00 307
152 liquid 1337 40.2 166 59 373 240 liquid 1353 40.0 101 6.0 439
fayaite 624 69 0.0 307 fayalite 685 10 0.0 305
154 liquid 1413 576 53 6.2 309 241 liquid 1333 373 125 6.0 442
fayalite 69.0 08 0.2 300 fayalite 683 14 0.0 303
179 liquid 1323 332 125 65 478 242 liquid 1333 438 155 82 325
wollastonite 325 183 01 491 fayalite 518 168 0.0 314
silica 10 02 0.2 986 wustite 990 00 08 0.2
180 liquid 1323 359 143 6.2 436 spinel 473 00 526 01
wollastonite 30.0 208 0.1 491
fayaite 672 22 00 306
181 liquid 1333 411 165 8.7 337
fﬁya'_'ée 451 224 00 325 Yagi,* as shown in Figure 3. The temperatures of the
182 o 1333 414162 84 340 univariant points, representing the equilibrium of liquid with
aydite 469 203 0.0 328 - . LR o A
spinel 465 00 532 03 tridymite ar_wd fayalitein t_he Al,O5-“FeO"-SIO, system, are
183 liquid 1333 367 104 60 46.9 plotted against the alumina content. It can be seen from
fayalite 684 09 00 307 Figure 3 that the differencein thisregion between the present
silica 08 01 02 989 work and the results of Schairer and Yagi is less than 10 K.
184 liquid 1323 355 163 63 419 The liquidus temperatures in the fayalite primary phase
fayalite 657 35 00 308 field are reduced by the addition of aluminato slag, asshown
185 liquid 1323 389 168 94 349 in Figure 4. Three typical slag compositions in the fayalite
faydlite 446 225 01 328 primary phase field were chosen to determine the effect
spinel 452 00 546 02 of an Al,O; addition on liquidus temperatures. The initial
186 liquid 1313 325 122 74 479 iti salected near silica saturation and are
wollastonite 339 175 02 484 compositions were . f1Ce
silica 09 01 03 987 given in the Figure 4 caption. The liquidus temperatures of
193 liquid 1413 522 23 72 383 these slags were compared to the slags having 2, 4, and 6
fayalite 694 01 00 305 wt pct Al,O; and the same “FeQ"/Ca0/SIO; ratios. It can
194 liquid 1413 524 41 68 367 be seen from Figure 4 that the additions of up to 6 wt pct
fayalite 694 03 01 302 Al,O; decrease the liquidus temperatures for al fayalite
195 liquid 1393 473 49 72 406 slags. The effect of each Al,O; weight percent addition to
fayalite 696 03 00 301 the dlag is estimated to decrease the liquidus temperature
196 liquid 1393 476 66 69 389 by approximately 3 K.
fﬁ‘ya'.'te 61 06 00 303 The addition of alumina leads to the expansion of the
197 f iquid 1312 334 121 74 471 fayalite primary phase field toward lower “FeO” concentra-
aydlite 683 12 00 305 . . . o
wollastonite 342 174 01 483 tions. Th|s can be |Ilustrat§d by Table V. Inthe composition
silica 09 01 02 988 range investigated, there is a point A representing equilib-
198 fayalite 1312 665 32 00 303 rium of liquid with wollastonite, tridymite, fayalite, and
wollastonite 271 238 0.2 489 metallic iron. The compositions and temperatures of point
mullite 15 194 354 437 A, from Figures 2(a) through (d), are listed in Table V. It
199 liquid 1304 314 122 88 47.6 can be seen from Table V that the position of point A changes
fayalite 685 13 00 302 with the addition of alumina to the slag. The SiO, content
W°';f?i5f:‘;”'te 333 1(7)513 8% gg-g of the point-increases from 44.2 to 47.2 wt pct with the
226 liquid 1353 3492 190 61 407 addition of 6 wt pct of Al,Os while the “FeO” content
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decreases significantly from 42.3 to 35.6 wt pct. Thus, the
fayalite primary phase field expands toward higher silica
and lower iron oxide concentrations with the addition of
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Ca0 wustite +—— Ca0
a. 0 wt% AL,0, b. 2 wit% ALO,

70

<+—— Ca0

c. 4 wt% ALO,

d. 6 wt% ALO,

Fig. 2—(a) through (d) Experimentally determined liquidus isotherms in the fayalite primary field of the Al,Os-“FeO”-CaO-SiO, system in equilibrium

with metallic iron (temperature in K).
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Fig. 3—Therelationship between liquidustemperature and a umina content

aong the boundary line of tridymite and fayalite in the Al,O5-“FeO”-SiO,

system in equilibrium with metallic iron: solid lines—experimental work;
and dashed lines—results of Schairer and Yagi.*4
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Temperature (K)

1360

0 1 2 3 4 5 6
wt% ALO, in slag

Fig. 4—The effect of Al,O; on liquidus temperatures for the following
slags: ([J) 45 pct “FeO,” 11 pct CaO, and 44 pct SiIO,; (0) 50 pet “FeO,”
10 pct Ca0, and 40 pct SIO,; and (@) 55 pct “FeO,” 10 pct Cao, and 35

alumina. It also can be seen from Table V that the liquidus
temperature of point A is decreased from 1361 to 1318 K
by the addition of 6 wt pct alumina.

One of the systemswhich issimilar to Al,O5;-CaO-*FeO” -
S0, is Al,03-CaO-MgO-SiO,. Osborn et al.[?? constructed
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TableV. Experimentally Determined Point
A—Equilibrium of Liquid + Wollastonite + Tridymite
+ Fayalite + Metallic Iron (Figure 2)

) Point A (Fig. 2)
Section C tion (Wt Pct
Al,O; in Slag omposition (Wt Pet) Temperature
(Wt Pct) CaO “FeO” SO, (K)
0 135 42.3 44.2 1361
2 11.8 41.3 449 1353
4 115 38.0 46.5 1333
6 11.2 35.6 47.2 1318
1425
1400
E’ 1375
§ 1350 B | e
g ; ~ i :
Q ' ' '
= : N :
1325} ----cooooee e Rt PREREEEE oo
: PN /
A SO /

1300} eeee -------------------------------- \.(

: 1
12753 1 13 20 35

Wt% CaO in slag

Fig. 5—Liquidus surfaces in the pseudobinary CaO-“FeO” system at 40
pct SiO,: solid line—without Al,Os; and dashed line—with 8 pct Al,Os.

pseudoternary sections on the base of CaO-MgO-SiO, at 5
pct Al,O; intervals, from 5 to 35 pct Al,Os. Similarly, their
results showed that addition of Al,O5 to slag decreases the
liquidus temperature in the olivine primary-phase field. It
was observed that a new primary-phase spinel (MgAIO,)
appeared between the olivine and MgO primary-phase fields
with a15 pct addition of Al,O3. Witha25 pct Al,O3 addition,
the olivine primary-phase field is completely replaced by
the spinel primary-phase field. In the present investigation,
the spinel (Fe,Al;_O,.y) phasewas only found at the lower-
silicaregion in samples containing more than 8.0 pct Al,Os
in the liquid phase (Table V).

It has been found by Verneyl® that the better smelting
conditions (lower fuel consumption) can be obtained with
afinal slag composition of 40 wt pct SiO,, 32 wt pct “FeO”,
20 wt pct Ca0, and 8 wt pct Al,O5 (dag B) rather than with
another slag composition of 42 wt pct SiO,, 35wt pct “ FeO”,
15 wt pct CaO, and 8 wt pct Al,O; (slag A). This fact can
be explained by the results obtained in the present work.
Figure 5 shows the effect of Al,O; on the fayalite primary-
phase field and liquidus temperatures at 40 pct SIO,. The
solid line represents the results from the CaO-“FeQ”-Si0O,
system (Figure 2(a)). The dashed line is obtained from the
Al,05-Ca0-“Fe0Q"-Si0O, system (Figures 2(b) through (d))
by extrapolation of the present results at 0 to 6 pct Al,O;
to 8 pct Al,Os. It can be seen from Figure 5 that two primary
phase fields, fayalite and wollastonite, exist in the composi-
tion range investigated. With increasing CaO contents, the
liquidus temperature decreases in the fayalite primary-phase
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field and increases in the wollastonite primary-phase field.
However, with an 8 pct addition of aumina, the fayalite
primary-phase field extends so that the liquidus temperature
continuously decreases with increasing CaO content up to
23 pct Ca0. The addition of 8 pct Al,Os, therefore, results
in the location of both slags A and B in the fayalite primary
phase field, and the liquidus temperature of slag B (~1300
K) is lower than that of slag A (~1325 K). This lower
liquidus temperature with an alumina addition explains the
better smelting conditions (lower fuel consumption)
observed by Verney!® for slag B rather than slag A.

V. SUMMARY

Liquidus temperatures in the fayalite primary-phase field
and boundary lines in the Al,O5-“FeQ"-Ca0O-SiO, system
at Al,O; contents from 0 to 6 wt pct, in equilibrium with
metallic iron, have been experimentally determined. It has
been found that an Al,O; addition expands the fayalite
primary phase field toward lower iron oxide concentrations.
The liquidus temperatures of the fayalite slags are decreased
by approximately 3 K for each 1 wt pct of Al,O; added.
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