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Abstract: The single hot thermocouple technique (SHTT) and high temperature equilibrium technique were combined to investigate
the phase diagram of the CaO—SiO,—5%MgO0—-20%Al,0;-TiO, system. The 1300 °C to 1500 °C liquidus lines are calculated
according to the thermodynamic equations based on the pseudo-melting temperatures measured by the single hot thermocouple
technique. The phase equilibria relationships are experimentally determined at 1400 °C using the high temperature equilibria
technique followed by X-ray fluorescence (XRF), X-ray diffraction(XRD), scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) analysis. The liquid phase(L), melilite solid solution phase ((C;MS,,C,AS),), diopside
phase(CMS,) and perovskite phase (CaO-TiO,) are found. Coupled with the liquidus lines and equilibria results, the phase diagram is

constructed for the specified region of the CaO—Si0,—5%Mg0—-20%Al1,05-TiO, system.
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1 Introduction

Titanium-bearing blast furnace slag (Ti-bearing slag)
produced by the iron and steel industry, which contains
more than 20% TiO, [1], has been considered valuable
secondary resource. A number of methods have been
developed to study the properties of Ti-bearing slag, such
as the acid leading [2, 3], carbide—chloride method [4—6]
and the selective crystallization and phase separation
method [7, 8]. The liquidus temperatures and phase
relations of Ti-bearing slag are necessary to facilitate
improvements to the related processes. However, the
phase diagrams were difficult to study due to the
complex reactions among the components.

The phase diagrams of Ti-bearing slag system were
only studied by a few authors [9—12]. OLLNO et al [9]
measured the liquidus temperatures and primary phases
in a wide TiO, range for CaO—SiO,~TiO,—ALO;
systems with 10% and 20% Al,O; using the hot stage
thermocouple in air atmosphere. OSBORN et al [10]
studied the effect of TiO, addition on liquidus
temperatures of CaO—SiO,~MgO—Al,0O; system in air
atmosphere and the results indicated that the liquidus

temperatures were not greatly influenced. The phase
equilibrium at reducing condition was studied by ZHAO
et al [11] and the new phases of perovskite and anosovite
were formed with the addition of TiO, to CaO—SiO,—
MgO—Al,0; system. However, the comprehensive phase
relations of the CaO—Si0,—MgO—-AL,O;—TiO, system
still remain unclear and the lack of thermodynamic
information for liquidus temperatures and phase relations
seriously retards the development and application of
above mentioned system.

The traditional way of phase diagrams investigation
is the high-temperature equilibrium and quenching
method, which exhausts a large amount of time. In the
present work, a method of the combination of the single
hot thermocouple technique (SHTT) and high-
temperature equilibrium technique was used to construct
the phase diagram of Ti-bearing slag system, which has
been proven as an accurate, reproducible and reliable
method for determining the phase diagram of oxide
system [13, 14]. Firstly, the pseudo-melting temperatures
were measured by SHTT, which can achieve in situ
observation of the melting process, and the liquidus
temperatures could be calculated subsequently according
to the thermodynamic equations.
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After the establishment of the liquidus lines, only a few
number of equilibria experiments were needed to

confirm the primary phases of the different compositions.

The method used in this work could save abundant time
without reducing the measurement accuracy. The
investigation described here was one part of a long-term
study for Ti-bearing slag system and the results from the
present study could provide important information for
the optimization of the thermodynamic database.

2 Experimental

2.1 Sample preparation

Reagent grade oxides powders of CaO, SiO,, MgO,
ALO; and TiO, were employed to synthesize the slags,
which were calcined at 1000 °C for 4 h to evaporate the
moisture and impurities respectively and carefully
weighed, fully mixed and pre-melted in Ar atmosphere
using vertical MoSi, furnace. The mixtures were placed
inside platinum crucibles which were suspended by
platinum wire inside of hot zone of the furnace at
1650 °C for 2 h to completely homogenize the slags,
after that, the liquid slags were rapidly poured into ice
water to obtain the glassy slags. The XRD analyses
proved that the quenched slags showed glassy phase.
Subsequently, the glassy slags were dried, crushed and
grounded under 45 pm for further utilization. The
compositions of pre-melted slags were analyzed by
X-ray fluoroscopy (XRF), as listed in Table 1.

2.2 Pseudo-melting temperature determination

The SHTT technique was employed to measure the
pseudo-melting temperatures of the slags in the present
experiments. The application of SHTT technique for
temperature measuring has been proven as an effective
method based on the previous work [9] and the results
from the present authors [13, 14]. The principle of SHTT
has been described in details [15—17] and is briefly
summarized in this work. A B-type thermocouple
(0.2—mm in diameter) was used to heat and measure the
temperature simultaneously. A microscope equipped with
a video camera was applied to in-situ observe and record
the images of slag, which were sent to a computer and a
video cassette recorder. The heating process was
controlled by a computer program.

The following method, as illustrated in Fig. 1, was
used for the judgements of the pseudo-melting
temperatures. During the experiments, approximately
10 mg slag was mounted at the tip of thermocouple,
since the temperature was most accurate at the tip of the
thermocouple and the part of the slag surrounding the tip
of the thermocouple was chosen for observing and
measuring, as shown in the circular arc area in Fig. 1.
The temperature was rapidly heated at 5—10 °C/s to

Table 1 Compositions of pre-melted slags

w(CaO)/ Mass fraction after pre-melting/%
w(Si0) ca0  Si0, MgO ALO; TiO,
Ml 1.52  42.72 28.11 529 1934 454
M2 1.45  40.61 28.00 6.12 20.62  4.65
M3 094 3337 3550 545 2077 491
M4 1.31 4043  30.87 504 1845 521
M5 1.02 3496 3428 511 2025 540
M6 090  30.65 34.06 520 2096 9.13
M7 1.56 3954 2535 527 2022 9.62
M8 1.03 3401 3301 484 1829 9.85
M9 1.09 33,51 3075 536 1979 1059
MI10 145 3852 2656  5.25 19.37  10.30
Ml1 1.66  38.78 2336 444 19.19 1423
M12 145 36.64 2527  5.01 18.11 1497
MI13  1.00 3095 3095 428 1823 15.60
M14  1.58 3578 2264 458 1835 18.65
M15  1.13 30.12 2666 544 1892 18.86
Ml16 090  26.66 29.63  5.53 19.22  18.96
M17 1.79 3574 1997 433 19.22  20.74
M18  1.21 2728 2254 412  19.06 27.00
MI19 092 3262 3545 596  20.64 533
M20 1.10 3629 33.00 590 19.80 5.01
M21  1.36  40.07 2947 6.04 1924 518
M22  1.60 43.15 2697 591 19.00  4.97
M23  0.98 3244 3310 537 1891 10.18
M24  1.15 3520  30.61 5.63 18.89  9.67
M25 1.39 3844 2765 558 1828 10.05
M26  1.64 4131 2519 506 18.86 9.58
M27  0.98 30.28 3090 5.15 18.54 15.13
M28  1.21 3361 2777 507 1824 1531
M29  1.37 3522 2571 478 1932 1497
M30 1.71 3852 2253 498 19.54 1443
M31 1.00 26.88 2688 479 19.67 21.79
M32  1.25 3023 2419 492 19.85 20.81
M33  1.52 3454 2272 494 1987 1793
M34 1.76  36.16 2054 519 1993 18.18
M35 1.09 2530 2321 443 18.78  28.28
M36 1.26 2838 2253 479 18.66 25.64
M37 1.52 3054 20.10 457 1896 25.83
M38 1.76 3357 19.07 517 19.62 22.57

No.

50—200 °C below the approximate melting temperature.
It was clearly seen that the slag was completely solid at
this temperature. Then, the slag was heated continuously
with a very slow rate of 0.1 °C/s to the temperature
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Fig. 1 Graphical representation for pseudo-melting temperature
determination

shown in Fig. 1(b), at which the slag close to the tip of
the thermocouple first became fluidity and transparent
while the slag far away from the thermocouple tip was
still solid phase, which meant that the slag around the
thermocouple tip had already been liquid phase. The
temperature of the state in Fig. 1(b) was found
reproducible and taken as the melting temperature of the
slag, which was called pseudo-melting temperature in
this work. With the temperature future increased, the left
slag gradually became liquid due to the heat transfer in
Fig. 1(c). The whole melting process of the slag was
recorded as a video file and the pseudo-melting
temperature was then obtained.

Each measurement was performed at least three
times to verify the reproducibility. The B-type
thermocouple was calibrated against the pure NaF and
CaF; to ensure the temperature accuracy within +1 °C.

2.3 Equilibria experiments

The high-temperature equilibria technique [18] was
employed to acquire the crystallization information for
the slags. The vertical furnace used for pre-melting

experiments was employed for the equilibria experiments.

The furnace temperature was monitored by a B-type
thermocouple placed next to the samples with an overall
temperature accuracy estimated to be +2 °C. The
platinum crucibles, holding specific oxide mixtures, were
suspended by a platinum wire (0.5—mm in diameter) in
the even zone of the furnace. All samples were pre-
melted before equilibration at 1650 °C for 1-3 h, after
which the furnace temperature was cooled to 50 °C
below the equilibrium temperature for 1 h to promote the
crystallization of solid phases. Thereafter, the samples
were hold at equilibrium temperature and an that
equilibration time of 24 h based on the experience
reported by previous authors [19—21] was used to ensure
equilibrium had been reached. Ar gas was passed through
the furnace during the whole experiment to avoid
moisture and other potential contamination sources. The
base of the furnace was removed prior to rapidly

quenching of the sample directly into ice water. Samples
were then dried, crushed and grounded under 300 meshes
and mounted in epoxy resin and polished for furthur
analysis. X-ray diffraction (XRD), scanning electron
microscope (SEM) and energy dispersive X-ray
spectroscope (EDX) were used to identify the co-existing
phase and analyze the composition of each sample.

3 Results and discussion

3.1 Results of pseudo-melting temperatures

The determined pseudo-melting temperatures of
Ti-bearing slags are listed in Table 2, and the average
value of T}, T>and T5 was chosen as the pseudo-melting
temperature 7.

The pseudo-melting temperatures change gradually
with the increase of w(CaO)/w(Si0,), as shown in Fig. 2.
The pseudo-melting temperatures increased from
1319 °C to 1516 °C when w(CaO)/w(SiO,) increased
from 0.90 to 1.64 for 10% TiO,. It could also be found
that the pseudo-melting temperature change with
w(Ca0)/w(Si0,) showed two different segments in
different areas, namely M6, M23, M8, M9, M24 and
M24, M25, M10, M7, M26. The reason for the different
gradients may due to the face that the experimental
points go across different primary crystal fields when
w(Ca0)/w(Si0,) increases. The change is similar when
the content of TiO, is fixed at other values such as 5%,
15%, 20% or 25%.

1550
1516
1500 Fe ~1507.55 M26
" In(w(Ca0)/w(SiO,))—3.47
1450 1
&
=
1400 1
1350 +
1319 0 M8 1o —11708.97 (% = 0.999)
o In(w(Ca0)/w(Si0,))-8.78
1300 1 1 1 1
0.8 1.0 1.2 1.4 1.6

w(Ca0)/w(SiO,)
Fig. 2 Relation between pseudo-melting temperature 7 and
w(Ca0)/w(Si0,) for 10% TiO,

3.2 Construction of liquidus lines

The gradient change in different areas could be
explained by the thermodynamic equations, which could
be deduced with reference to the isothermal phase
diagram in Fig. 3. In the primary phase of B, the point M
located on liquidus line represents the equilibrium of
solid B with liquid, and from the equilibrium of chemical
potential, Eq. (1) could be deduced.
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Table 2 Determined pseudo-melting temperatures and calculated temperatures of Ti-bearing slag (°C)
No. w(Ca0)/w(Si10,) w(TiO,) Ty/°C T»/°C Ts/°C T/°C Te/°C AT/°C
Ml 1.52 4.54 1471 1474 1469 1471 1475 4
M2 1.45 4.65 1449 1447 1445 1447 1452 5
M3 0.94 491 1288 1286 1287 1287 1283 -4
M4 1.31 5.21 1418 1415 1420 1418 1408 -10
M5 1.02 5.40 1305 1302 1303 1303 1310 7
M6 0.9 9.13 1318 1323 1317 1319 1319 0
M7 1.56 9.62 1490 1489 1487 1489 1490 1
M8 1.03 9.85 1336 1340 1341 1339 1339 0
M9 1.09 10.59 1348 1346 1347 1347 1347 0
MI10 1.45 10.30 1452 1457 1456 1455 1454 -1
Ml1 1.66 14.23 1519 1510 1513 1514 1519 5
M12 1.45 14.97 1465 1474 1474 1471 1471 0
M13 1.00 15.60 1356 1359 1358 1358 1356 -2
M14 1.58 18.65 1478 1481 1484 1481 1483 2
M15 1.13 18.86 1376 1372 1381 1376 1374 -2
M16 0.90 18.96 1312 1310 1308 1310 1308 -2
M17 1.79 20.74 1529 1531 1532 1531 1530 -1
MI18 1.21 27.00 1394 1398 1393 1395 1397 2
M19 0.92 533 1279 1280 1280 1280 1275 =5
M20 1.10 5.01 1331 1329 1335 1332 1340 8
M21 1.36 5.18 1430 1431 1432 1431 1425 -6
M22 1.60 4.97 1538 1540 1538 1539 — —
M23 0.98 10.18 1331 1330 1333 1331 1331 0
M24 1.15 9.67 1353 1355 1359 1356 1354 -2
M25 1.39 10.05 1431 1430 1427 1429 1433 4
M26 1.64 9.58 1515 1516 1518 1516 1515 -1
M27 0.98 15.13 1353 1356 1358 1356 1351 =5
M28 1.21 15.31 1409 1405 1404 1406 1413 7
M29 1.37 14.97 1457 1451 1452 1453 1454 1
M30 1.71 14.43 1532 1535 1536 1534 1530 —4
M31 1.00 21.79 1373 1368 1373 1371 — —
M32 1.25 20.81 1404 1406 1408 1406 1404 -2
M33 1.52 17.93 1460 1458 1462 1460 1469 9
M34 1.76 18.18 1526 1529 1530 1528 — —
M35 1.09 28.28 1371 1369 1374 1371 1375 4
M36 1.26 25.64 1406 1407 1408 1407 1407 0
M37 1.52 25.83 1448 1449 1451 1449 1452 3
M38 1.76 22.57 1545 1540 1539 1541 — —

T=(T,+T>+T3)/3; Ty means the calculated temperature; AT= Tpy —T.

Up) = Ups) 1) expressed as Egs. (2) and (3) respectively:

The terrn§ Unq) and ugs) %n Eq. (1) are'the chemi.cal Uy, = ”g(L) +RT Inxg ) = Gg(L) +RT Inxp, (2)
potential of liquid B and solid B, respectively. Taking
pure solid oxide and pure liquid as standard state, the Uns) ZMS(S) + RT In xps) = Gg(s) + RT In x5 (3)

chemical potentials of solid B and liquid B could be
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Fig. 3 Schematic of iso-thermal A—B—C phase diagram at
temperature of 7

where R is the gas constant, 7 is the iso-thermal
temperature, xpr)and xg, are the mass fractions of B in
liquid and solid, respectively. The value of xpq, is 1
when the pure solid oxide is taken as standard state.
Combining Egs. (2) and (3) with Eq. (4) and Gibbs-
Helmbholtz equation in Eq. (5), the following Eq. (6)
could be deduced:

A Gg(fus) :Gg(L) - Gg(S) 4)
0  _ 0 T
A Gy = A Hpgy) (1 - T_) (5)
m
A]_Ilgfu) 1 A]_Ilgfu)
Xp(L) = €Xp| — R( - T + RT( ) (6)

where T, and A H g(fus) are the melting temperature and
molar Gibbs energy of pure solid B respectively. As the
value of R, T, AHg(fus) are almost constant and the
term xp(, stands for the variables of compositions such
as w(TiO;) and w(CaO)/w(SiO,), which could be
simplified as x. Then Eq. (6) could be simplified as

x= exp(% +b) (7

Equation (7) could be further simplified for
discussing the relation of 7" with composition x, as

r=—"- ®)

_lnx—b

Equation (8) could be used to fit the relation between the

temperature 7 and composition x in the specific primary
6

A He gy

———an
R

crystal field of substance B.a=- d

0
b= A Hp gy
RT

m
could be regressive from the melting temperature
experimentally measured.

a and b could be seen as constant and

The composition must locate in the same primary
crystal field when Eq. (8) is used. However, in the actual
fitting process for an unknown phase diagram system,
such as the CaO-Si0,—5%Mg0—20%Al,0;—TiO,
system under research in this work, the experimental
points within the same primary crystal field keep
uncertain before the regression. Under this circumstance,
the following principle is adopted to obtain the optimal
fitting: the temperature change with w(CaO)/w(SiO,)
with different contents of TiO, is plotted firstly and then
the character of gradient is analyzed, after which the
points with the same gradient will be regressed together.
Taking Fig. 2 as an illustrator, the temperature change
with w(CaO)/w(Si0,) shows two different gradients at
10% TiO,, then Eq. (8) is applied to each gradient and
the fitting effect is good as shown in Fig. 2. The fitting
processes at other contents of TiO, are done by the same
way. Finally, the regressive equations were established
for the composition investigated in the present research.
The temperatures at the pre-melted composition
calculated by the regressive equations agree well with
the temperature experimentally determined, which can be
found in Table 2. Based on the regressive equations, the
liquidus lines of 1300-1500 °C of CaO-SiO,—
5%Mg0—-20%A1,05,-TiO, system are calculated, as
shown in Fig. 4. The liquidus temperature increases
when w(CaO)/w(Si0,) increases and the shape of liqudus
lines are similar to each other from 1350 °C to 1450 °C.

, Si0,

0

0.1 0.2 0.3 0.4

Fig. 4 Calculated 1300—1500 °C liquidus lines for CaO—SiO,—
5%Mg0—20%Al1,05—TiO, system

3.3 Estimation of equilibria phases

Totally 9 samples, as the soft dots in Fig. 5, were
selected for equilibria at 1400 °C to detect the primary
crystal in the phase diagram. The SEM micrographs are
shown in Fig. 6 to Fig. 10. The equilibria phases were
confirmed coupled with the XRD determination. In the
following figures, CT stands for CaO-TiO,, C,MS, for
2Ca0-MgO-28i0,, C,AS for 2Ca0O-AlL,0O;3-SiO, and
CMS, for CaO-MgO-28Si0,. Three different two-phase
equilibra and one three-phase equilibrium were found in
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Si0,

0.3 TiO,
Fig. 5 Equilibria points for CaO—SiO,—5%MgO0—-20%Al,05—
TiO; system at 1400 °C (soft dots)

the samples.
Sample M24 presents as single phase and no
crystals were detected in XRD diffraction peaks, which

means that M24 was liquid at 1400 °C. On the other
hand, this result is consistent with the pseudo-melting
temperature determined in Table 2, as the pseudo-melting
temperature of M24 being 1356 °C.

Figure 6 shows the typical SEM microphotograph
of liquid coexisting with melilite solid solution phase for
sample M1. The corresponding XRD result and the EDX
results in Table 3 mean that the irregular shaped phase is
(CMS,;, C,AS), while the light grey phase is liquid.

Figure 7 presents the typical SEM microphotograph
and corresponding XRD results of liquid-CT equilibrium
(sample M17), in which the white dendritic shape phase
is CT while the grey phase is liquid. Figure 8 presents
the results of the three-phase equilibrium (sample M11),
in which the white phase is CT, while the dark grey
phase is (C,MS,, C,AS)s and the light grey phase is
liquid. The liquid-diopside equilibrium is exemplified in
Fig. 9, in which the dark grey phase is diopside while the
light grey phase is liquid.

(b) - * »— Melilite solid solution
(C,MS,:C,AS),,

20 40 60 80
20/°)
Fig. 6 SEM microphotograph of liquid coexistent with (C,MS,, C,AS); at 1400 °C (a) and corresponding XRD result for sample M1
(b)
Table 3 EDX result of sample M1
Phase Contrast in SEM microphotograph ~ x(0)/%  x(Mg)/%  x(Al)/%  x(Si)/%  x(Ca)/%  x(Ti)/%
Melilite solid solution Dark gray 49.47 2.09 14.07 13.40 20.97 —
Liquid Light gray 55.02 4.03 5.30 13.31 19.67 2.67
(b) o  o— Perovskite (CaO-TiO,)
o M17
J."r‘L""‘l TRy Lo

Mi14

10 20 30 40 50 60 70 80 90
26/(%)

Fig. 7 SEM microphotograph of coexistentence of liquid with CT at 1400 °C for sample M17 (a) and corresponding XRD results for
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samples M12, M14 and M17 (b)

»— Melilite solid
solution

(CZMS2'C2AS)SS
o— Perovskite
CaO-TiO,

(b)

Mi11

10 20 30 40 50 60 70
20/(°)

80 90

Fig. 8 SEM microphotograph of liquid coexistent with CT and (C,MS,, C,AS)s at 1400 °C for sample M11 (a) and corresponding

XRD results for samples M11 and M26 (b)

(b) * »— Diopside (CaO-MgO,-2Si0O,

M32

10 20 30 40 50 60 70
20/(°)

80 90

Fig. 9 SEM microphotograph of liquid coexistent with diopside at 1400 °C for sample M36 (a) and corresponding XRD results for

samples M32 and M36 (b)

Si0,

CaO 0.1 0.2 0.3
X

10 Brief phase diagram for CaO—-SiO,—5%MgO—
20%A1,0;-TiO, system

TiO,
Fig.

3.4 Presentation of phase diagram

Coupling the equilibria phase information with the
calculated liquidus lines, a brief phase diagram of
Ca0-Si0,—5%Mg0—-20%A1,0;—TiO, system with the
predicted phase boundary lines (dashed lines) is depicted,

as shown in Fig. 10, the high w(CaO)/w(SiO,) and low
TiO, content region is dominated by the melilite solid
solution phase, while the domination phase changes to
perovskite phase when TiO, content increases. As a
comparison, the diopside phase becomes the domination
phase in the higher TiO, content and
w(Ca0)/w(Si0,) area.

lower

4 Conclusions

The pseudo-melting temperatures were determined
by the SHTT for the specified content of 5%—25% TiO,
in the CaO-Si0,—5%MgO0—-20%Al,0;—TiO, phase
diagram system, and the 1300 °C—1500 °C liquidus lines
were calculated according to thermodynamic equations
in the specific primary crystal field. The equilibria phase
relationship at 1400 °C was experimentally determined
using the quenched technique followed by XRF, XRD,
SEM and EDX analysis and the liquid phase,
(C.MS,,C,AS),, solid solution phase, diopside phase
(CMS,) and CaO-TiO, phase were found. Therefore, the
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phase diagram was constructed for the specified region
of the Ca0—Si0,—5%Mg0—-20%A1,05—TiO, system.
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