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Phase transformation of calcia—alumina-
magnesia fibres produced by inviscid
melt spinning
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Ca0-Al,0,—MgO (CAM) ceramic fibre produced via inviscid melt spinning {IMS) was
investigated for phase transformation. Differential thermal analysis (DTA) on the as-spun
CAM fibre gave two transformation peaks, one for exothermic peak at around 927 °C and the
other for endothermic one at around 1100 °C. In order to identify each phase transformation
x-ray diffraction {XRD) analysis was performed on the CAM fibres heat-treated to each phase
transformation completion temperature. The exothermic peak was determined to represent
crystallization of remaining amorphous phase in the as-spun CAM fibre. The endothermic
peak was determined to correspond to transformation of non-equilibrium CaO - Al,O; phase

to equilibrium 3Ca0-5Al,0; phase.

1. Introduction

Development of a high-performance ceramic fibre is
one of the key issues in developing high-temperature
ceramic matrix composites. Current ceramic fibres
produced by chemical vapour deposition, pyrolysis,
sol—gel, and slurry processing, are costly due to slow
speed of the processes. Furthermore, these fibres con-
tain some porosity and organic remaining, which are
related with their production processes.

Inviscid melt spinning (IMS) has been applied to the
development of new ceramic fibres. IMS is a much
faster and low-cost fibre processing method, com-
pared with the current fibre fabrication techniques. By
introducing a reactive hydrocarbon gas such as
propane to the ceramic molten stream, Rayleigh
break-up, the critical problem in spinning low viscos-
ity ceramic melts, was overcome. A carbon sheath can
be formed at the surface of the ceramic molten stream
by pyrolysis of the propane gas and this can prevent
Rayleigh break-up until solidification occurs. Ceramic
fibres of almost theoretical density can be produced in
very short time. So far, the ceramic fibres of
CaO-AL,O5(CA) [1-9], Ca0-Al,03-MgO (CAM)
[10], BaO-TiO, (BT) [11], Al,0;-ZrO, {(AZ) [12],
and Al,O; — MgO (AM) [13] were produced by
using IMS.

Attempts have been made to spin the CAM fibres
using IMS to improve mechanical properties of the
CA fibre. Sung and co-workers [10] identified equilib-
rium phases of MgO - Al,O5 and «-Al,O5, and a non-
equilibrium phase of CaO-Al,O; in the as-spun
CAM fibre. They heat-treated the IMS.CAM fibre at

1000°C for 24 h and found formation of all equilib-
rium phases of 3Ca0-5A1,04, MgO-Al1,O;, and a-
Al,Oj3. The focus of the present study is on the invest-
igation of the detailed phase transformation of IMS
CAM fibre by using differential thermal analysis
(DTA) and X-ray diffraction (XRD).

2. Experimental procedure
The unique IMS apparatus mainly consists of three
parts: (1) an induction heating unit, (2) a graphite

~ crucible with orifice at the bottom and associated gas

plate assembly, and (3) two containment chambers
{furnace and intermediate chambers). Special care was
taken for heat insulation to obtain high temperature.
Fig. 1 shows an overall schematic diagram of the IMS
unit [14].

High purity CaCOj;, Al,O;, and MgO powders
were well mixed using zirconia ball-milling. The mixed
powders ( ~ 100 g) were loaded inside the graphite
crucible and heated in a vacuum atmosphere (6.68 Pa)
by induction heating (maximum capacity of 15kW
and 10 kHz). Before melting the powders at 1680 °C,
both the furnace and intermediate chambers were
filled with nitrogen gas at a pressure of
~ 3.44 x 10° Pa to prevent violent gas evolution from
the melt. To homogenize the melt, temperature was
held at 1700°C for 20 min. When the slide valve be-
tween intermediate and catch chamber was opened,
the intermediate chamber quickly dropped to an at-
mospheric pressure. The pressure difference between
the furnace chamber and the intermediate chamber
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Figure 1 Schematic diagram of the overall inviscid melt-spinning
(IMS) apparatus [14].

extruded the molten CAM through the orifice and
into the intermediate chamber atmosphere. Once the
molten stream was continuously flowing as droplets,
the reactive gas (propane) was introduced through the
gas plates. The carbon deposition on the molten
stream results from pyrolysis of propane gas by the
heat from the molten stream as follows

C,Hs(g) —— 3C(s) + 4H,(g) (1)

The microstructure of the as-spun CAM fibre was
examined using scanning electron microscopy (SEM;
Jeol SEM 35-C). Differential thermal analysis (Perkin-
Elmer DTA 1700) was performed to investigate the
phase transformation of this fibre. The CAM fibres
( ~ 1 cm long and total weight of 100 mg) were loaded
inside a platinum crucible and heated from 25 to
1400°C at a heating rate of 10°Cmin ! in an air
atmosphere. DTA temperatures were calibrated using
pure Al and Cu. To identify crystalline phases in the
as-spun CAM fibres, powdered CAM fibres were in-
vestigated using an XRD (Nicolet Stdée Transmis-
sion/Bragg-Brentano) with a Cu-Kua source, 15 s time
constant, 5 to 90° scan range, and 0.02 ° step size. The
as-spun CAM fibres were heated from room temper-
ature to 955 and 1180 °C, respectively at a heating rate
of 10°min~* inside a horizontal furnace in an air
atmosphere. The heat-treated CAM fibres were
ground and phase analysed by using XRD. The result-
ing XRD patterns were identified using the Joint
Committee on Powder Diffraction Standards
(JCPDS) cards [15].
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Figure 2 Scanning electron micrograph of IMS CaO-A1,0;-MgO
fibre [10].

3. Results and discussion
The IMS CAM fibres were approximately 180 um in
diameter and 10 cm in length as produced via IMS.
The fibres were slightly cutly and the faces were ellipti-
cal in shape. The elliptical face would be related with
the shape of an orifice which was made by mechanical
drilling. The surface of the fibres was slightly rough,
indicating that these fibres are crystalline. Most of the
IMS CAM fibres showed small porosity which might
be related with possible gas evolution during cooling
or shrinkage during solidification. Fig. 2 shows a SEM
of the IMS CAM fibre.

Thermodynamic stability of a mixture of molten
Ca0, Al,O;, and MgO against reduction by carbon
at 1700 °C was examined as follows [16]

CaO+C - Ca+CO
+1259kJmol™! at 1700°C  (2)
AlLLO; +3C - 2A1+3CO

AG® =

AG° = +190.7kJmol™! at 1700°C  (3)
MgO + C — Mg+ CO
AG® = +675.6kImol™! at 1700°C  (4)

These positive values of the free energy of formation
imply that all of the three oxides would be stable
against reduction by carbon at 1700 °C.

DTA was performed to examine a possible phase
transformation in the IMS CAM fibre. Fig. 3 presents
the DTA curve of the IMS CAM fibre. One exother-
mic peak ranging from 872 to 955°C and one
endothermic peak ranging from 1033 to 1180°C are
shown. The peak temperature values were 927 and
1100°C, respectively.

In order to identify each phase transformation the
CAM fibres were heated from room temperature to
955 and 1180°C, respectively, at a heating rate of
10 °C min ~ ! inside a furnace. The as-spun CAM fibres
and heat-treated CAM fibres were ground and ana-
lysed by using XRD. Fig. 4 shows the XRD patterns
from the as-spun CAM fibres (a), the CAM fibres
heated to 955°C (b), and the CAM fibres heated to
1180°C (c). The XRD patterns of the as-spun CAM
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Figure 3 Differential thermal analysis curve of as-spun
Ca0-Al,05;-MgO fibre at a heating rate of 10 °C min ! in the air
atmosphere. Both exothermic and endothermic peaks are shown.

fibres showed many peaks from the crystalline phases,
and a big hump and smooth hill ranging from 5 to 40°,
which certainly represents the existence of an amorph-
ous phase. By comparing the positions and intensities
of the peaks with the data in the JCPDS cards,
MgO-Al, O3, CaO- Al, O3, and a-Al,O; phases were
identified. The peak positions of the MgO- AL, O,
phase are shifted approximately — 0.002 nm, com-
pared with the data in the JCPDS card. This would
result from formation of MgO- Al,O; solid solution
rather than formation of stoichiometric MgO - Al,O;.

Fig. 5 shows a phase diagram of the CaO-
Al,O53-MgO system [17]. Table I shows the phase
compositions shown in Fig. 5. Point 6 corresponds to
the composition of the CAM fibre produced for the
present study. The phase diagram shows that at this
composition  the  equilibrium  phases are
3Ca0-5A1,0,5, MgO-Al,0O;, and o-Al,O;. There-
fore, the CaO - Al,O; phase in the as-spun CAM fibre
18 a non-equilibrium phase.
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Figure 4 X-ray  diffraction  patterns of (a) as-spun
Ca0-AlL,O;-MgO (CAM) fibre, (b) CAM fibre heat-treated to
955°C, and (c) CAM fibre heat-treated to 1180°C. The as-spun
CAM fibre shows formation of equilibrium phases of MgO - Al,O,
(A) and a-Al,O; (@), and a non-equilibrium phase of CaO-Al,O,
(M) as well as non-crystallinity. In the CAM fibre heat-treated to
955°C non-crystallinity has disappeared. The CAM fibre heat-
treated to 1180 °C showed formation of all the equilibrium phases of
3Ca0-5A1,0; (#), MgO- AL, O; (A), and a-Al,O5 (@).

In the XRD patterns of the CAM fibres heat-treated
to 955°C, the hump and hill shown in Fig. 4(a) had
disappeared. This implies that the amorphous phase
in the as-spun CAM fibre was crystallized during the

TABLE 1 Phase compositions of the CaO-Al,0;-MgO system shown in Fig. 5

Points Crystal phases Composition (wt%) Temperature (°C)
CaO MgO AL, O;
A C,M 67.0 33.0 - 2300
B M, MA - 450 55.0 2030
C MA, A - 20 98.0 1925
D C, C;A 59.0 - 41.0 1535
E C3A, C5A; 50.0 - 50.0 1395
F CsA;, CA 47.0 - 53.0 1400
G CA, C3A;5 335 - 66.5 1590
H C;3As5, A 24.0 -~ 76.0 1700
1 M, C, C;A 515 62 423 1450
2 M, C3A, C5A, 46.0 63 477 1345
3 M, CsA,, CA 415 6.7 51.8 1345
4 M, MA, CA 457 69 52.4 1370
5 MA, CA, C5As 21.0 50 74.0 1680
5Ca0-3AL,0, 4738 - 52.2 1455
Ca0O-Al,0; 354 - 64.6 1600
3Ca0-5A1,0, 248 - 752 1720
MgO-Al,O4 - 28.4 71.6 2135
3Ca0- AL O, 62.2 - 37.8 1535
Periclase (M) - 100.0 - 2800
Lime (C) 100.0 - - 2570
Corundum (A) - - 100.0 2050
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Figure 5 Phase diagram of the CaO-Al,0;—MgO system [17].

heat treatment. Therefore, it can be concluded that the
exothermic peak in the DTA curve corresponds to the
crystallization of the amorphous phase in the as-spun
CAM fibres. The peaks in the patterns again came
from CaO-Al,O;, MgO-Al,O;, and o-AlL,O;
phases. Any other phase was not identified from the
XRD patterns.

Fig. 4(c) shows the XRD patterns of the CAM fibres
heat-treated to 1180 °C. A new phase, 3CaO-5A1,0s3,
was identified as a major phase and the MgO - Al,O,
and o-Al,O; phases were also identified. The
CaO- Al,Os;, the phase in the as-spun CAM fibre, had
disappeared. From this XRD analysis, it can be
concluded that the endothermic peak in the DTA
curve corresponds to the transformation of the non-
equilibrium CaO-Al,O; phase to the equilibrium
3Ca0Q-5A1,0; phase. All the three phases in this
heat-treated fibre were the equilibrium phases, as
shown in Fig. 3.

4. Conclusions

The inviscid melt-spun CaO-Al,0;-MgO (CAM)
fibre showed a small amount of porosity which might
be related with gas evolution, or shrinkage during
cooling. DTA on the as-spun CAM fibre showed one
exothermic peak ranging from 872 to 955°C and one
endothermic peak ranging from 1033 to 1180°C. The
XRD on the as-spun CAM fibre showed some degree
of non-crystallinity, as well as formation of equilib-
rium phases of MgO-Al,O; and o-Al,O;, and a
non-equilibrium phase of CaO - Al;O5. The XRD pat-
terns of the CAM fibre heat-treated to 955 °C showed
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peaks from the phases of MgO-Al,O;, a-Al,Os,
and CaO- Al,O;. Non-crystallinity of the fibre had
disappeared. The exothermic peak in the DTA curve
was determined to present crystallization of the
amorphous phase. The XRD patterns of the CAM
fibre heat-treated to 1180°C showed formation of
3Ca0- Al,O; phase as well as MgO-Al, O3 and o-
ALLO; phases. The non-equilibrium phase,
Ca0O-Al,O;, in the as-spun CAM fibre had disap-
peared. Therefore, the endothermic peak in the DTA
curve was determined to correspond to transforma-
tion of the non-equilibrium phase, CaO - Al,Oj; to the
equilibrium phase, 3Ca0- 5A1,0;.
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