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Synthesis of crystalline slags of 12CaOÆ7Al2O3 phase from the corresponding melt compositions
in different atmospheric conditions and different purities is investigated. Observations using a
thermogravimetry coupled with differential thermal analysis showed that the dehydration of a
zeolitic 12CaOÆ7Al2O3 phase occur at 770 �C to 1390 �C before it congruently melts at 1450 �C.
The X-ray diffraction pattern of the slag showed that a single 12CaOÆ7Al2O3 phase is produced
from a mixture, which has small SiO2 impurity with a 49:51 mass ratio of CaO to Al2O3. A
scanning electron microscope and electron probe micro-analyzer showed that a minor
Ca-Al-Si-O-containing phase is in equilibrium with a grain-less 12CaOÆ7Al2O3 phase.
Moreover, 12CaOÆ7Al2O3 is unstable at room temperature when the high-purity molten slag
is solidified under oxidizing conditions contained in an alumina crucible. On the other hand, a
high-temperature in-situ Raman spectroscopy of a slag that was made of a higher purity
CaO-Al2O3 mixture showed that 5CaOÆ3Al2O3 phase is an unstable/intermediate phase in the
the CaO-Al2O3 system, which is decomposed to 12CaOÆ7Al2O3 above 1100 �C upon heating in
oxidizing conditions. It was found that 5CaOÆ3Al2O3 is present at room temperature when the
12CaOÆ7Al2O3 dissociates to a mixture of 5CaOÆ3Al2O3, 3CaOÆAl2O3, and CaOÆAl2O3 phases
during the cooling of the slag at 1180 �C ± 20 �C in reducing atmosphere. It is proposed that
low concentrations of Si stabilize 12CaOÆ7Al2O3 (mayenite), in which Si is a solid solution in its
lattice, which is named Si-mayenite. Regarding the calculated CaO-Al2O3-SiO2 diagram in this
study, this phase may contain a maximum of 4.7 wt pct SiO2, which depends on the total SiO2 in
the system and the Ca/Al ratio.
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I. INTRODUCTION

IN 1909, the binary CaO-Al2O3 phase diagram was
initially reported by Shepherd and Wright.[1] In addition
to the pure CaO and Al2O3 phases, they observed four
compounds in a range of 15 to 70 wt pct Al2O3, which
were CaOÆAl2O3 (denoted by CA), 5CaOÆ3Al2O3 (de-
noted by C5A3), 3CaOÆAl2O3 (denoted by C3A), and an
unstable form of both 3CaOÆ5Al2O3 (denoted by C3A5)
and C5A3. Also, in 1911, they published a preliminary
report on the ternary CaO-Al2O3-SiO2 system,[2] which

was of great importance on a study of the constitution
of Portland cement clinker. Later on, Rankin and
Wright[3] in 1915 documented the ternary CaO-Al2O3-
SiO2 phase diagram, which was an updated version of
the preliminary report. They had stated that C5A3

formation occurred in two forms, a stable and an
unstable monotropic form. The stable form melts at
1455 �C ± 5 �C and has two eutectic mixtures with C3A
and CA phases. On the other hand, the unstable form
has neither a definite melting point nor any range of
temperatures regarding its stability.
It was not until 1936 that Büssem and Eitel[4] showed

that the CaO:Al2O3 ratio of the synthesized stable C5A3

phase from Rankin and Wright’s study was 12:7 rather
than 5:3, in which they suggested the chemical com-
pound was 12CaOÆ7Al2O3 (denoted by C12A7). Regard-
ing this phase, Nurse et al.[5,6] found that at elevated
temperatures, C12A7 is unstable in anhydrous or moist-
free CaO-Al2O3 systems. It is in equilibrium with H2O
above 950 �C and forms Ca12Al14O32(OH)2 when is
fully saturated; water is present as hydroxyl ions in the
crystal structure. The observation was in agreement with
Roy and Roy,[7] who had previously reported the
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zeolitic behavior of the phase. The zeolitic behavior
means that the phase absorbs and desorbs water as a
function of temperature (with pH2O fixed). They found
that C12A7 could absorb water vapor even at 1000 �C at
a pH2O of 1.6 9 10�3 atm. In a similar conclusion,
Imlach et al.[8] claimed that the C12A7 phase is stable at
high temperatures as it absorbs excess of oxygen from
an oxidizing atmosphere, even where pO2 is as low as
10�8 atm. In other words, according to them, the phase
is very efficient at extracting oxygen from the surround-
ing atmosphere.

According to Büssem andEitel,[4] the C12A7 phase in its
anhydrous form has the following physical properties:
a = 11.982 Å,V = 1720.24 Å3, and bulk density=2.85
9 103 kg m�3, in the cubic I-43d (220) space group. In
1962, Jeevaratnam et al.[9] used a petrographic micro-
scope to investigate the C12A7 crystal structure and
showed results that were in agreement with the work of
Büssem and Eitel as well. As mentioned earlier, Rankin
and Wright[3] claimed that C12A7 melts at
1455 �C ± 5 �C, whereas Nurse et al.[6] used a high-tem-
peraturemicroscope andproposed thatC12A7 crystals are
seen to melt at 1392 �C ± 3 �C. Later, Hallstedt[10]

optimized the thermodynamic data of C12A7 phase using
CALPHAD, which stands for the Calculation of Phase
Diagram technique, and reported that the phase melts
congruently at 1449 �C and has a eutectic with other
phases C3A and CA on each side. Thermodynamic
properties of the C12A7 phase have been evaluated based
on the phase equilibrium information given by Rankin[3]

and Nurse et al.[6] An updated thermodynamic descrip-
tion of the CaO-Al2O3-SiO2 system has been established
using FactSage�, a thermochemical simulation software.
A part of the CaO-Al2O3 phase diagram that includes the
C12A7 phase is calculated and shown in Figure 1. It is
worth noting that the presented phase diagrams for this
binary system in the literature[11–13] may not show the
C12A7 phase, assuming that it is not a stable phase.
A stoichiometric compound of C12A7 has a unit cell

that consists of (Ca24Al28O64)
4+Æ2O2�, in which the first

part is a lattice framework with 12 subnanocages and
the latter is called an extra framework oxide ions that
are randomly distributed in the cages.[14] The stability of
anhydrous C12A7 has been investigated intensively as
the phase exhibits excellent properties as inorganic
electrides.[15–18] Electrides are regarded as ionic com-
pounds, where electrons act as anions and can be
utilized in various fields, such as catalysis, batteries,
reducing agents, and electronic and optoelectronic
devices.[17,19] Furthermore, studies have been conducted
to investigate the stability and properties of synthetic
doped C12A7 compounds with a cationic dopant, i.e.,
Si,[20] Fe,[21] Mg,[22] Cu,[23] etc., where the dopant
substitutes the cation site of the (Ca24Al28O64)

4+ frame-
work based on its ionic radii.
In 2017, the European Commission under the Hori-

zon 2020 program launched a project that is named
ENSUREAL (www.ensureal.com). The project works
on a sustainable alumina recovery from bauxite that is
based on a smelting-reduction process that produces

Fig. 1—A part of the CaO-Al2O3 phase diagram as constructed using FactSage�, which includes the C12A7 phase and its melting point
according to Hallstedt,[10] Nurse et al.,[5] and Rankin and Wright.[3]
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calcium-aluminate slags that can be further leached in
the Na2CO3 solution for alumina recovery.[24–32] One of
the known leachable and favorable phases in the slags is
the C12A7 phase, which has been reported in several
studies.[24,33–35] However, the formation of the C12A7

phase in slags produced from the smelting reduction of
bauxite, and its behavior under different conditions is
still unclear.[27] Therefore, it is necessary to study the
stability of C12A7 as well as other known
metastable phase, C5A3, that are produced from cal-
cium-aluminate melts at different conditions.

II. EXPERIMENTAL PROCEDURE

A. Slagmaking

The C12A7 phase consists of 12 moles CaO and 7
moles Al2O3, which is equivalent to a mass ratio of 49:51
of CaO to Al2O3 (C/A). In the current study, four slags
(denoted as slags 3(a) to (d)) were made in the mass ratio
of 49:51 C/A, and four other slags (denoted as slags 4(a)
to (d)) were in the ratio 54:46. The slag numbers here are
based on the labeled slags in our previously published
work and are kept in this research to be more convenient
for the readers.[24] The slags were made from different
raw material purity and atmospheric conditions. The
compositions of the CaO and Al2O3 powders used for
the pure mixture are 99.9 wt pct CaO and 99.95 wt pct
Al2O3, whereas the less pure mixtures were made from
96 wt pct CaO and the same 99.95 wt pct Al2O3. Table I
shows the names, composition, and melting parameters
of each sample. In addition to the eight different slags,
slag 3(a) was re-melted in a reducing condition to see the
stability of phases that were formed in its first treatment.

Mixtures of CaO and Al2O3 powders were appropri-
ately prepared using a polyethylene-based mixing jar
that contained ceramic balls. The weight of each mixture
was 25 g. The mixtures were poured into either a
graphite or alumina crucible with about 30 and 50 mm
inner diameter and height. In the melting of slags 3(c),
3(d), 4(c), 4(d), and re-melted 3(a), to reduce the oxygen
interference and create either a reducing or oxidizing

atmosphere, the top of the crucible was closed using a
lid. On the other hand, the remaining slags were not
smelted using the lid. The relatively small crucibles were
then placed into a larger graphite crucible. The crucibles
were heated by using a 75-kVA open induction furnace
slowly at the rate of 30 �C/min until the temperature
reached 1650 �C. The temperature was kept for 30
minutes before it was subsequently cooled down in the
furnace slowly. A hydrated phase of CaO, which is
Ca(OH)2, may exist when the CaO is exposed in a
moisture-containing atmosphere. However, the dissoci-
ation of Ca(OH)2 takes place at around 525 �C. In our
experimental work, the working temperature is substan-
tially higher than that temperature as mentioned above
(1650 �C). Therefore, any structural moisture is elimi-
nated. The thermocouple used in the study was tung-
sten/rhenium (C-type), which was encapsulated by
alumina and graphite insulation tubes. The schematic
of the melting setup is shown in Figure 2.
The melting profile of the slag-making step is shown

in Figure 3. On average, the heating rate from room
temperature to 1000 �C and from 1000 �C to 1650 �C
was 37.9 and 26.1 �C/min, respectively, whereas the
cooling rate from 1650 to 1450, 1450 to 1000, 1000 to
600, and 600 to room temperature were, respectively,
32.5, 29.2, 10.0, and 1.1 �C/min, on average.

B. Characterization Techniques

High-resolution imaging, energy dispersive spec-
troscopy (EDS) analysis, and X-ray element mapping
of slags were carried out using a Hitachi SU6600�
scanning electron microscope (SEM). We used a
high-resolution electron probe micro-analyzer (EPMA)
JXA-8500F�, which was supported by wavelength
dispersive spectroscopy (WDS), to get high accuracy
on quantitative analysis of elements in selected phases of
the slags. To obtain clear images from the SEM and
EPMA instruments, a flat and relatively smooth surface
of slag samples is necessary. First, the surface of the slag
was ground using a Si-C abrasive paper 800 (22 lm) and
1200 (15 lm) grit. Second, it was polished using a

Table I. Target Slag Composition That Is Classified by Different Raw Material Purities, Crucible Types, and Melting

Atmospheric Conditions

Sample Name

Composition

Raw Material
Purity Crucible Type

Use a Graphite or
Alumina lid

Melting Atmospheric
Condition

CaO
(Wt Pct)

Al2O3 (Weight
Percent)

Slag 3(a) 49 51 less pure graphite no reduction with O2(g) present
Slag 3(b) 49 51 pure graphite no reduction with O2(g) present
Slag 3(c) 49 51 pure graphite yes, graphite lid reduction
Slag 3(d) 49 51 pure alumina yes, alumina lid oxidation
Slag 3(a)-remelted 49 51 less pure graphite yes, graphite lid reduction
Slag 4(a) 54 46 less pure graphite no reduction with O2(g) present
Slag 4(b) 54 46 pure graphite no reduction with O2(g) present
Slag 4(c) 54 46 pure graphite yes, graphite lid reduction
Slag 4(d) 54 46 pure alumina yes, alumina lid oxidation
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polyurethane-based pad as the polisher and an abrasive
diamond water-based type as the polishing agent grad-
ually from 9, 6, 3, and 1 lm particle size. The polished
samples were cleaned by tap water and a cotton swab.
Finally, alcohol was squirted on the sample surface to
replace the water and provide better cleaning efficiency.
The sample was dried in an oven for over a day.

Phase identification of the slags was undertaken with
a Bruker D8 A25 DaVinci� X-ray diffraction (XRD)
machine with CuKa radiation, between 10 and 75 deg
diffraction angle, 0.01 deg step size, 6.0 mm slit width,
and 2.5 deg for both the primary and secondary soller
slit. The sample for XRD characterization was provided
by pulverizing the slags using a Retsch RS-200 vibratory

Fig. 2—A schematic diagram of the melting setup with different crucibles and atmospheric conditions from (a) cross-section and (b) top views.
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ring mill at 800 rpm for 1 minutes. Additional grinding
using an agate-based mortar and pestle also was
performed to ensure the particle size was fine enough.
The identification and qualitative phase analysis of the
obtained XRD peaks were done by using DIFFRA-
C.EVA�, where the diffraction of the corresponding
slags was then compared with the Powder Diffraction
File� (PDF�) and Crystallography Open Database
(COD).[36]

For thermal analysis, thermogravimetry (TG) and
differential thermal analysis (DTA) NETZSCH STA
449C�, combined with QMS 403C� mass spectrome-
try, was used. An alumina crucible was used and
exposed in synthetic air, which flows at 30 mL/min
and was heated at a ramp of 10 �C/min up to 1500 �C.
Thus, after 30 minutes it was cooled down to room
temperature at 10 �C/min. The TG-DTA apparatus has
a demoisturizer unit. Therefore, the moisture content of
the gas should be quite low. Unfortunately, the moisture
content was not measured. As a mass reference, an
empty alumina crucible was used and exposed in the
same condition as mentioned above before every
TG-DTA experiment. Afterward, a 10 g sample of
pulverized slags was weighed and added to the empty
crucible. The instrument measured and recorded the

mass loss and DTA curve (lV/mg) as a function of time
and temperature. The result was then subtracted with
the result of the previous run without the sample.
Furthermore, a Jobin Y’von LabRAM HR Evolu-

tion� high-temperature Raman spectrometer was used
to determine the Raman spectra of the slags. It uses a
visible pulse laser with a wavelength of 532 nm. The
laser output power, slide width, and scanning wavenum-
ber range are 100 mW, 200 lm, and 200 to 1200 cm�1,
respectively. A platinum crucible with 5 mm diameter
and 2 mm depth was used when experimenting with the
measurement. The heating rate from room temperature
to 1000 �C was 500 �C/min, in which the spectrum was
measured after holding at 500 �C, 800 �C, and 1000 �C
for 10 minutes. Furthermore, from 1000 �C to 1485 �C,
the heating rate was 200 �C/min, in which the spectrum
was measured after 10 minutes at 1200 �C, 1300 �C,
1400 �C, 1450 �C, and 1485 �C. The measurements were
carried out under ambient pressure.

III. RESULTS

A. The Appearance of Slags

After cooling down the slag samples to room temper-
ature, we cut half of the crucible of slags 3(c), 3(d), 4(c),
4(d), and re-melted C12A7 and took an image of the
cross-section as shown in Figure 4. The colors of the
slags from the reducing atmosphere are dark gray, while
slags from the oxidizing atmosphere are dominant in
white, and the slag from the re-melting of slag 3(a) at
reducing atmosphere is dark green. The appearance
result agrees with the literature[15,19] as it is said that a
slag containing CA and C3A phase is likely to have gray
color, whereas a slag that is produced from a melting
process using a carbon crucible that contains C12A7

phase has a dark green color.

B. Phase Analysis

The XRD patterns of slags 3(b), (c), and (d) are
shown in Figure 5. The patterns indicate the effect of
atmospheric conditions on the slag phases. The order of
phases from the strongest to the weakest intensities on

Fig. 3—Melting temperature (�C) as a function of t (hour) from the
slag making experiment.

Fig. 4—A cross-section view of slags 3(c), 3(d), 4(c), 4(d), and the remelted slag 3(a).
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slag 3(b) is C5A3, CA, and C3A. On slag 3(c), the order
of phases is C3A, CA, and C5A3,while on slag 3(d) the
order is CA and C3A.

The XRD patterns of slags 3(a) and (b) are shown
in Figure 6. The patterns show the comparison of the
phases of the slags produced from different purities.
The strongest peak observed on slag 3(a), which was
produced from a less pure mixture, is the C12A7

phase. On the other hand, as mentioned earlier, slag
3(b), which was produced from the highly pure
mixture, consists of C5A3, C3A, and CA phases.

XRD results of slag 3(a) and slag 3(a)-remelted at
reducing conditions are compared in Figure 7. The
PDF database number 01-078-2975, which refers to
the C12A7 phase, is also included in the figure. As
seen, the congruent C12A7 phase is still stable at room
temperature even after the slag 3(a) has been
re-melted. There are weak peaks at 17.5, 26.5, and
32 degrees in both slag 3(a) and in re-melted slag 3(a)
XRD patterns, in which later we find that the peak
may belong to a Ca-Al-Si-O-containing phase on the
slags.

The XRD patterns of slags 4(b), (c), and (d) are
shown in Figure 8. The results show that under reducing
conditions with O2 presence, C5A3 and C3A are the
observable phases on slag 4, which was produced from
pure mixtures. Meanwhile, C5A3 does not exist on slags
4(c) and (d), which are both reducing and oxidizing
conditions. The existing phases on slags 4(c) and (d) are
C3A and CA.

The effect of mixture purity on the phase equilibrium
of slag 4 is shown in the XRD patterns in Figure 9. As
seen, the slag that was produced from a less pure
mixture has C12A7 and C3A in equilibrium at room
temperature. Meanwhile, the slag that was produced
from a pure mixture has C5A3 and C3A phase. Both
slags 4(a) and (b) were exposed to reducing conditions
with O2 presence during the melting treatment.
In summary, the phases of all of the slags that were

identified with various diffraction database references
are shown in Table II.

C. Microstructural Analysis

The x-ray mapping of elements performed for slags
3(a) and 3(b) as typical results is shown in Figures 10
and 11, respectively. As shown earlier from the XRD
results, slag 3(a) consists of a single C12A7 phase;
meanwhile, slag 3(b) consists of C5A3, CA, and C3A
phases. The result of X-ray mapping elements for slag
3(a) shows that in addition to C12A7, the slag also has
another phase that is visually distinct because of its
irregular shape and brighter contrast compared to the
matrix. The phase has a higher concentration of calcium
and silicon compared to the matrix (hereafter named the
Ca-Al-Si-O-containing phase).
Furthermore, the X-ray mapping of elements in slag

3(b) in Figure 11 shows that two phases exist in the slag:
a matrix and a bright phase. It seems that the bright
phase, which is present between the matrix boundaries,

Fig. 5—XRD patterns of slags 3(b), (c), and (d), produced from pure mixtures in reducing with O2 presence, reducing, and oxidizing conditions,
respectively.
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Fig. 6—XRD patterns of slags 3(a) and (b).

Fig. 7—XRD patterns of slag 3(a) and slag 3(a)-remelted.
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Fig. 8—XRD patterns of slags 4(b), (c), and (d), produced from pure mixtures in reducing with O2 presence, reducing, and oxidizing conditions,
respectively.

Fig. 9—XRD patterns of slags 4(a) and (b).
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has a slightly higher concentration of calcium than the
matrix. Also, it is shown that a relatively low silicon
concentration is concentrated within the grain
boundaries.

In Figure 12, a BSE image of slag 3(a) is shown. The
EDSpoint number 825 to 831 and 832 to 839measures the
elemental composition of the Ca-Al-Si-O-containing
phase and matrix, respectively. The Ca-Al-Si-O-

containing phase consists of 43.27 wt pct Ca, 27.81 wt
pct Al, 2.32 wt pct Si, 0.82 wt pctMg, and 25.78 wt pct O,
on average, as shown in Table III. However, a portion of
the detected Ca, Al, and Omay be from the matrix as this
phase is small.Meanwhile, the matrix consists of 37.94 wt
pct Ca, 34.84 wt pct, and 27.23 wt pct O, on average
(Table III). The mass ratio of Ca/(Al + Si) on the

Table II. Identified Phases of the Slags Which Correspond to Their Diffraction Database Number

Sample Name Identified Phases Diffraction Database Number References

Slag 3(a) C12A7 PDF 01-078-2975 37
Slag 3(b) C5A3 COD 2106611 38

C3A COD 9015966 39
CA COD 1528680 40

Slag 3(c) C3A PDF 04-008-8069 39
C5A3 PDF 04-007-2675 38
CA PDF 00-053-0191 41

Slag 3(d) CA PDF 00-053-0191 41
C3A PDF 00-006-0495 42

Slag 3(a)-Remelted C12A7 PDF 01-078-2975 37
Slag 4(a) C3A COD 9015966 39

C12A7 COD 8104354 4
Slag 4(b) C3A PDF 00-038-1429 43

C5A3 PDF 00-011-0357 44
Slag 4(c) C3A PDF 04-008-8069 39

CA PDF 04-013-0779 45
Slag 4(d) CA PDF 00-053-0191 41

C3A PDF 00-038-1429 43

Fig. 10—(a) BSE image of slag 3(a) where the area inside of the white rectangular line is observed by X-ray map to show different
concentrations of (b) calcium, (c) aluminum, and (d) silicon.
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Ca-Al-Si-O-containing phase andmatrix is 1.44 and 1.09,
respectively. Also, a standard deviation (r) is calculated
and shown in the table as well.

Typical SEM-BSE images of slag 3(b) are shown in
Figure 13, which includes the EDS measurement points
on both the bright phase and matrix, and the EDS
results are given in Table IV. On average, the bright
phase consists of 45.29 wt pct Ca, 25.15 wt pct Al, 0.09
wt pct Si, and 29.47 wt pct O. Meanwhile, the matrix
consists of the average composition of 42.03 wt pct Ca,
31.51 wt pct Al, and 26.46 wt pct O.

BSE images of slags 3(a) and 3(b) are shown in
Figures 14 and 15. The images were taken by EPMA.
The BSE image of slag 3(a) confirms the equilibrium of
the Ca-Al-Si-O-containing phase and C12A7 on the slag.
Moreover, the WDS result of randomly selected points
on the phases of the slags is presented in Table V. The
mass ratios of CaO/(Al2O3 + SiO2) of the matrix and
Ca-Al-Si-O-containing phase on slag 3(a) are 0.89 and
1.49, respectively. Meanwhile, the mass ratio of CaO/
(Al2O3 + SiO2) on the matrix of slag 3(b) is 0.86.

D. Raman Spectroscopy

A Raman spectrum measurement of slags 3(a) and (b)
at room temperature is shown in Figure 16. The
strongest band of C12A7 in the present study is detected
at 521 cm�1; meanwhile, other moderate intensities are
seen at 312, 772, and 880 cm�1. The measured bands are

in agreement with the literature.[46] The band of bright
phase on slag 3(a) that was observed in Figure 14
cannot be detected because of noises and its low
quantity. On the other hand, the Raman measurement
of slag 3(b) shows that the C5A3 bands at 790, 601, 441,
345, and 300 cm�1 are in relatively fair agreement with
the C5A3 bands in the literature.[47] The C3A and CA
bands are seen at 758 and 519 cm�1, also in good
agreement with the literature.[46]

In addition to room temperature, the in-situ Raman
measurements of slags 3(a) and 3(b) at 500 �C, 800 �C,
1000 �C, 1200 �C, 1400 �C, 1450 �C, and 1485 �C are
shown in Figures 17 and 18, respectively. In Figure 17,
the C12A7 band intensity at 490 ± 10 cm�1 decreases as
the temperature increases. It is worth noting that the
Raman band can be shifted from room to elevated
temperatures because of the structural changes of the
material from the crystal to amorphous phase, as
reported in the literature.[48] Therefore, as shown in
Figures 16 and 17, the C12A7 band shifts as the
temperature increases. Furthermore, the band is unde-
tected at temperatures ‡ 1450 �C, which indicates that
the C12A7 phase does not exist at these temperatures.
Moreover, the Raman measurement of slag 3(b) at

elevated temperatures shows that up to 1000 �C, the
C5A3, C3A, and CA phases are stable. At 1200 �C,
however, the C5A3 bands are not detected, while a
strong band that is located at the same location as the
C12A7 band is observed. This band is undetected at

Fig. 11—(a) BSE image of slag 3(b) where the area inside of the white rectangular line is observed by X-ray map to show different
concentrations of (b) calcium, (c) aluminum, and (d) silicon.
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temperatures ‡ 1450 �C, as observed for slag 3(a). The
Raman measurements at 1450 �C and 1485 �C show
that one or several phases co-exist in the heated slag as
some weak bands are observed at these temperatures.
However, it is very difficult to identify them because of
the noises and their low intensity. The noise is probably
the result of the unmelted slag at these particular
temperatures.

E. TG-DTA Analysis

Figure 19 shows the TG-DTA graphs of slag 3(a)
from room temperature to 1500 �C, which was per-
formed in a furnace that was exposed to synthetic air,
using an alumina crucible. In Figure 19(a), the signifi-
cant mass loss at the beginning of the measurement
should not be taken into consideration as it may have
resulted from an error of weight calibration or buoyancy
effect at low temperatures. It is reported that the

Fig. 12—SEM-BSE image of slag 3(a) with EDS point on the
Ca-Al-Si-O-containing phase, which is number 825 to 831, and the
matrix, which is number 832 to 839.

Table III. EDS Results of Different Phases on the Slag 3(a) in the Point Illustrated in Fig. 12

BSE EDS Point

Element (Wt Pct)
Mass

Ca Al Si Mg O Ca/(Al + Si)

Ca-Al-Si-O-Containing Phase 825 41.90 30.22 2.24 0.80 24.83 1.29
826 45.00 27.49 2.09 0.75 24.68 1.52
827 43.32 26.47 2.49 0.83 26.88 1.50
828 44.28 26.95 2.41 0.86 25.50 1.51
829 44.93 26.78 2.58 0.85 24.86 1.53
830 41.81 27.53 2.59 0.85 27.22 1.39
831 41.64 29.25 1.82 0.80 26.49 1.34
average (r) 43.27 (1.50) 27.81 (1.39) 2.32 (0.28) 0.82 (0.04) 25.78 (1.07) 1.44 (0.10)

Matrix 832 37.92 34.75 0.00 0.00 27.33 1.09
833 37.97 34.73 0.00 0.00 27.30 1.09
834 37.94 34.80 0.00 0.00 27.26 1.09
835 38.83 34.10 0.00 0.00 27.07 1.14
836 37.50 35.21 0.00 0.00 27.29 1.07
837 37.91 34.91 0.00 0.00 27.18 1.09
838 37.35 35.42 0.00 0.00 27.23 1.05
839 38.10 34.76 0.00 0.00 27.14 1.10
average (r) 37.94 (0.44) 34.84 (0.39) 0.00 (0.00) 0.00 (0.00) 27.23 (0.09) 1.09 (0.03)

Fig. 13—SEM-BSE images of slag 3 (b) with the EDS point on both (a) the bright phase, which is number 886 to 893, and (b) the matrix, which
is number 894 to 903.
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buoyancy effect at high temperatures becomes negligi-
ble.[49,50] It is also noted here that the TG-DTA results
in the current study have been subtracted by each of the
same experimental conditions without the sample. The
correction runs were performed before each sample
analysis.

Moreover, as seen, the sample gained mass up to 0.8
wt pct starting from 250 �C to 770 �C. Then it started to
lose mass of about 2 wt pct from 770 �C to 1390 �C.
Therefore, in total, up to 1.2 wt pct of the sample mass
was lost compared to the original weight during the heat
treatment. In Figure 19(b), several peaks of endothermic
reactions during the heating step can be seen at 1270 �C,

1340 �C, and 1450 �C. Meanwhile, the peaks of exother-
mic reactions during the cooling step can be seen at
671 �C and 1180 �C. Figure 19(c) shows the overall
TG-DTA result as a function of time.
Furthermore, Figure 20 shows the TG-DTA graph of

slag 3(b) from room temperature to 1500 �C, which was
performed in the same atmospheric condition and
crucible as for slag 3(a). Similar to the previous result
from slag 3(a), the immediate mass loss at the beginning
of the measurement should not be taken into consider-
ation because of the weight calibration. The sample lost
0.01 wt pct mass from 76 �C �C to 380 �C. Then, it
gained a mass of 0.05 wt pct when the heating continued

Table IV. EDS Result of Different Phases on the Slag 3(b)

BSE EDS Point

Element (Wt Pct)
Mass

Ca Al Si Mg O Ca/(Al + Si)

Bright Phase 886 37.72 31.86 0.00 0.00 30.42 1.18
887 48.20 27.59 0.00 0.00 24.21 1.75
888 50.36 24.02 0.00 0.00 25.62 2.10
889 49.81 22.13 0.00 0.00 28.06 2.25
890 50.82 24.01 0.00 0.00 25.17 2.12
891 41.89 23.77 0.00 0.00 34.34 1.76
892 35.29 23.83 0.75 0.00 40.13 1.44
893 48.24 23.95 0.00 0.00 27.81 2.01
average (r) 45.29 (6.13) 25.15 (3.11) 0.09 (0.27) 0.00 (0.00) 29.47 (5.40) 1.83 (0.37)

Matrix 894 42.38 31.00 0.00 0.00 26.61 1.37
895 41.31 32.49 0.00 0.00 26.20 1.27
896 42.22 31.29 0.00 0.00 26.48 1.35
897 41.42 32.13 0.00 0.00 26.45 1.29
898 41.78 31.68 0.00 0.00 26.54 1.32
899 41.20 32.15 0.00 0.00 26.64 1.28
900 42.52 31.15 0.00 0.00 26.33 1.37
901 42.94 30.63 0.00 0.00 26.43 1.40
902 42.00 31.56 0.00 0.00 26.44 1.33
903 42.50 31.05 0.00 0.00 26.45 1.37
average (r) 42.03 (0.59) 31.51 (0.60) 0.00 (0.00) 0.00 (0.00) 26.46 (0.13) 1.33 (0.04)

Fig. 14—BSE images of slag 3(a) taken by the EPMA instrument, which shows the matrix (C12A7) and the Ca-Al-Si-O-containing phase in (a)
9 100 and (b) 9 500 magnifications.
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up to 470 �C. It gradually lost about 0.5 wt pct mass
from 470 �C to 1310 �C. Thus, from 1310 �C to 1500 �C
the sample lost mass significantly up to 1.7 wt pct.
Therefore, the total mass loss is 2.1 wt pct during heat
treatment. Moreover, the several peaks of endothermic
reactions during the heating step are seen at 1310 �C,
1350 �C, and later at 1500 �C after holding for ca. 3
minutes. On the other hand, the peaks of exothermic
reactions during the cooling step are seen at 750 �C and
1220 �C.

IV. DISCUSSION

Based on the XRD, EDS, WDS, and metallography
observations, the effect of both atmospheric conditions
and material purity on the stability of C12A7 and C5A3

are discussed. Also, the evolution of phases of slags 3(a)
and 3(b) from the Raman spectra and TG-DTA
measurements are discussed.

A. The Effect of Atmospheric Conditions and Materials
Purity on C12A7 Stability

As shown in the schematic of the melting setup in
Figure 2, the partial pressure of O2 or CO2(g) was
conditioned by the use of different crucibles and the
use of a lid to limit the contact of the melts with the
surrounding air. The typical setup has been reported
in the literature,[15,19] which used a graphite crucible to
synthesize the C12A7 phase at elevated temperatures.
The O2(g) partial pressure at 1600 �C is 4.4 9 10�16

atm as calculated using FactSage�. The calculation is
in agreement with the research,[15] which stated that
heating a closed-lid graphite crucible at 1600 �C
created a strongly reducing atmosphere as low as
pO2 = 10�16 atm inside of the crucible. The pressure
is substantially lower than the pressure used by

Imlach,[8] which was managed to synthesize a
stable C12A7 at elevated temperatures with pO2 =
10�8 atm.
Based on the XRD results of slags 3(a) and

3(a)-remelted, the congruent C12A7 phase is stable at
either reducing atmosphere or a low partial pressure of
O2(g). According to the XRD results of slags 3(b) and
3(c), the C5A3 phase exists with C3A and CA phases at
similar atmospheric conditions. It is important to note
here that C12A7 does not co-exist with the C5A3 phase in
any given atmospheric conditions. We did not observe
both C12A7 and C5A3 phases from slags 3(d) and 4(d),
which were produced from the oxidizing atmosphere.
We can confirm that the intensity of C5A3 peaks is
decreased as the partial pressure of O2 is decreased,
which is shown by comparing the XRD results between
slags 3(b) and (c), and between slags 4(b) and (c), where
the graphite crucibles were exposed to air or closed using
the lid, respectively. On the other hand, the lower
intensity of the peaks due to the change of O2 (g) partial
pressure is not seen in the C12A7 phase. We did not
proceed to smelt a series of Slag 4(a) that contains C12A7

in equilibrium with the C3A phase at different atmo-
spheric conditions. However, the re-melting of slag 3(a)
at reducing condition only produces a congruent C12A7

phase. Therefore, the intensity of C12A7 peaks on the
slag 3(a)-remelted sample cannot be compared with the
original slag 3(a).
In an equilibrium condition, only two-phase regions

can exist except the invariant points. However, as shown
in the XRD results in Figures 5 and 8, there are three
co-existing phases in slag (b) and (c), in which only pure
samples were mixed. It is suggested that the
metastable C5A3 phase likely resulted from a continuous
cooling. If the experiment was held at elevated temper-
atures below the solidus or was cooled down much more
slowly than the current experiment, then we could see
only two phases exist.

Fig. 15—BSE images of slag 3(b) taken by the EPMA instrument that shows the matrix (C5A3) and bright phase (C3A) in (a) 9 100 and (b)
9 500 magnifications.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 51B, DECEMBER 2020—2701



1. The silicon effects
According to the EDS and WDS results on the matrix

and Ca-Al-Si-O-containing phase of slag 3(a), the major
impurity in the CaO-Al2O3 slag impurities is SiO2, which
is 2.75 wt pct, on average. The other contaminants, i.e.,
TiO2, MgO, MnO, FeO, and P2O5, accumulatively
constitute< 1 wt pct of the slag. Therefore, it is more
interesting to investigate the effect of the silicon element
(or SiO2) on the stability of the C12A7 phase than that of
the other impurities.
Based on the phase and microstructure observations,

it is evident that SiO2 acts as one of the essential factors
in the stabilization of C12A7 at room temperature, as the
phase occurs only at slags produced from less pure
mixtures. On slag 3(a), SiO2 exists either in the matrix
(C12A7) in a solute component in the C12A7 lattice or in
the Ca-Al-Si-O-containing phase. We propose two of
the most likely explanations for how silicon or SiO2 in
both the matrix and solid solution phase can stabilize
C12A7:

(1) In the C12A7 matrix, the silicon cations may stabilize
the extra framework O2� anions in C12A7 unit cells,
which prevent the anions from leaving the cages in
reducing conditions. Hence, this prevents the C12A7

from decomposing to either C5A3 and C3A
[51] or

C3A and CA phases.[5,8,15] The C12A7 lattice might
be slightly changed because of the Si–O bond in the
matrix.

(2) In the Ca-Al-Si-O secondary phase, SiO2 may act as
a ‘‘supporting phase’’ that helps C12A7 retain its
structure at elevated temperatures and a very low O2

(g) partial pressure. The Ca-Al-Si-O-containing
phase consists of oxides that may become the pri-
mary donor of O2� ions to the C12A7 unit cell at
elevated temperatures in reducing atmospheres.

2. The carbon effects
In addition to silicon, another impurity that con-

tributes to the stability of C12A7 is C2
2� anions, which

can substitute O2� anions in reducing conditions. The
C2

2� anions originate from the graphite crucible. Kim
et al.[19] claimed that the C2

2� ions dissolve into the melt
from the graphite crucible to compensate for the oxygen
deficiency in C12A7, which makes the C12A7 phase
stable in reducing atmosphere. The C2

2� and O2� have
close anion sizes, which are 1.2 and 1.4 Å, respectively.
Thus, the C2

2� ions may act as a template instead of the
extra framework O2- in the cages. In the current work,
all C12A7-containing slags, i.e., slags 3(a), remelted-3(a),
and 4(a), were produced from reducing atmosphere by
using graphite crucibles, which are in agreement with the
result from Kim et al. However, as seen in the XRD
patterns of slags 3(b), 3(c), 4(b), and 4(c), these slags
were melted using a graphite crucible as well, yet no
C12A7 phase was detected on the slags. Instead of C12A7,
the C5A3, C3A, and CA phases are in equilibrium in
these slags. Therefore, we suggest that the decomposi-
tion of C12A7 to C5A3, C3A, and CA follows a path as
shown in reaction (1):
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2 12CaO � 7Al2O3ð Þ ! 4 5CaO � 3Al2O3ð Þþ 3CaO
�Al2O3 þCaO �Al2O3 ½1�

The decomposition of C12A7 to three different phases
may seem a complex solid-state phase transformation,
which is dependent on the kinetics rate of crystallization.
This is supported by a study done by Zhmoidin and

Fig. 16—Raman spectra of slags 3(a) and (b) at room temperature.

Fig. 17—In-situ Raman spectroscopy result of slag 3(a) at 500 �C, 800 �C, 1000 �C, 1200 �C, 1300 �C, 1400 �C, 1450 �C, and 1485 �C.
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Chatterjee.[52] They reported the removal of stabilizing
additives (gases or anion template) from C12A7 or its
melt leads to the densification of the structure with the
formation of C5A3 or a mixture of C5A3, C3A, and CA.

Based on the XRD results of slags 3(b), 3(c), 4(b), and
4(c), we suggest that the role of C2

2� ions on the
stabilization of C12A7 is not significant in a one-stage
melting treatment. The result is in agreement with the
study from Kim et al.,[19] in which they needed a
two-stage melting treatment at 1600 �C to produce a
stable C12A7 at room temperature using a graphite
crucible. As we successfully synthesized a stable C12A7

only in a one-stage melting treatment (slag 3(a)), we may
conclude that the silicon or SiO2 impurity in the mixture
is a more significant factor than that of C2

2� ions on the
stabilization of the C12A7 phase.

B. The Evolution of C12A7 and C5A3 Phases at Elevated
Temperatures

Table VI shows the evolution of the C12A7 phase in
slag 3(a) at elevated temperatures based on TG-DTA
measurement. It is important to consider that the
TG-DTA measurement was performed under an oxi-
dizing atmosphere. It was exposed to synthetic air with a
flow rate of 30 mL/min in an alumina crucible.

Table VII shows the evolution of the C5A3 phase on
slag 3(b) at elevated temperatures based on the
TG-DTA measurement.

In addition to the TG-DTA result of C5A3 described
above, it was found that the C5A3 phase is unstable in
the oxidizing condition when it is heated at temperatures
> 1100 �C, as seen in the in-situ Raman spectra
measurement in Figure 18. At these temperatures, the

C5A3 bands disappear and at the same time, the C12A7

phase occurs in the slag. Hence, we suggest that the slag
absorbs the necessary O2 gas or O2� anions from the
atmosphere to constitute a stable C12A7 at elevated
temperatures.
Based on the experimental results obtained in the

current study and the supportive literature data,[5,15,51] a
box chart showing the stability of the C12A7 phase
formed from the liquid state in different atmospheric
conditions and purity is presented in Figure 21. Expla-
nations regarding the figure are as follows:

1. A slag that is made from melting a pure mixture of
CaO and Al2O3 in a reducing atmosphere is unlikely
to have the C12A7 phase according to the authors’
results in the current study and literature.[6,16] An
exception was a report after Kim et al.,[15] in which
they smelted the mixture two times before they ob-
tained the C12A7 phase.

2. In an oxidizing condition using a pure mixture, Nurse
et al.[5] stated that the C12A7 phase can be obtained
when a certain level of moisture is accessible. This
agrees with the authors’ current results, where C3A
and CA are produced from the liquid slag instead of
the C12A7 phase.

3. We suggest that a stable C12A7 phase can be obtained
from a calcium-aluminate melt with a proper com-
position that contains impurities that are exposed in
either a reducing or oxidizing atmosphere by using an
inert crucible. A suitable crucible to contain the melt
during the treatment is deemed necessary to produce
a stable C12A7 at room temperature. An alumina
crucible is not suitable to produce C12A7, as no C12A7

phase was obtained at room temperature using an
alumina crucible. The reason is the dissolution of the

Fig. 18—In-situ Raman spectroscopy analysis of slag 3(b) at 500 �C, 800 �C, 1000 �C, 1200 �C, 1300 �C, 1400 �C, 1450 �C, and 1485 �C.
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alumina crucible into the melt upon a treatment that
destabilizes the C12A7 phase.

4. The effect of less-pure materials and the use of an
inert crucible on the stability of C12A7 have never
been reported before. Therefore, the current results
could be useful for further research or industrial use
in manufacturing C12A7 in a relatively simple meth-
od.

C. Updating the CaO-Al2O3-SiO2 Phase
Diagram at Low SiO2 Concentrations

The updated CaO-Al2O3-SiO2 phase diagram at low
SiO2 mass fraction that includes the C12A7 phase is
shown in Figure 22, which is constructed using Fact-
Sage� by considering the obtained results of this work.
The maximum solubility of SiO2 in C12A7 phase is
calculated as the following equation:

SiO2max wt pctð Þ¼ 7:482 � 0:0682 � Al2O3 wt pctð Þ
½6�

The maximum SiO2 solubility in the C12A7 phase is a
mathematical equation of curve a-b in the diagram in
Figure 22, which is valid for Al2O3 concentrations
between 41 and 45 wt pct. The C12A7 phase is called
mayenite in the literature, and as it was proved that it is
stabilized by the silicon component, it is logical to call it
Si-mayenite here. In other words, we suggest that both
the matrix and Ca-Al-Si-O-containing phases as indi-
cated in Figures 12 and 14 are Si-mayenite. The one that
contains less Si is a primary phase (matrix), and the
other, which contains higher silica, is a eutectic phase,
which is formed from a richer silica melt. This corre-
sponds to Figure 22. The introduction of a small
amount of SiO2 to the stoichiometric C12A7 causes its
crystal structure stability to be in a significantly wider
compositional range in which the ratio of C/(A+S) is
almost fixed, while C/A is changed to larger numbers
than the stoichiometric molar ratios in C12A7 in the
Si-mayenite. The provided phase diagram data in
Figure 22 show that the Si-mayenite can dissolve a

Fig. 19—TG-DTA graph of slag 3(a) that shows: (a) the change of mass percentage (pct) and DTA curve (lV/mg) as a function of temperature,
(b) the differential of energy during heating and cooling steps at 600 �C to 1500 �C, and (c) TG-DTA as a function of time.
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maximum amount of around 4.7 wt pct SiO2. However,
the amount of silica in Si-mayenite depends on the total
silica in the system and also the Ca/Al ratio.

V. CONCLUDING REMARKS

The stability of 12CaOÆ7Al2O3 and 5CaOÆ3Al2O3

phases at room temperature produced from melts that
are exposed to different atmospheric conditions and
various raw materials purity was investigated. The main
conclusions of this work are summarized as:

– The dehydration of the 12CaOÆ7Al2O3 phase takes
place at 770 �C to 1390 �C upon heating before it
melts congruently at 1450 �C.

– Stable 12CaOÆ7Al2O3 phase at room temperature
is evident, which is enforced by impurities, i.e.,
SiO2, which plays a significant role in maintaining
the 12CaOÆ7Al2O3 structure with good repro-
ducibility.

– As the silicon stabilizes the 12CaOÆ7Al2O3 phase
(Si-mayenite), it is possible to produce a stable phase
in either reducing or oxidizing atmosphere by using a
single melting process.

Fig. 20—TG-DTA graph of slag 3(b) that shows: (a) the change of mass percentage (pct) and DTA curve (lV/mg) as a function of temperature,
(b) the differential of energy during heating and cooling steps at 600 �C to 1500 �C, (c) TG-DTA as a function of time.
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– The 5CaOÆ3Al2O3 phase is an unstable/intermediate
phase in the ternary CaO-Al2O3-SiO2 system. It is
decomposed to 12CaOÆ7Al2O3 above 1100 �C. How-
ever, in the current study, it exists only at room
temperature when the 12CaOÆ7Al2O3 dissociates to a
mixture of 5CaOÆ3Al2O3, 3CaOÆAl2O3, and CaOÆA-
l2O3 phases during the cooling of the slag at 1180 �C
± 20 �C in a reducing atmosphere and is made from a
pure 99.9 pct CaO to 99.95 pct Al2O3 mixture.
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