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Ye’elimite (Ca4Al6SO16) is one of the major components of calcium sulfoaluminate cements with a rapid hydration, high early
strength, and corrosion resistance. In this study, the mechanism of the phase transition between two phases (Pcc2 and I43m)
was examined by controlling the substitution rate of the Fe3+ ions. The results indicated that Ca4Al6SO16 was the main product
of all the samples at 1250 °C in a range from 0 to 25 at. %, which was accompanied by minor calcium aluminate (CA and
C12A7) phases. The substitution of the Fe3+ ions into Ca4Al6SO16 promoted the transformation of the crystal structure from
Pcc2 to I43m. With the substitution rate reaching 10 at. %, the transformation from Pcc2 to I43m was effective, according
to space group of I43m with a = b = c = 9.2147(1) Å and V = 782.4313(3) Å3 (Z = 2). This effective transformation was
formed without a structural change in the temperature dependent XRD analysis. The morphology change in the SEM and
the structural disorder in the IR confirmed that there was a change among the different samples doped with the Fe3+ ions.
Substitution of the Fe3+ ions for the Al3+ ions revealed that the early hydration kinetics were faster for the Fe3+-doped
ye’elimite phase compared to the pure ye’elimite phase, which was explained by the presence of minor amounts of the C12A7
phase in the Fe3+-doped ye’elimite phase.

INTRODUCTION
Ye’elimite (Ca4Al6O12SO4, C4A3 S̅ .) is a mineral with
rapid hydration, high early strength, rapid setting and
very good hardening [1-2]. It has been known as hydraulic phase for several decades and its potential in
non-expansive cementitious materials has recently
been reported [3]. Currently, several research studies
have been devoted to the ye’elimite structure because
it is the major component in calcium sulfoaluminate
(CSA) cements having a lower environmental impact
[4-6] and the second relevant phase (~ 25 wt. %) in
sulfobelite (BCSA) cements [7-9]. Ye’elimite belongs to
the tectoaluminosilicate sodalite family with the general composition of M4(T6O12)X where M = Ca, T = Al,
and X = SO4 [10]. In previous studies, it has been
shown that ye’elimite has a lower symmetry than those
of the previously reported tetragonal system, which
can be described as the acentric orthorhombic space
group of Pcc2. This symmetry shows a √2a * √2a *
a superstructure based on the cubic structure at room
temperature and the lattice parameters values are a =
= 13.0356(7) Å, b = 13.0350(7) Å, and c = 9.1677(2) Å,
and the cell volume is V = 1557.78(6) Å3 [10].
As reported previously, the ye’elimite structure
was firstly analysed by Hanstead et al. using X-ray pow-
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der diffraction [11]. This structure at high-temperature
(1073 K) has been subsequently determined by Kurokawa et al. [12] as a cubic with a space group of I43m
and the unit-cell dimensions were a = 9.2426(20) Å
and V = 789.55(2) Å3 (Z = 2). This structure has been
determined at room temperature by Calos et al. [13] and
established like an orthorhombic crystal structure, a space group of Pcc2 (Z = 4), which has been revised by A.
Cuesta et al., using Rietveld refinement and atomistic
calculations [10]. In other words, the cubic symmetry
can be restored with substitutions of Ca2+ by Na+ and
Al3+ by B3+ or Si4+ to expand the frame structure to a
non-collapsed state [14]. In addition, some research has
indicated that ye’elimite includes a number of ions such
as Ti4+, Cr3+, Mn3+, Fe3+, and Si4+ in its structure [3].
Two structures (orthorhombic and cubic) of ye’elimite
obtained by using the CrystalMaker 2.2 software are
shown in Figure 1. And the phase transition in the two
structures is qualified to be reversible (from Pcc2 to
I43m) occurring at ~ 470 ± 10 °C with a relatively small
hysteresis [10, 12, 15]. Moreover, both phases (Pcc2
and I43m ) of ye’elimite at room temperature have low
and high energy states by the density functional theory
(DFT) calculations [10]. The high-temperature cubic
phase is an unstable phase at room temperature and
there is need to control it at room temperature.
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In a recent work [16], a mixture of cubic and
orthorhombic ye’elimite was found in cement clinkers.
By increasing the Fe3+ ion content, the cubic polymorph
increases at the expense of the orthorhombic. In the case
of the Fe3+ ions, it has been shown that its maximum
substitution degree depends on the crystal structure
of ye’elimite [11]. This could be explained by the
competition between the Al3+ and Fe3+ ions. With the
substitution of the Al3+ ions by 10 at. % of the Fe3+ ions
in the ye’elimite structure, the partial diffraction peaks
of the orthorhombic phase were gradually weakened
[17]. In prior studies, it has also been shown that the
maximum Fe3+ ions solid solution in ye’elimite was
reached at 12 at. % [18]. In our case, the maximum Fe3+
ions substitution in the ye’elimite phase could be reached
at 10 at. %. Recently, two modifications of ye’elimite
were used. D. Jansen and his group [19] demonstrated
that both modifications of ye’elimite (orthorhombic
and cubic) react differently with water and the kinetics
of the hydration are significantly different due to the
modifications. The hydration products were similar. It
was also shown that the hydration sequences and main
products were similar in the pure and doped ye’elimite
phases, and the kinetics for the Fe3+-doped ye’elimite
phase were faster due to the presence of small amounts
of mayenite (Ca12Al14O33 (C12A7)) in this phase [20].

There are important discoveries and limitations
revealed by the studies of the substitution of the Fe3+
ions in ye’elimite [15, 21]. However, the available data
and the results are often incoherent and contradictory.
Research studies on the formation of Ca4Fe6O12SO4
(C4F3S̅ ) phase are contradictory [22-23]. Recently, it
has also been shown that the effect of the Fe3+-doped on
the kinetics of the reaction is conflicting [3, 18]. In this
work, the mechanism of the phase transition between
the two phases (from Pcc2 to I43m) and the accurately
controlled ratio of the phases have been examined.
The substantial effect of the Fe3+ ions on the orthorhombic to cubic transformation was investigated in detail
by using a number of experimental techniques such as
X-ray diffraction analysis, Rietveld refinement, scanning
electron microscopy, and heat flow calorimetry. The
objective of this work is to investigate the conditions
of the structural change and clarify the analysis of the
different phases into the crystal structure of ye’elimite.
The results of this study are important in the utilisation
of ye’elimite-contained materials and to elucidate the
conditions of the effect of the Fe3+ ions on the mechanism of the orthorhombic to cubic transformation from
a structural point of view.
EXPERIMENTAL
Samples preparation

Figure 1. The crystal structures of the ye’elimite phases: a) orthorhombic Pcc2, b) cubic I43m (Within the prisms, the green
spheres represent the calcium atoms, the blue tetrahedra ones
represent the AlO4 polyhedra, the yellow tetrahedra ones represent the SO4 polyhedra, and the red spheres represent the
oxygen atoms).

The samples of ye’elimite corresponding to the
formula Ca4(Al1-xFex)6SO16 (with x = 0.00, 0.02, 0.05,
0.07, 0.1, 0.12, 0.15, and 0.25) were synthesised from
stoichiometric amounts of analytical reagent grade
CaCO3, Al(OH)3, CaSO4·2H2O, and Fe2O3 (the purity of
all the reagents was above 99.99 %). Different amounts
of the reagents were used to obtain approximately 5 g
ye’elimite, and the raw materials were homogenised for
2 hours with ethanol as a dispersive and homogeneity
medium. After the evaporation of the ethanol, the mixtures were ground with a mortar and placed in a furnace
in an alumina crucible at 1000 °C. Then the samples
were ground again in order to make the mixtures further homogeneous. The resulting samples were heated
at 1250 °C for 5 hours (a heating rate of 5 °C∙min-1,

Table 1. The proportions (wt. %) of the raw materials in the S00-S25 samples.
Sample

Chemical formula

CaCO3

Al(OH)3

CaSO4·2H2O

Fe2O3

S00
S02
S05
S07
S10
S12
S15
S25

Ca4Al6SO16
Ca4Al5.8Fe0.1SO16
Ca4Al5.7Fe0.3SO16
Ca4Al5.5Fe0.4SO16
Ca4Al5.4Fe0.6SO16
Ca4Al5.2Fe0.7SO16
Ca4Al5.1Fe0.9SO16
Ca4Al4.5Fe1.5SO16

31.93
31.60
31.12
30.80
30.34
30.05
29.61
28.25

49.79
48.27
46.08
44.65
42.57
41.22
39.23
33.02

18.31
18.12
17.84
17.66
17.40
17.25
16.98
16.20

–
2.02
4.96
6.88
9.68
11.51
14.17
22.53
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Methods of investigation
Particle size distribution
The particle size distribution of the samples was
obtained by using a Beckman Coulter LS 13 320 particle
size analyser. Prior to this measurement, the samples
(approximately 100 mg) were each mixed in 40 ml of
ethanol and the suspension was sonicated for 3 minutes
in order to break the coarse agglomerates.
X-ray diffraction
The samples were analysed by X-ray diffraction
with a Bruker-D8 Advance diffractometer equipped
with a graphite crystal monochromator, using strictly
monochromatic CuKα radiation (λ = 1.54059 Å) and
a Vantec-1 detector. The specimens were collected from
5° to 80° (2θ) with a step size of 0.02°. Additionally,
the Rietveld refinement and phase quantification were
conducted to analyse the obtained XRD patterns with
the Topas-4.2 software. The refined parameters included
the background coefficients, the peak shape parameters,
the Lp factor, the zero-shift error, the stain, the sample
absorption, the unit cell parameters and the atomic sites
[24]
Temperature-dependent XRD analysis
The temperature-dependent XRD analysis of the
samples was performed on a Panalytical X’pert PRO
diffractometer equipped with an X’celerator array detector in an Anton Paar HTK16 high temperature chamber
under static air. The specimens were heated at the temperatures of 25 °C, 50 °C, 150 °C, 250 °C, 350 °C,
450 °C, 550 °C, and 650 °C in a platinum sample table
with a heating rate of 10 °C∙min-1. The thermally treated
samples at these temperatures were then recorded by
XRD on an angular range from 15° to 35° with a step
size of 0.013° and scanning rate of 2 °∙min-1.
Scanning electron microscopy
The morphology of the samples was studied by
scanning electron microscopy (FEI QUANTA FEG 250)
equipped with an Oxford energy dispersive spectrometer (EDS) using secondary electrons. The powder samples were dispersed in alcohol and dropped on a silicon
wafer with a pipette.
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Infrared spectroscopy
An infrared spectroscopy Nicolet 380 was used for
the sample analysis. 1 mg of each sample was ground
with 100 mg KBr into an agate mortar to achieve homogenisation. The mixture was then pressed into a transparent disc with a pressure of 10 MPa. The infrared
spectrums were collected in the range of 420 - 1400 cm-1.
Heat flow calorimetry
The heat flow calorimetry study with a water/sample (w/s) ratio of 1 was performed in an eight-channel
Thermal Activity Monitor (TAM) instrument using glass
ampoules. The paste samples were prepared in-situ by
mixing ~1 g of each sample with the appropriated water
and were immediately introduced into the calorimeter.
The heat flow was collected for up to 30 hours at 25 °C.
RESULTS AND DISCUSSION
Particle size distribution
The particle size distribution and the average particle sizes measured by laser diffraction (from 0.04 μm
to 2000 μm) of the samples are presented in Table 2
and Figure 2. The specific surface area values were
3.93 m 2∙g-1, 1.65 m 2∙g-1, 2.31 m 2∙g-1, and 2.18 m 2∙g-1 for
S00, S05, S07, and S10, respectively. The values of the
particle size distribution were almost similar for all the
samples except for d90. This result confirmed the results
found on the heat flow calorimetry measurement below,
which showed that the shape of the specific surface area
of the pure ye’elimite phase was greater than that of the
Fe3+-doped ye’elimite phase.
Table 2. The sample sizes.
S00 (μm)

S05(μm)

S07 (μm)

S10 (μm)

0.61
6.45
13.67

1.33
8.24
25.90

1.08
8.87
37.48

1.25
8.21
29.47

d10
d50
d90
100
Cumulative volume (%)

3 °C∙min-1, 2 °C∙min-1 in the range of 50 - 800 °C,
800 - 1000 °C, 1000 - 1250 °C, respectively) before being
slowly cooled. The obtained final samples were named
from S00 to S25. The corresponding proportions (wt.%)
of the raw materials in the samples are presented in Table 1. When x was increased, the amount of the Fe3+ ions
in the mixtures became higher and the grinding of the
samples produced became difficult. The analysis and the
interpretation of the results were carried out essentially
on the samples located for 0 ≤ x ≤ 0.1.

80
S00
S05
S07
S10

60
40
20
0
0.01

0.1

1
10
Particle size (µm)

100

1000

Figure 2. The particle size distribution (PSD) of the samples
determined by laser diffraction (LD).
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Table 3. The Rietveld quantitative phase analysis results (wt. %) of the samples S00-S25.
wt. %

o-Ca4Al6SO16

c-Ca4Al6SO16

CA

C12A7

C 2F

Rwp

Rp

χ2

S00
S02
S05
S07
S10
S12
S15
S25

95.85
65.74
46.70
28.46
–
–
–
–

–
29.11
46.86
64.88
82.51
85.10
86.61
88.55

2.80
3.29
3.59
4.31
4.75
4.92
5.20
6.26

1.35
1.44
1.54
3.25
4.54
4.74
5.04
5.81

–
1.71
4.32
4.43
5.62
6.12
8.43
11.47

13.92
12.81
12.63
12.63
14.76
13.70
13.45
11.70

10.50
9.67
9.39
9.25
10.65
10.09
9.72
8.69

1.89
1.86
1.81
1.83
2.17
2.02
2.01
1.76

X-ray diffraction
The Fe3+-doped ye’elimite phase, Ca4(Al1-xFex)6SO16,
was synthesised following the methodology reported
for stoichiometric ye’elimite [10]. The temperature was
reduced to 50 °C which was relative to the synthesis
temperature for the stoichiometric ye’elimite due to the
crucible corrosion in the reaction medium [25]. The
X-ray diffraction patterns and the Rietveld quantitative
phase analysis results for all the samples heated at
1250 °C are given in Figure 3a and Table 3. The results
show the formation of the Ca4Al6SO16 phase as the main
product of all the samples in a range from 0 to 25 at. %,
which is accompanied by the formation of small amounts
of calcium aluminates (Ca2Al2O4 (CA) and Ca12Al14O33
(C12A7)) as the secondary phases [18]. When increasing
the substitution to 5 at. %, the diffraction peaks of
Ca2Fe2O5 (C2F) began to appear, and the diffraction
intensities increased gradually with the increase in the
substitution rate. The C2F phase appeared as a solid
solution constitution of some reduction of Fe3+ to Fe2+ in
this interval [17-18]. The pure ye’elimite phase is orthorhombic Pcc2 (o-Ca4Al6SO16, JCPDS No. 85-2210).

When the substitution of the Fe3+ ions increased up to
10 at. %, the Fe3+-doped ye’elimite phase was aligned
to the cubic I43m (c-Ca4Al6SO16, JCPDS No. 71-0969),
and the diffraction intensities of the CA and C12A7
peaks remained stable at 1250 °C in this interval.
This showed that increasing the substitution of the
Fe3+ ions accelerated the formation of the ye’elimite
phase at the expense of the CA and C12A7 phases
at 1250 °C. From 0 to 7 at. %, the o-Ca4Al6SO16 and
c-Ca4Al6SO16 phases coexisted in the obtained products.
Beyond 10 at. % there were many impurities in the
samples besides the cubic phase as shown in Fi-gure
S1. The state at this time has reached the limit of the
Ca4Al6SO16 solid solution Fe3+ ions. In addition, when
the doping concentration reached 10 at. %, the cubic
phase had been obtained and the cubic phase still exists
at higher contents, see Table 3. The substitution of the
Fe3+ ions into ye’elimite promoted the stabilisation of
the high-temperature cubic of ye’elimite at room temperature, which illustrated the effect of the Fe3+ ion substitution on the crystal structure of ye’elimite [17, 26-28].
Moreover, in the Fe3+-doped ye’elimite phase, the
tetrahedral Al3+ ions are replaced by the Fe3+ ions and

CA
C12A7
C 2F
c-Ca4Al6SO16

c-Ca4Al6SO16

c

Intensity (a.u.)

Intensity (a.u.)

25 %
15 %
12 %
10 %
7%
o+c

x = 10 at.%

5%

x=0

2%
0%
o-Ca4Al6SO16

20

30

40
2θ (°)

a)

50

o-Ca4Al6SO16

60

20

30

40
2θ (°)

50

60

b)

Figure 3. The XRD patterns of the pure and doped ye’elimite heated at 1250 °C. Samples: S00-S25 (a). The partial XRD patterns
of the Ca4Al6SO16 and Ca4(Al0.9Fe0.1)6SO16 powders (b).
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The phase transition of ye’elimite was investigated by the temperature-dependent XRD analysis
with the specimens measured from 25 to 550 °C [29].
Here, the temperature-dependent XRD patterns of the
Ca4(Al1-xFex)6SO16 sample (X = 0, 5 at. %, and
10 at. %) was collected in a range from 25 to 650 °C,
and the results are shown in Figure 4a-c. As shown
in Figure 4a,b, it was observed that the phase transition process from Pcc2 to I43m of o-Ca4Al6SO16 and
Ca4(Al0.95Fe0.05)6SO16 took place at 450~550 °C and
350~450 °C, respectively. The crystal system of the
Sr-bearing ye’elimite transformed from an orthorhombic system to a cubic system with an increasing degree
of the substitutions [31]. The substitution of the Fe3+
ions in the ye’elimite structure reduced the phase transition temperature [32] and the Ca4(Al0.9Fe0.1)6SO16
sample showed no phase transformation from 25 to
550 °C see Figure 4c. Finally, the cubic unstable phase
could be stabilised at room temperature when the substitution of the Fe3+ ions reached 10 at. %, which was
similar to the Ga3+-doped ye’elimite powders [29].
As a function of temperature, the lattice parameters
and the cell volumes of both polymorphs (orthorhombic
Pcc2 and cubic I43m) of the Ca4(Al1-xFex)6SO16 sample
(x = 0, 5 at. %, and 10 at. %) have been obtained from
the Rieteveld refinement of the temperature-dependent
XRD patterns and the results are presented in Figure
5a-c and Table S(1-3). To facilitate the comparison
with the cubic average values, the results for the
orthorhombic polymorph have been plotted as a/√2,
b/√2, and V/2 [10]. The lattice parameters and the cell
volumes of both polymorphs showed a certain degree
of expansion due to the phase transition of a lowersymmetry phase to a higher-symmetry phase in the
interval from room temperature to 650 °C (Figure 5a-b).
At 5 at. %, both polymorphs of ye’elimite (orthorhombic
and cubic) coexisted when the temperature was between
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150 °C 0
50 °C
25 °C
o-Ca4Al6SO16

Intensity (a.u.)

Temperature-dependent XRD analysis

room temperature to 450 °C. When the temperature was
above 470 °C, the orthorhombic polymorph cannot be
generated. At 10 at. %, the lattice parameter (a’) and
the cell volume (V’) of the high-symmetry phase also
showed an expansion with the temperature ranging

15

20

25

2θ (°)

30

35

b) x = 5 at. %
Ca

c-Ca4Al6SO16

Intensity (a.u.)

the substitution of the Fe3+ ions gradually increased.
This phenomenon is similar to that observed by Liu et
al. with the Ga3+ ions [29]. With the increasing amounts
of Fe3+ ions, some changes were observed in the XRD
patterns. Thus, the diffraction intensities of the minor
peaks (marked by arrows) observed with the samples at
the low substitution rates of the Fe3+ ions like 0.00 and
0.02 were gradually attenuated and almost disappeared
when the Fe3+ ion contents exceeded 10 at. % (S10) as
shown in Figure 3b, indicating that these phases were
consumed during the formation of the ye’elimite phase
by increasing the Fe3+ ion contents in the samples.
Similarly, it was observed that the minor diffraction
peaks were gradually weakened by increasing the temperature [10]. From these results, this was attributed to
the crucible corrosion in the reaction medium and the
presence of Al(OH)3 and Fe2O3 [25-26, 30].

15

550 °C
350 °C
150 °C
50 °C
0
25 °C
o-Ca4Al6SO16
20

25

2θ (°)

30

35

c) x = 10 at. %
Figure 4. The temperature-dependent XRD patterns of
Ca4(Al1-xFex)6SO16 with: a) x = 0, b) x = 5 at. %, and c) x =
= 10 at. %.
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The phase identification and crystal structures of
ye’elimite at room temperature were obtained by the
XRD Rietveld refinements by using the Topas-4.2
software. The Rietveld plots for o-Ca4Al6SO16 and
c-Ca4Al6SO16 are presented in Figure 6a, b using the
Pcc2 cif file (ICSD 80361) and Ca3SrAl6SO16 (I43m,
ICSD 81654), respectively as the standard model and the
cubic reference model instead of the pure Ca4Al6SO16
(I43m, ICSD 9560) phase [12, 33]. It was observed
that for the c-Ca4Al6SO16 phase, the lattice parameters
became wider and could lead to an increase of the inter
planar spacing with the substitution of the Fe3+ ions in
the Ca4Al6SO16 phase. The quantitative analyses and
refinement residuals of the samples are given in Figure 6c and Table S4. With the substitution of the Fe3+ ions
in Ca4Al6SO16, the degree of the structural disorder was
reduced and the corresponding structural symmetry
was improved in the solid-solution phase. That is to say
that the Fe3+-doped concentration directly affects the
787.8
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9.225
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9.220

783.9

9.215

782.6

a'
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Cell volume (Å3)

from 0 to 550 °C and, finally, the Ca4(Al0.9Fe0.1)6SO16
sample shows no phase transformation in this interval
(Figure 5c). This was in accordance with the obtained
results for the stoichiometric ye’elimite [10].

781.3

500

c) x = 10 at. %

Figure 5. The refined lattice parameters and the cell volumes for the orthorhombic (from RT to 450 °C) and cubic (470 to 650 °C)
Ca4(Al1-xFex)6SO16 phases with: a) x = 0, b) x = 5 at. %, and c) x = 10 at. % as a function of temperature.
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Figure 6. The Rietveld refinement plots for: a) x = 0, and b) x = 10 at. %. (RT) The violet and magenta lines represent the
diffraction crystal planes of o-Ca4Al6SO16 and c-Ca4Al6SO16. (Continue on next page)
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Figure 6. The quantitative analyses result of c-Ca4Al6SO16 (c). The lattice parameter of o-Ca4Al6SO16 and c-Ca4Al6SO16 (d).

proportion of both the polymorphs of ye’elimite. Hence,
the transformation of o-Ca4Al6SO16 to c-Ca4Al6SO16 is
always formed by the substitution of the Fe3+ ions. After
analysis by the Rietveld refinements, the values of the
c-Ca4Al6SO16 content in Ca4(Al1-xFex)6SO16 for the x values of 2 at. %, 5 at. %, and 7 at. % were respectively
29.11(8) %, 46.86(0) %, and 64.88(3) %. As regards to
Figure 6d and Table S5, the lattice parameters and the
cell volumes of both the polymorphs (orthorhombic and
cubic) of ye’elimite presented a linear variation with
the increasing substitution rate of the Fe3+ ions ranging
from 0 to 10 at. % which is in good consistency with the
previously obtained results [29, 31]. The linear variation

Al

in the lattice parameters was explained by the increased
inter planar spacing when the Fe3+ ions were successfully
inserted into the Ca4Al6SO16 crystal lattice.
Scanning electron microscopy
Figure 7 shows the morphology and the phase composition of the synthesised samples. The morphology
and mineral composition analysis showed a clear distinction between the two phases in the micrographs.
The pure ye’elimite phase S00 (o-Ca4Al6SO16) showed
that the grain boundaries of the sample were not clear
with a particle size of ~1 μm. Secondly, the S05-S10
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Figure 7. The SEM-EDS morphology and composition analysis of the S00, S05, S07, and S10 samples.
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samples (c-Ca4Al6SO16) corresponding to the Fe3+-doped ye’elimite phase showed a large proportion of
particles with a particle size of ~5 μm and were clear.
It was clearly evident that the substitution of the Fe3+
ions in the ye’elimite phase promoted the formation
of minor amounts of calcium aluminate phases and
facilitated the relative particle growth in the samples,
which was similar with the previously obtained results
[17]. The EDS morphology images and the real chemical
composition allowed the confirmation of the composition analysis, but also helped to calculate the molar ratio
in the samples. The values obtained of the Al/Ca and
(Al + Fe)/Ca ratios of the S00, S05, S07, and S10 samples
were 1.414, 1.666, 1.706, and 1.698 respectively, which
were similar to the stoichiometric ye’elimite (Al/Ca =
= 1.5).

v=

1
1
=
k/µ = 1307√k/µ
λ
2c √

where k is determined by the bond length and bond
energy, and μ is the convert mass (μ = m1m2/(m1+m2),
related to the mass of the bonding atoms) [35].
The relative values for the bond energies of Fe–O
and Al–O, which determined the measurement of the
bond strength in the chemical bond were 406 kJ∙mol-1
and 511 kJ∙mol-1, respectively. After the calculation, it
was observed that μ Fe–O > μ Al–O and K Fe–O < K Al–O. The
results showed a slight displacement of the vibration
wavenumbers towards the low frequency zone, which
was in agreement with results obtained from [29, 31].

S
SO4

Table 4. The real chemical composition of the samples.
Ca

Al

O

S

Fe

S00
S05
S07
S10

23.93
25.04
24.08
23.74

23.11
20.08
19.45
18.65

48.80
48.20
49.18
49.34

4.16
4.37
3.95
4.23

–
2.30
3.35
4.04

As shown in Figure 7, the substitution of the Fe3+
ions had no effect on the uniformity of the samples in
the sintering process according to the elemental distribution. Therefore, the substitution of the Fe3+ ions
played an important role in the stabilisation of ye’elimite
by facilitating the phase transition process from orthorhombic to cubic ye’elimite, which was consistent with
the above-mentioned results of the XRD analysis.
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Figure 8. The infrared spectra of the S00, S05, S07, and S10
samples.

Infrared spectroscopy

Heat flow calorimetry

Figure 8 shows the vibration frequencies of the
different groups of the S00, S05, S07, and S10 samples in
the range of 420 - 1200 cm-1. The vibration bonds of the
[AlO4] groups were located at 617, 642, 690, 821, 883 cm-1
and those related to the [SO4] groups were located at 993,
1101, 1189, 1213 cm-1 [34]. It was clearly observed that
the vibrations of [AlO4] were concentrated and shifted at
800 - 890 cm-1. These vibrations were weakened when
the substitution of the Fe3+ ions increased in the samples.
The absorption positions resulting in the [SO4] groups
were observed at 950 - 1250 cm-1 and no shift with an
increasing substitution rate of the Fe3+ irons. With the
substitution of the Fe3+ ions in ye’elimite, a structural
disorder was observed and the absorption bonds of the
[AlO4] groups expanded as compared with the [SO4]
groups. This illustrated the changes in the coordination
of the environment.
Therefore, the vibration frequency of the chemical
bonds was related to the force constant K by the following formula:

Figures 9 and 10 show the results of the heat flow
calorimetry at the water:sample ratio of 1:1. The heat
flow curves are shown on Figure 9 with two maximums
during the hydration process. The first maximum was
observed when the water was added with the Ca4Al6SO16
powder and the heat was evolved. The reaction occurred
for a short time and was characterised by a very low heat
flow at an earlier period followed by an induction period
for about 5 hours. This phenomenon was also observed
by Jansen et al. [19] with the two modifications of
ye’elimite. The induction period was followed by a strong
increase in the heat flow, reaching its second maximum
at about 10 hours of hydration, and finally decreased
normally without showing any other maximum up to the
level of the induction period. This is consistent with the
above reports [36]. At the end of the induction period up
to approximately 16 hours of the hydration heat flow, the
maximum was observed with the pure ye’elimite phase
with a slight shoulder clearly seen at 13 hours. Indeed,
in the first observed peaks, the peaks of the Fe3+-doped
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ye’elimite phase had the greatest intensity than those of
the pure ye’elimite phase, which showed faster hydration
kinetics. This was explained by the presence of minor
amounts of the calcium aluminate (C12A7) phase in the
Fe3+-doped ye’elimite phase, which accelerated the early
hydration kinetics at the early times [20]. In contrast,
the heat flow curves corresponding to substitution rates
of the Fe3+ ions like 0 and 7 at. % appeared higher than
that of the ye’elimite phase at 10 at. %. Its reaction speed
becomes weak. This was explained by the fact that the
ye’elimite phase at 10 at. % was more stable and compact
when the water was added. This conformed with the
results obtained by M. Idrissi et al. [3] on the Fe3+-doped calcium sulfoaluminate at 21 °C, which indicated
that the substitution of the Fe3+ ions into the ye’elimite
phase could improve its hydraulic reactivity, formed and
stabilised the cubic phase of ye’elimite [27].
Figure 10 shows the evolution of the total heat
depending on the increase in the Fe3+ ion content in the
samples. After 30 hours of hydration, the values of the

Heat flow (mW g-1)
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Figure 9. The heat flow curves of the pure and for the pure and
the doped ye’elimite phase.
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500
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CONCLUSIONS
The results found in this work have allowed for the
clarification of the conditions of the effect of the Fe3+
ion substitution on the crystal structure of ye’elimite. It
can be seen that the substitution of the Fe3+ ions into
ye’elimite not only improved the stability of the cubic
phase at room-temperature, it also facilitated the transformation process from orthorhombic to cubic by increasing the Fe3+ ion content in the samples. It emerged
that when the substitution rate of the Fe3+ ions reached
10 at. % (Ca4(Al0.9Fe0.1)6SO16), the transformation of
o-Ca4Al6SO16 to c-Ca4Al6SO16 was effective. This was
according to the space group of I43m with a = b = c =
= 9.2147(1) Å and V = 782.4313(3) Å3 (Z = 2). This effective transformation was confirmed by no structural
changes in the temperature-dependent XRD analysis.
The results of the SEM-EDS morphology and the infrared measurements confirmed a change in the different
samples doped with Fe3+ ions. The substitution of the
Fe3+ ions into ye’elimite phase revealed that the early
hydration kinetics were faster for the Fe3+-doped ye’elimite phase compared to the pure ye’elimite phase,
which influenced the hydraulic reactivity, formed and
stabilised the cubic phase of ye’elimite. After 30 hours
of hydration, the values of the cumulative heat of the
Fe3+-doped ye’elimite phase were almost the same
(503.7 ± 0.6 J∙g-1) as compared to 556.5 J∙g-1 (S00) for the
pure ye’elimite phase. Finally, a key strategy to understand the phase-change mechanism was to combine
the comprehensive analysis method with the structural
research by controlling the substitution rate of the raw
materials of ye’elimite at the optimal conditions. To this
end, we noticed that the phase transition of Ca4Al6SO16
from Pcc2 to I43m was reversible.
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Figure 10. The heat of the hydration doped ye’elimite phase.
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cumulative heat of the Fe3+-doped ye’elimite phase were
almost the same (503.1 J∙g-1 for S07 and 504.3 J∙g-1 for
S10) compared to 556.5 J∙g-1 (S00) for the pure ye’elimite
phase. At the time of commencement, the reaction was
extraordinarily slow. After 7 hours, a strong acceleration
of the reaction was observed for S07 and S10 up to
about 16 hours, but for S00, the reaction continued to be
extraordinarily slow up to about 13 hours and increased
to reach its maximum at 22 hours. Finally, the reaction
continued to progress slowly and produced heat up to
30 hours.
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