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Calcium barium sulfoaluminate (abbr.C,.B.A;$), one of the special cementitious minerals originated from ye’elimite
(abbr.C,A;$), has superior hydration and hardening performance. In this paper, a series of C,.B,A;$ with different Ba-doping
concentrations (x = 0, 0.5, 1, 1.5 and 2) were prepared, and the effect of the Ba-doping concentration on the formation was
systematically investigated by the Rietveld/XRD quantitative phase analysis. The results show that BaSO, is the essential
intermediate phase for the formation of the Ba-doped ye'elimite. The solid-state reaction process of C,.B.A;8 is separately
expressed as two main forms, corresponding to the cases in which the Ba-doping concentration (x) is larger than and
less than "1", respectively. The Jander diffusion model shows the optimal fitting for C,.B.A;8 and it clearly proves that
the C, .B.A;$ formation becomes increasingly difficult as the Ba-doping concentration increases. The correlation between
the apparent activation energy (E,) and the Ba-doping concentration is positively well related, which can be expressed as

E, = 71.9x + 304' (kJ-mol").

ITRODUCTION

Portland cement is one of the most widely used ce-
mentitious materials in land-based architectures, under-
ground projects and marine constructions. However, the
drawback of poor durability limits its wide application in
severe environments, such as high humidity, high saline-
alkali and marine environments [1]. In contrast, calcium
sulfoaluminate (CSA) cement shows more satisfactory
properties and has been well applied to some special
projects such as repairing and constructing marine fa-
cilities [2, 3]. It has advantages such as higher early
strength, faster hardening and better anti-corrosion and
anti-permeability properties [4].

The sulfoaluminate (4CaO-3Al,05-SO,, abbrevia-
ted as C,A;$ and also named Ye’elimite) as the dominant
mineral in CSA, plays a key role in improving the
durability in severe environments. It has a sodalite
structure with the general composition of M,[T,O,]y
where M=Ca, T=Al, and X=SO, [5-7]. Such a structure
possesses four tetragonal and eight hexagonal axial
channels with narrow gaps, paralleled in the direction
of [001], which is convenient for reactions with water
[8-10]. Although CSA performs well in marine engi-
neering, it has not been considered completely satisfac-
tory to meet the increasingly stringent requirements of

modern applications. The C,A;$ modification is a fea-
sible strategy, through which new minerals of C, B,A;$
by barium incorporation have been proven particu-
larly successful in improvement of the performance.
C,,B,A;$ has a similar crystal structure, but much higher
early strength and better stability [11, 12]. The study of
the formation process is the first and most important
step to understand C, B,A;$. The general solid-state
reaction of C,A;$ can start from 950 °C, can form in
substantial amounts between 1300 - 1350 °C and can de-
compose when the temperature further rises beyond
1350 °C [13, 14]. When Ba is doped, C,,B,A;$ minerals
have a similar formation process and usually form in
substantial amounts when the sintering temperature
goes higher than 1350 °C [15-17]. In addition, more d
more researchers have reached an agreement that Ba®"
substitution at the Ca*'-site in C,A;$ had a positive effect
on increasing its decomposition temperature [18-20].
Cheng [12] prepared a series of C, B,A;$ minerals
(0 < x < 3) and demonstrated that C,;sB, ,;A;$ showed
the most satisfactory mechanical property. Lu and Chang
[20-24] conducted a more detailed study on the formation
process of the C, ;5B ,sA;$ mineral and obtained the best
calcination system of C, ;5B ,sA;$ minerals.

Although the formation processes of some C, .B,A;$
minerals such as C;BA;$ and C,,sB,,;A;$ have been
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studied already, the formation and decomposition pro-
cesses of C, B,A;$, especially the effect of the Ba-do-
ping concentration on the kinetics of formation, have
not been systematically elucidated upon. In this paper,
the minerals are prepared according to the molar ratio
of C,,B,A;$ (x =0, 0.5, 1, 1.5 and 2). The formation
rate of the C, B, A;$ minerals at the different calcination
systems are quantified via the Rietveld/XRD method and
the comprehensive kinetic of formation is discussed.
This study is a step forward to better understanding
ye’elimite.

EXPERIMENTAL

Raw materials

The analytical pure reagents of CaCO,, BaCQO,,
AlL,O; and CaSO,2H,0 (a purity of 99.9 %, from the
Sinopharm Chemical Reagent Co., Ltd, China) were
used in this work to synthesise C, ,B,A;$. They were
ground and sieved through 74 pm prior to being used.

Sample preparation

Mixtures of the stoichiometric proportion of the
above chemical reagents were prepared to synthesise
C,.B,A;$, where x was set as 0, 0.5, 1, 1.5 and 2,
respectively. The resulting powders were firstly ground
in a planetary mill with absolute ethanol at 200 rpm for
30 min and then dried at 50 °C. The powders were finally
compressed into thin rectangular samples (40 X 40 X
x 3 mm) under 12 MPa pressure. The sintering system
of the target minerals (C,A;$, C;:B,sA;$, C;BA;S$,
C,sB,5A,8, and C,B,A;$) were slightly varied and de-
tailed in Table 1, where the sintering duration (SD) meant
the time-period under a certain sintering temperature.
A total of 225 samples were scanned under an X-ray
diffractometer and finally evaluated by the Rietveld/
XRD quantitative analysis.

Table 1. The sintering system design for the target C, B .A,$
minerals*.

Ba-doping Sintering Sintering
concentration temperature duration
(mol) (°C) (min)
0 1200 0
0.5 1250 30
1 1300 60
1.5 1350 90
2 1400 120
_ - 240
- - 480
_ - 720
- - 1200

* In this experiment design, the 225 samples were obtained through
rearranging and combining based on factors of the Ba-doping (5 levels),
the sintered temperature (5 levels) and the sintered time (9 levels).

Testing methods

The XRD patterns were recorded in the Bragg-
Brentano reflection geometry (6/28) on a D§ ADVANCE
(Bruker AXS) diffractometer. The detailed instrument
settings for the XRD are summarised in Table 2. The
Rietveld refinement was implemented by using TOPAS
4.2 software. The refined overall parameters were the cell
parameters, zero-shift error, background, phase scale and
peak shape parameters using the fundamental parameters
approach [25-27].

Table 2. The XRD instrument settings.

Parameter Step scanning
X-ray radiation power 40 kV/40 mA
Wavelength type: CuKal Kal = 1.5406A
Detector X'Celerator detector
Divergence slit (°) 1.00

Soller slit (rad) 0.04
Receiving slit (°) 0.6

Step width (°) 0.02
Measure time (h) 0.5

Scan range (26 /°) 5-70

RESULTS AND DISCUSSIONS

Formation Process of C, ,B,A;$ Minerals

A series of C, B, A;$ minerals with different Ba-do-
ping concentrations were prepared by solid-state reac-
tion. The XRD qualitative analysis of the samples with
the different sintering systems was firstly performed and
the selected XRD patterns for the samples sintered at
1300 °C for 4 hours are shown in Figure 1. For C,A;S$,
most diffraction peaks show stoichiometric ye’elimite
itself. The formation is mainly governed by Equations
(1-4):

Ca0 + Al,O, — CaAl0, (1)
12Ca0 + 7ALO, — Ca,,Al,0,; ©)
CaSO, + 3CaALO, — Ca,Al SO, 3)

CaSO,+ 1/4Ca,,Al,,04;+ 5/4ALO, — @
— Ca,ALSO, + 3CO,1

Some impurity peaks with very low intensity are
detected as Ca,,Al,05; (C5A;), Ca;AlL 04 (C5A) and
CaAlL,O, (CA), respectively. For CA and C,,A, the rea-
sonis mainly due to the decomposition of a small amount
of gypsum, leading to sulfate insufficiency, which has
been well accepted already in some previous studies
[28-37]. The presence of C;A here could be attributed as
the C,A,$ decomposition according to Equation (5) [29]:

Ca,Al,0,,S0,+5Ca0 — 3Ca,ALO+ SO, + 1120, (5)
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Figure 1. The XRD patterns of the C, B,A;$ systems sintered

at 1300 °C for 4 h.

When Ba?! is doped, the impurity phase assemblage
tends to be complicated, including BaSO, (B$), BaAl,O,
(BA), CA and C,A,. B$ and BA are formed as the
intermediate phases according to Equations (6) and (7),
respectively. Based on the analysis of the stoichiometric
ye’elimite [31, 32], the formation process of C, B,A;$
can be proposed as Equations (8-10), where Equation (8)
and Equations (9-10) describe the cases of ‘x < 1’ and
‘x > 1°, respectively. BaSO, is preferentially formed
no matter how much Ba?' is doped, which is due to its
better stability at a high temperature [31]. Also, the peak
intensity of C, ,B,A;$ gradually decreases with an in-
crease in the Ba-doping concentration. They both indica-
te that the solid-state reaction becomes more difficult
after the barium incorporation. In addition, the XRD
patterns clearly show that the main peak of C, B,A;$
(26 = 23.44 - 23.88°) has a gradual left-shift in the
position, which reflects that the cell volume became
significantly enlarged based on the barium incorporation.
The detailed results are reported in the following Rietveld
analysis.

e ® C,AS$: 90.78 %
A CA:2.95%
v C,A:3.48%

0 C,A- cubic: 2,79 %
R, 14.3%

—— Y - observed
— Y — calculated
e [ ) Yobs =Y

calc

Counts (a.u.)

10 20 30 40 50 60 70
26 (°)

Figure 2. The result of the Rietveld quantitative phase analysis

of the C,A;$ mineral.

BaO + CaSO,— BaSO,+ CaO (6)
BaO + AL,O; — BaAlLO, @)
xBaSO,+ (1 —x)CaSO,+ 3CaAl,O, — )
— CayBa,AlSO
BaSO,+ (x — 1)BaO + (4 —x)CaO + ©)
+3Al,0; — Ca_,Ba,AlSO 4
BaSO,+ (x — 1)BaAlL,O, + (4 — x)CaAl,O0, — (10)

— Ca_Ba,AlSO

The Rietveld quantitative results of the above
selected XRD patterns (the C, ,B,A;$ minerals sintered
at 1300 °C for 4 hours) are shown in Table 3. Wherein,
one representative Rietveld refinement plot of the C,A,$
sample is shown in Figure 2. Based on the low R, , values
(<15 %, the value is the difference between the calculated
result via the TOPAS 4.2 software and the observed
data) and the smooth difference curve of the Rietveld
refinement indicated that the fittings are satisfactory.
The quantitative results of C, B, A;$ (both orthorhombic

and cubic structures) basically follow a decreasing trend

Table 3. The Rietveld quantitative phase analysis of the C, B, A;$ samples sintered at 1300 °C for 4 h.

Analysis Phases and R-factors C,A5$ C,sBysA3$ C,BA,$ C,sB, A58 C,B,A;$ 1ICSD codes
Ye'elimite orthorhombic 90.8(4) 20.8(3) 10.6(3) 10.4(2) 8.9(1) 80361
Ye'elimite_cubic - 6.103) 21.7(4) 18.1(2) 189(2) 81654

Quantita-  C,A 2.82) 1.2(1) - - - 1841

tive results LA, 3.5(2) 27.4(4) 16.52) 7.1(1) 68(1) 29212
(Wt%)  CA 292) 36.1(5) 29.7(4) 27.43) 27.1(4) 260

BaSO, - 6.9(2) 16.7(2) 24.9(2) 257(2) 16904

BaALO, - 1.5(1) 47(1) 12.1(1) 1262) 10036

Cell volu-  Ye'elimite_orthorhombic ~ 1.55 x 10%'  1.56 x 102"  1.57 x 10*"  1.61 x 10"  1.61 x 10% -

me (cm®)  Ye'elimite cubic - 7.90 x 102 791 x 1072  8.00x 10  8.03 x 10%

Criteria of fit Ryp (%) 14.3 14.8 12.8 13.9 14.1 -
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as the Ba-doping concentration increases with the ex-
ception of C;B,sA;$. That exception is probably due
to the current sintering temperature that could not fully
satisfy the requirement of the C,B,;A;$ formation.
Meanwhile, the Ba-doping concentration is not high
enough for the sulfur solidification. With the prolonged
sintering time, excessive sulfur volatilisthe ing from
CaSO, decomposition restricts the formation of ye’eli-
mite. The cell volume of ye’elimite in both the ortho-
rhombic and cubic structures are also reported in Table 3,
directly proving the growing tendency based on the
barium incorporation. For the impurity phase of C,A, it
decreases gradually and disappears when the Ba-doping
concentration is larger than 1.0 (x > 1). The Ba-doped
ye’elimite has a relatively higher decomposition tem-
perature, which is consistent with the above analysis,
indicating that C;A is mainly from the decomposition
process of ye’elimite. As expected, the quantitative re-
sults of BaSO, and BaAl,O, show a gradually growing
tendency with an increase in the Ba-doping concent-
ration and reaches a stable level with the further addition.
The basic trend is consistent with that of ‘Ye’elimite or-
thorhombic’. However, for ‘Ye’elimite_cubic’, it shows
a slightly lower amount in the sample of C,B,A;$
and C,B,A;$ compared with that in C;BA,$. It again
indicates that an increase in the Ba-doping concentration
brings more difficulty for the formation of C,,B,A;$.

Conversion rate of C, B A;$

The conversion rates of the Ba-doped ye’elimite
under the individual conditions, versus the temperature,
sintering duration and Ba-doping concentration, were de-
termined based on the above Rietveld/XRD quantitative
analysis. The results are detailed in Figure 3. For C,A,$
(Figure 3a), the representative formation process is
consis-tent with previous studies, which provides basic
rules for studying the Ba-doped ye’elimite [13, 28, 33-
39]. The mass fraction of C,A;$ gradually increases with
the prolonged sintering time. When the temperature is
between 1200 °C and 1300 °C, the reaction rate (slope of
a certain point) shows a gradually decreasing tendency
with a longer sintering duration. This is mainly caused
by the slower diffusion in the late stage of the solid-state
reaction. In comparison, the effect of the temperature on
the conversion rate is more significant than the sintering
duration. The conversion rate can reach a completely
high level (> 90 wt. %) within a short time (30 - 60 min)
above 1350 °C. It indicates that fast sintering at a high
temperature is helpful in obtaining C,A;$ with a high
purity. It is noteworthy that the raw materials were
calcinated in a relatively closed furnace and that the fast
sintering can obviously reduce the harmful effect of the
sulfur escape.

The conversation rates of C;B,sA;$, C,BA;S,
C,B,5A;$ and C,B,A;$ under the conditions of the
different temperature and sintering duration are plotted

in Figure 3b-e, respectively. As C, .BA;$ (x > 0)
originates from C,A;$, they have a similar formation
process. However, compared with C,A,$, the conversion
rate of the Ba-doped ye’elimite is significantly reduced
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Figure 3. The conversion rate of the C, B.A;$ minerals.
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Figure 3. The conversion rate of the C, B,A;$ minerals (figs. 3a-e represent the conversion rate of C,A;$, C;5B,sA;$, C;BASS,

C, B A58, C,B,A;$, respectively).

under the same calcination conditions. It is easy to come
to the conclusion that the C, ,B,A;$ formation becomes
increasingly difficult with an increase in the Ba-doping
concentration. Since the radius of Ba?* (135 pm) is much
larger than that of Ca®* (100 pm), it is easy to understand
that it requires much more energy to form Ba-doped
ye’elimite. A similar conclusion is also reported with the
aluminate minerals. The formation activation energy of
the Ba-doped aluminate (about 286.92 kJ-mol™) is hig-
her than the stoichiometric one (about 197.76 kJ-mol™)
[43]. Another difference is that there is no significant
decomposition phenomenon among the C, B,A;$ mine-
rals, except C,5BysA;$ at 1400 °C. It can be illustrated
that the Ba®" substitution at the Ca*'-site in C,A;$ can
significantly enhance its thermal stability, which is also
reported elsewhere [20]. The reason can be explained
by the difference in the bond dissociation energies
between Ba—O (562 = 13.4 kJ-mol™) and Ca—O (383.3
+ 5.0 kJ'mol™) [41].

Table 4. The solid-state reaction and kinetic models.

The formation kinetics model of
the C,B,A;$ minerals

In this part, appropriate kinetics models are dis-
cussed and selected to study the effect of the Ba-doping
concentration on the C, B,A;$ formation process. The
key to selecting the kinetics models is primarily based on
the statistical fitting of the mathematical models by the
evaluation of the correlation coefficient (R?) values and
the standard deviation [42]. Notably, the decomposition
points (such as the points of C,A;$ at 1300 °C, 1350 °C
and 1400 °C in Figure 3a) are not taken into considera-
tion in this study. All of the to-be-assessed models
[42, 43] are listed in Table 4. They can be summari-
sed by the function f(a) = Ky, ¢ + C, where K is the
rate constant and ‘o’ represents the mass fraction of
C,.B,A;$ at a certain sintering duration (abbr. ‘¢’ in the
above equation). The results show that the highest R?
values (Table 5) are yielded from the Jander model, where
the standard deviation is also the minimum. Therefore,
the Jander model is selected to perform the kinetic
calculation in the following work. The relationship

Equation Kinetics equation Reaction mechanism Kinetics model
number
D, D, =o? =Kt One-dimensional diffusion mechanism Flat model
D, D,=(1-a)n(—a)+a=K;t Two-dimensional diffusion mechanism Cylindrical model
D, D;=[1-(1 -w)"P=K;t Three-dimensional diffusion mechanism Jander equation
D, D,=1-20/3-(1-0)**=Kqt Three-dimensional diffusion mechanism Glinstling equation
_ _ . . Spherical model
R, R, =-In(1 —a) =Kt Interfacial chemical (first order reaction)
. . Cylindrical model
112
R, R,=1-(1-a) Kt Interfacial chemical (second order reaction)
. . Spherical model
— 1 (1 _ B
R, Ri=1-(1-a) Kt Reaction mechanism (third order reaction)
342 Ceramics — Silikaty 64 (3) 338-347 (2020)
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curves of ‘f'(a)-K " of the C, B,A;$ minerals are
shown in Figure 4a-e, respectively.

After the linear fitting of time and f(a)), the reac-
tion rate constants, i.c., the k value, which quantitatively
represents the chemical reaction velocity and changes
with temperature can be obtained by the calculated
slopes. The reaction rate constants with the different

Table 5. The result of the linear regression analysis.

Ba-doping concentration and temperature are depicted
in Figure 5. The chart illustrates that the constant k
gradually increases with the rise in the temperature for
the same mineral. Another phenomenon is that it shows
a general decline with an increase in the Ba-doping
concentration. However, one singular point, where
the Ba-doping concentration appears to be 0.5, shows

Equation The average value of R?
number C4A3$ C3.5B0.5A3$ C3BA3$ C2,5B1.5A3$ C2B2A3$
D, 0.7162 0.9694 0.9582 0.9713 0.9779
D, 0.8410 0.9831 0.9768 0.9858 0.9898
D, 0.9942 0.9932 0.9896 0.9953 0.9960
D, 0.9466 0.9872 0.9823 0.9901 0.9929
R, 0.8458 0.8941 0.8946 0.9226 0.9332
R, 0.8788 0.8513 0.8476 0.8820 0.8959
R, 0.9315 0.8664 0.8646 0.8971 0.9095
Standard 0.005508 0.005059 0.0075 0.002854 0.002513
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Figure 4. The relationship curves of ‘f(a)-Kp )’ of the C, ,B,A;$ minerals (Figs. 4a-e represent the linear regression results of
C,AL8, C B AL, C.BASS, C, B, A58, C,B,A,S, respectively). (Continue on next page)
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Figure 5. The reaction rate constants with the different Ba-do-
ping concentrations and sintering duration.

alower ‘k’value than expected. This phenomenon is more
obvious under the conditions of a higher temperature.
As discussed above, it is probably caused by the sulfur
volatilised from the CaSO, decomposition, restricting
the formation of ye’elimite. When the Ba-doping concen-
tration is larger than 1.0 (C,B,A;$, x > 1), the BaSO,
produced as the main sulfate-containing mesophase with
a higher decomposition temperature will play an impor-
tant role in the sulfur solidification.

The apparent activation energy

The apparent activation energy (£,) which could
reflect the difficulty of the solid-state reaction, is the mi-
nimum energy required for the molecules to be conver-
ted to the active chemical component from the normal
reactive states [20, 24, 31, 38, 39, 44]. E, can be cal-

culated from the Arrhenius equation (Equations 11-12)
as follows,

k =4 e—(Ea/RT)

(11)

Ink=1In4 - (E/RT) (12)
where A is the pre-exponential factor, R represents the
ideal gas constant (8.314 x 102 kJ'mol'K™"), ‘T’ in-
dicates the reaction temperature (k), respectively.

The linear fitting relation between In k and —1/RT
is shown in Figure 6 and the corresponding E, values
are reported in Table 6. Obviously, it gradually increases
with an increase in the Ba-doping concentration. A fit-
ting analysis, seen in Figure 7, depicts that the E, ()

Table 6. The apparent activation energy of the C, B A;$ mine-
rals.

Ba-dopin
pIng =0 x=05 x=1 x=15 x=2
concentration
E, (kJmol“) 302.158 344.472 370.451 405.939 446.194
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Figure 6. The Arrhenius equation fitting the results of the
C,.B,A;$ minerals. (Continue on next page)
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Figure 6. The Arrhenius equation fitting the results of the
C,.,B.A;$ minerals.

and the Ba-doping concentration (x) can be well imitated
with ‘y =71.9x + 304°. The goodness of the fit is as high
as 0.992. A previous study has reported that the activation
energy of the Ba-doped ye’elimite formation is larger
than the stoichiometric one [20]. Here, we demonstrate
that ‘E, has approximately linear growth with the amount
of barium incorporation content. Li [29] proposed that
C,A;$ formed originally from the basic ‘Al-O’ skeleton
structure and then the ions of Ca®>" and SO,* diffused
into the crystal structure. Compared with Ca*', it is more
difficult for Ba?*to enter into the above skeleton structure,
due to its larger ionic radius, to form the Ba-doped
ye’elimite. So, it is easy to understand that the more
barium that is doped, the higher energy barrier needs
to be overcome. Therefore, it makes a higher impurity
phase formed at the low sintering temperature, which
is consistent with the Rietveld results above (Table 3).
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Figure 7. The relationship curves between the apparent acti-
vation energy and the Ba-doping concentration.

CONCLUSIONS

In this work, the solid-state reaction process of
C,.B,A;$ minerals with different Ba-doping concent-
rations (x =0, 0.5, 1, 1.5 and 2) have been studied. The
effect of the Ba-doping concentration on the formation
kinetics is systematically discussed. The results above
lead us to draw the following conclusions:

e BaSO, is the essential intermediate phase for the for-
mation of Ba-doped ye’elimite. The solid-state reac-
tion processes of C, B A,$ are proposed as two main
forms, corresponding to the cases in which the Ba-do-
ping concentration (x) is larger than and less than “17,
respectively. The same point is that the BaSO, is the
basis of the formation of the Ba-doped ye’elimite.
When x > 1, the different point is that the excess BaO
continues to form the BaAl,O, mineral with Al,O;.

e The Jander diffusion model shows the optimal fitting

Ceramics — Silikaty 64 (3) 338-347 (2020)
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for a series of C, B,A;$ minerals. An obvious linearity
rising relationship exists between the apparent acti-
vation energy (£,) and the Ba-doping concentration
(x). A linear equation was obtained with a fitting good-
ness of 0.992.

Acknowledgments

This research is supported by the National
Key Research and Development Plan of China (No.
2016YFB0303505 and 2018YFDI1101003), National
Natural Science Foundation of China (No.U1806222,
51602126, and 51761145023), Key Laboratory
of Advanced Civil Engineering Materials (Tongji
University), Ministry of Education (202001), the
Taishan Scholars Program, Case-by-Case Project for
Top Outstanding Talents of Jinan, Youth Innovation
Support Program of Shandong Colleges and Univer-
sities (2019KJA017), State Key Laboratory of Silicate
Materials for Architectures (Wuhan University of
Technology) (No.SYSJJ2018-12).

REFERENCES

1. PageC.L.,(1975): Mechanism of corrosion protection in re-
inforced concrete marine structures. Nature, 258, 514-515.
doi: 10.1038/258514a0

2. Lan W, Glasser F. P. (1996): Hydration of calcium sulpho-
aluminate cements. Advances in Cement Research, 8(31):
127-134. doi: 10.1680/adcr.1996.8.31.127

3. Péra J., Ambroise J. (2004): New applications of calcium
sulfoaluminate cement. Cement and Concrete Research,
34(4): 671-676. doi: 10.1016/j.cemconres.2003.10.019

4. Fu X., Yang C., Liu Z., et al. (2003): Studies on effects of
activators on properties and mechanism of hydration of
sulphoaluminate cement. Cement and Concrete Research,
33(3): 317-324. doi: 10.1016/s0008-8846(02)00954-7

5. Hargis C. W,, Kirchheim A P., Monteiro P J M., et al.
(2013): Early age hydration of calcium sulfoaluminate
(synthetic ye’elimite, C4A3S) in the presence of gypsum
and varying amounts of calcium hydroxide. Cement and
Concrete Research, 48, 105-115. doi: 10.1016/j.cemconres.
2013.03.001

6. Cuesta A., Alvarez-Pinazo G., Sanfélix S.G., Peral L,
Aranda M.A.G., De la Torre A.G., (2014): Hydration
mechanisms of two polymorphs of synthetic ye’elimite.
Cement and Concrete Research, 63, 27-36. doi: 10.1016/j.
cemconres.2014.05.010

7. Cuesta A., De la Torre A.G., Losilla E.R., Peterson V.K.,
Rejmak P., Ayuela A., et al. (2013): Structure, Atomistic
Simulations, and Phase Transition of Stoichiometric
Yeelimite. Chemistry of Materials, 25(9), 1680-1687. doi:
10.1021/cm400129z

8. Seryotkin Y. V., Sokol E. V., Kokh S. N., et al. (2019):
Natural bentorite — Cr’* derivate of ettringite: determination
of crystal structure. Physics and Chemistry of Minerals,
46(6), 553-570. doi: 10.1007/s00269-019-01022-4

9. Sanchez-Herrero M. J., Ferniandez-Jiménez A., Palomo
A., (2013): C,A,$ hydration in different alkaline media.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cement and Concrete Research. 46, 41-49. doi: 10.1016/].
cemconres.2013.01.008

.Liu X., Li Y., Zhang N., (2002): Influence of MgO on the

formation of Ca;SiO; and 3CaO-3Al,0,-CaSO, minerals
in alite—sulphoaluminate cement. Cement and Concrete
Research, 32(7), 1125-1129. doi: 10.1016/s0008-8846(02)
00751-2

. Xin C., (2015): Development and Application of Barium

(Strontium) Calcium Sulphoaluminate Cement. Journal
of the Chinese Ceramic Society. 43(10), 1458-1466. doi:
10.14062/j.issn.0454-5648.2015.10.16

Xin C., Jun C., Lingchao L., et al. (2000): Study of Ba-
bearing calcium sulphoaluminate minerals and cement.
Cement and Concrete Research, 30(1), 77-81. doi: 10.1016/
s0008-8846(99)00204-5

Valenti G., Santoro L., Garofano R., (1987): High-tem-
perature synthesis of calcium sulphoaluminate from
phosphogypsum. Thermochimica Acta, 113, 269-275. doi:
10.1016/0040-6031(87)88330-2

Ma S., Shen X., Huang Y., Zhong B., (2008): Effect of CuO
on the formation mechanism of calcium sulphoaluminate.
Journal of Wuhan University of Technology-Mater. 23(4),
518-21. doi: 10.1007/s11595-006-4518-8

Majling J, Sahu S, Vlna M, et al. (1993): Relationship
between raw mixture and mineralogical composition of
sulphoaluminate belite clinkers in the system CaO SiO,
ALO; Fe,05 SO;. Cement and Concrete Research, 23(6),
1351-1356. doi: 10.1016/0008-8846(93)90072-h

P. Arjunan M.R.S., Della M. Roy., (1999): Sulfoaluminate-
belite cement from low-calcium fly ash and sulfur-rich.
Cement and Concrete Research, 29, 1305-1356. doi:
10.1016/s0008-8846(99)00072-1

Sahu S.,Majling J., (1993): Phase compatibility in the system
Ca0-Si0,-Al,0,-Fe,0,-S0; referred to sulphoaluminate
belite cement clinker. Cement and Concrete Research,
23(6), 1331-1339. doi: 10.1016/0008-8846(93)90070-p
Ma B., Li X., Mao Y., et al., (2013): Synthesis and charac-
terization of high belite sulfoaluminate cement through rich
alumina fly ash and desulfurization gypsum. Ceramics —
Silikaty, 57(1), 7-13. doi: 10.1016/s0008-8846(99)00072-1
Chang J., Cheng X., Liu F., et al. (2001): Influence of
fluorite on the Ba-bearing sulphoaluminate cement. Cement
and Concrete Research, 31(2), 213-216. doi: 10.1016/
s0008-8846(00)00450-6

Huang Y., Wang S., Gong C., Zhao Y., Lu L., (2013): Study
on Isothermal Formation Dynamics of Calcium Barium
Sulphoaluminate Mineral. Journal of Inorganic and Orga-
nometallic Polymers and Materials. 23(5), 1172-1176. doi:
10.1007/s10904-013-9883-0

Zhang J., Gong C., Wang S., Lu L., Cheng X., (2015;):
Effect of strontium oxide on the formation mechanism of
dicalcium silicate with barium oxide and sulfur trioxide.
Advances in Cement Research, 27(7),381-387. doi: 10.1680/
adcr.14.00021

Lingchao L., Jun C., Xin C., et al. (2005): Study on a ce-
menting system taking alite-calcium barium sulphoalu-
minate as main minerals. Journal of Materials Science,
40(15), 4035-4038. doi: 10.1007/s10853-005-2005-9
LuL.,LuZ.,LiuS., Wang S., Cheng X., (2009): Durability
of alite-calcium barium sulphoaluminate cement. Journal
of Wuhan University of Technology-Mater, 24(6), 982-983.
doi: 10.1007/s11595-009-6982-4

Wang S., Huang Y., Gong C., Lu L., Cheng X. (2014):

346

Ceramics — Silikaty 64 (3) 338-347 (2020)


https://doi.org/10.1038/258514a0
https://doi.org/10.1680/adcr.1996.8.31.127 
https://doi.org/10.1016/j.cemconres.2003.10.019
file:///C:\Users\Administrator\AppData\Roaming\Microsoft\Word\ https:\doi.org\10.1016\s0008-8846(02)00954-7 
https://doi.org/10.1016/j.cemconres.2013.03.001
https://doi.org/10.1016/j.cemconres.2013.03.001
https://doi.org/10.1016/j.cemconres.2014.05.010
https://doi.org/10.1016/j.cemconres.2014.05.010
https://doi.org/10.1021/cm400129z
https://doi.org/10.1021/cm400129z
https://doi.org/10.1016/j.cemconres.2013.01.008
https://doi.org/10.1016/j.cemconres.2013.01.008
https://doi.org/10.1016/s0008-8846(02)00751-2
https://doi.org/10.1016/s0008-8846(02)00751-2
https://doi.org/10.1016/s0008-8846(99)00204-5
https://doi.org/10.1016/s0008-8846(99)00204-5
https://doi.org/10.1016/0040-6031(87)88330-2
https://doi.org/10.1016/0040-6031(87)88330-2
https://doi.org/10.1007/s11595-006-4518-8

Phase formation mechanism and kinetics in solid-state synthesis of Ba-doped ye elimite: the effect of Ba-doping concentration...

Formation mechanism of barium calcium sulfoaluminate
mineral. Advances in Cement Research. 26(3), 169-76. doi:
10.1680/adcr.13.00016

25.Zhao P., Liu X., Wu J, et al. (2013): Rietveld quantifica-
tion of y-C,S conversion rate supported by synchrotron
X-ray diffraction images. Journal of Zhejiang University
SCIENCE A, 14(11), 815-821. doi: 10.1631/jzus.a1300215

26. Aranda M.A.G., De la Torre A.G., Leon-Reina L., (2012):
Rietveld Quantitative Phase Analysis of OPC Clinkers,
Cements and Hydration Products. Reviews in Mineralogy
and Geochemistry. 74(1),169-209. doi: 10.2138/rmg.2012.74.5

27. Alvarez-Pinazo G., Cuesta A., Garcia-Maté M., Santacruz
I., Losilla E.R., la Torre A.G.D., et al. (2012): Rietveld
quantitative phase analysis of Yeelimite-containing ce-
ments. Cement and Concrete Research. 42(7), 960-71. doi:
10.1016/j.cemconres.2012.03.018

28. El Khessaimi Y., El Hafiane Y., Smith A., Trauchessec R.,
Diliberto C., Lecomte A. (2018): Solid-state synthesis of
pure ye’elimite. Journal of the European Ceramic Society.
38(9), 3401-11. doi: 10.1016/j.jeurceramsoc.2018.03.018

29.Li X., Zhang Y., Shen X., Wang Q., Pan Z., (2014): Kine-
tics of calcium sulfoaluminate formation from tricalcium
aluminate, calcium sulfate and calcium oxide. Cement and
Concrete Research. 55, 79-87. doi: 10.1016/j.cemconres.
2013.10.006

30.Li H., Zhang H., Li L., Ren Q., Yang X., Jiang Z., et al.
(2019): Utilization of low-quality desulfurized ash from
semi-dry flue gas desulfurization by mixing with hemi-
hydrate gypsum. Fuel. 255:115783. doi: 10.1016/j.fuel.
2019.115783

31.Zhao J., Chang J., (2017): Kinetic Analysis for Formation
Process of Sr-Bearing Ye’elimite. Journal of Inorganic
and Organometallic Polymers and Materials. 27(6),
1861-1869. doi: 10.1007/s10904-017-0653-2

32.Xin C., Chang J., Lingchao L., Liu F., Bing T., (2000):
Study of Ba-bearing calcium sulphoaluminate minerals and
cement. Cement and Concrete Research. 30(1), 77-81. doi:
10.1016/s0008-8846(99)00204-5

33. Ali M. M., Gopal S., Handoo S. K., (1994): Studies on the
formation kinetics of calcium sulphoaluminate. Cement and
Concrete Research, 24(4): 715-720. doi: 10.1016/0008-
8846(94)90196-1

34. El Khessaimi Y., El Hafiane Y., Smith A., (2019): Ye’elimite

synthesis by chemical routes. Journal of the European
Ceramic Society, 39(4): 1683-1695. doi: 10.1016/j.jeur-
ceramsoc.2018.10.025

35.Li J., Ma B., Zhou C,, et al. (2014): Study on mechanism
of chemical activation for minerals of high belite-calcium
sulfoaluminate clinker. Journal of Sustainable Cement-
Based Materials, 3(1): 13-23. doi: 10.1080/21650373.2013.
843476

36.Huang Y., Xu C.,, Li H,, et al. (2019): Utilization of the
black tea powder as multifunctional admixture for the he-
mihydrate gypsum. Journal of Cleaner Production, 210,
231-237. doi: 10.1016/j.jclepro.2018.10.304

37.Yang X., Liu J., Li H., et al. (2019): Effect of triethanol-
amine hydrochloride on the performance of cement paste.
Construction and Building Materials, 200, 218-225. doi:
10.1016/j.conbuildmat.2018.12.124

38.Guo H., Xie J., (2011): Thermodynamics and kinetics of
calcium sulphoaluminate. Journal of Wuhan University of
Technology-Mater. 26(4) 719-722. doi: 10.1007/s11595-
011-0300-7

39. Guo H., Xie J., (2010): Kinetics of Desulfuration Product
Sulphoaluminate Calcium. Advanced Materials Research.
113-116:1814-1817. doi: 10.4028/www.scientific.net/amr.
113-116.1814

40. AliM. M., Agarwal S. K., Agarwal S., et al. (1995): Kinetics
and diffusion studies in BaAl,O, formation. Cement and
Concrete Research, 25(1), 86-90. doi: 10.1016/0008-8846
(94)00116-g

41.Luo Y. R., (2007) Comprehensive handbook of chemical
bond energies. CRC press, doi: 10.1201/9781420007282

42.Khawam A., Flanagan D. R., (2006): Solid-state kinetic
models: basics and mathematical fundamentals. The
journal of Physical Chemistry B, 110(35), 17315-17328.
doi: 10.1002/chin.200647223

43.Fatu D., (1988): Kinetic models for solid-solid reactions.
Thermochimica Acta, 131, 65-71. doi: 10.1016/0040-6031
(88)80058-3

44, Puertas F., Varela M. T. B., Molina S. G., (1995): Kinetics
of the thermal decomposition of C4A3S in air. Cement and
Concrete Research, 25(3), 572-580. doi: 10.1016/0008-
8846(95)00046-F

Ceramics — Silikaty 64 (3) 338-347 (2020)

347



	OLE_LINK1
	OLE_LINK2
	OLE_LINK38
	SW0001
	_Hlk25601032
	OLE_LINK91
	OLE_LINK24
	OLE_LINK25
	OLE_LINK28
	OLE_LINK23
	OLE_LINK6
	OLE_LINK21
	OLE_LINK29
	OLE_LINK30
	OLE_LINK42
	OLE_LINK32
	OLE_LINK41
	OLE_LINK96
	OLE_LINK92
	OLE_LINK168
	OLE_LINK182
	OLE_LINK44
	OLE_LINK43
	OLE_LINK255
	OLE_LINK254
	OLE_LINK415
	OLE_LINK414
	_Hlk18659297
	OLE_LINK104
	OLE_LINK48
	OLE_LINK49
	OLE_LINK8
	OLE_LINK7
	OLE_LINK52
	OLE_LINK51
	_Hlk25601311
	OLE_LINK40
	OLE_LINK20
	OLE_LINK9
	OLE_LINK248
	OLE_LINK288
	OLE_LINK121
	_Hlk16238518
	OLE_LINK200
	OLE_LINK201
	OLE_LINK5
	OLE_LINK10
	OLE_LINK123
	_Hlk13585074
	OLE_LINK431
	OLE_LINK430
	OLE_LINK4
	OLE_LINK423
	OLE_LINK422
	OLE_LINK435
	OLE_LINK434
	OLE_LINK34
	OLE_LINK33
	_Hlk31380182
	OLE_LINK329
	OLE_LINK326
	OLE_LINK311
	OLE_LINK325
	OLE_LINK272
	OLE_LINK274
	OLE_LINK273
	OLE_LINK167
	OLE_LINK169
	OLE_LINK110
	OLE_LINK109
	OLE_LINK112
	OLE_LINK100
	OLE_LINK101
	OLE_LINK115
	OLE_LINK15
	OLE_LINK14
	OLE_LINK35
	OLE_LINK31
	OLE_LINK116
	OLE_LINK135
	OLE_LINK134
	OLE_LINK276
	OLE_LINK277
	OLE_LINK307
	OLE_LINK202
	OLE_LINK230
	OLE_LINK235
	OLE_LINK74
	OLE_LINK164
	OLE_LINK163
	OLE_LINK75
	OLE_LINK332
	OLE_LINK335
	OLE_LINK308
	OLE_LINK310
	OLE_LINK80
	OLE_LINK78
	OLE_LINK94
	OLE_LINK291
	OLE_LINK292
	OLE_LINK119
	OLE_LINK118
	OLE_LINK149
	OLE_LINK151
	OLE_LINK336
	OLE_LINK337
	OLE_LINK158
	OLE_LINK139
	OLE_LINK176
	OLE_LINK179
	OLE_LINK278
	OLE_LINK192
	OLE_LINK193
	OLE_LINK338
	OLE_LINK341
	OLE_LINK206
	OLE_LINK265
	OLE_LINK266
	OLE_LINK199
	OLE_LINK207
	OLE_LINK216
	OLE_LINK270
	OLE_LINK267
	OLE_LINK22
	OLE_LINK17
	OLE_LINK351
	OLE_LINK348
	OLE_LINK238
	OLE_LINK321
	OLE_LINK320
	OLE_LINK322
	OLE_LINK309
	OLE_LINK319
	OLE_LINK327
	OLE_LINK356
	OLE_LINK360
	OLE_LINK103
	OLE_LINK102
	OLE_LINK366
	OLE_LINK367
	_Hlk25610073

