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ABSTRACT

Ba-doped ye'elimite, abbreviated as CsxBxAs$ (x>0), presents even more satisfactory
hydration properties than stoichiometric one. However, the hydration mechanism is not
well understood, in particular for the effect of Ba/Ca ratio on hydration behavior. To shed
light on this issue, high purity C4.xBxA3$ samples with designed element compositions
(C4A33, C35BosAs$, and C3BA3$) were prepared and their hydration processes were
investigated. The results reveal that Ba-doped ye’elimite reacts faster than the
stoichiometric ye’elimite. With the increase of Ba/Ca ratio, it can gradually increase the
intensity of the initial peak, shorten the dormant period and reduce the total hydration heat.
The phase composition evolution based on Rietveld/XRD method demonstrates that the
dissolution rate of the C35Bo5A3$ and C3BA3$ are about 19% and 28% higher than that of
C4As3$ in 6h. Moreover, the hydration sequences and main products varied significantly.

The AFt is absent for the system with barium incorporation and AFm tends to be less with
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the increase of Ba/Ca ratio. This paper also proposes a new acceleration mechanism of Ba-
doped ye'elimite. It is summarized as a higher rate of dissolution-precipitation reaction
stemmed from higher ion precipitation of BaSO, and a combination of extra surface for the
nucleation sites provided by BaSO,.
Keywords: ye’elimite; hydration mechanism; Rietveld; C4«BxAs$
1. Introduction

Compare with PC, calcium sulphoaluminate (CSA) cement has such advantages as
higher early strength, faster hardening and better anti-corrosion [1-3]. In addition, as it has
a lower calcining temperature, it is proposed as environmentally friendly materials[4]. So
far CSA has been well applied to many special engineering constructions. The reason for
the superior performance of CSA is mainly due to the sulphoaluminate mineral
(4Ca0-3Al,03-S03, abbreviated as C4A3$ and also named ye’elimite)[5, 6]. More precisely,
the high reactivity with water of this phase is attributed to the special crystalline structure
with narrow gaps[7-9]. However, the properties of CSA still need to be further improved to
meet the increasingly stringent requirements of modern applications. Some researchers
proposed to introduce C3S into the CSA system to improve early strength and
cohesiveness[10, 11]. But this object is difficult to achieve due to the low decomposition
temperature of C4A3$ and the high formation temperature of C3S, which leads to quite a
narrow sintering range of coexistence. Prior studies demonstrated that doping with Ba®*
was a reasonable strategy to overcome this problem [12-14]. On the one hand, the doping
with Ba** can not only reduce the time and temperature of CsS formation but also improve
the hydration reactivity of C3S and C,S[15, 16]. On the other hand, it can lead to the

formation of new mineral of C4«BxA3$ (4-xCaO-xBaO-3Al,03-SO3) with characteristics of
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much higher early strength and better stability of hardening paste volume. More
particularly, some researchers reported that the C,«BxA3$ had a higher decomposition
temperature than C4A3$[17]. Hence, research on C;xBxA3s$ is important from the
perspectives of basic and applied research. Chang [18, 19] demonstrated that Ba**led to
irregular coordination in the crystalline structure of C;As$, resulting in volume distortion
and improved hydration reactivity. Yan and Cheng[13, 20] reported that barium-containing
ettringite was found in the hydration products of C,«BxAs$. The quantum chemical
analysis showed the bond level of Ba-O bond was higher than Ca-O, which made the bond
strength of barium-containing ettringite higher than common ettringite, and the strength
was enhanced.

Although ye’elimite modified by barium doping can significantly improve its
hydration properties, the hydration and hardening process, especially the hydration
mechanism, has not been elucidated. In keeping with this question, relative work is
reviewed. The crystalline structure analysis of ye'elimite[21-24] has furnished persuade
evidence that the high-temperature phase, which follows body-centered cubic symmetry,
can be preserved at ambient temperatures by ions incorporation. Furthermore, they
suggested that the incorporation of ion into the crystal lattice of ye'elimite had a significant
effect on hydration behavior. Cuesta et al.[25] and Jansen et al. [26] reported that the
hydration kinetics of ye'elimite depends on polymorphism of ye'elimite and Fe-doped solid
solutions of ye'elimite hydrate faster than stoichiometric ones. Benarchid et al.[27]
concluded that the chromium or phosphorous bearing C4A3$ also has a significant effect on
the stabilization of cubic type ye'elimite. However, the duration of the dormant period was

significantly extended. One more important question to be answered from the present paper
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emerges from the fact that the hydration behavior of ye'elimite would show a large
variation with different types, bearing contents and impurity phases, even if they contain
the same crystalline form [28-30]. About Ba-doped ye'elimite, very recent research has
reported that the hydration process and products varied significantly with the stoichiometric
one[28]. However, a detailed explanation of the different barium bearing contents that
cause the hydration behavior is not yet available in the literature. Understanding the Ba-
doped ye'elimite hydration mechanisms and differences in the hydration behavior affected
by Ba/Ca ratio is the main motivation for this work. For this purpose, high purity C,.
xBxAs$ (x=0, 0.5, 1) with designed element composition are prepared. A comparison of
hydration behavior, including dissolution-precipitation reactions and hydration products
evolution, is investigated. We also proposed a hydration mechanism based on the barium
incorporation effect. This study is a step forward to better understanding the hydration
behavior of Ba-doped ye'elimite systems.
2. Materials and methods
2.1 Raw materials

The analytical pure reagents of CaCO3;, BaCO3;, Al,03 and CaSO42H,0 (purity of
99.9%, fromSinopharm Chemical Reagent Co., Ltd, China) were used in this work to
synthesize C;xBxA3$. They were ground and sieved through 74um before being used.
Powder of corundum (o-Al,03-SRM-676a, from National Institute of Standards and
Technology(NIST), USA) was used as the internal standard to obtain phase composition of
C4xBxAs3$ paste. Demineralized water was used in all hydration experiments.

2.2 Sample preparation
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Mixtures of a stoichiometric proportion of the above chemical reagents were prepared
to synthesize C,;xBxA3$, where x was set as 0, 0.5 and 1, respectively. The resulting
powders were firstly ground in a planetary mill with absolute ethyl alcohol at 200r.p.m for
30min, then dried at 50°C, pelletized and finally calcined. The calcination system of target
minerals(C4As3$, C35BosAs$, and C3BAs$) were slightly varied and detailed in Table 1.
Since the radius of Ba** (135pm) is much larger than that of Ca®* (100pm), it requires much
more energy to form Ba-doped ye’elimite. Therefore, in comparison with C4A3$, we
slightly increased the calcination temperature, heating preservation time and calcination
time for C35Bo5A3$ and C3BA3S, respectively, to guarantee the purities higher than 95wt%.
The Rietveld refinement patterns and quantitative results were shown in Fig. 1 and Table 2.
Only orthorhombic or cubic ye'elimite was detected in C,A3$ and C3BAs$, respectively,
but there existed both orthorhombic and cubic ye'elimite in C35BosA3$. The minerals were
ground in a planetary micro mill at 700 rpm for 3~5min. The specific surface area value
(SSAgeT) of C4A3$, C3sBosAs$, and CsBAs$ were detected as 0.47, 0.69 and 0.40 m?/g,
respectively. The EDS analysis of C35BosA3$ and C3BA3$, shown in Fig. 2 with ten
random points, demonstrated that the elemental composition of the target minerals basically
meets the design expectations.

Table 1Calcination system settings

) Calcination Heating Cooling Calcination
Minerals o g
temperature/ °C preservation time/ h mode times
CsAz$ 1300 4 Air-cooling’ 1
C35BosA3$ 1350 6 Air-cooling 2
C;BAz$ 1380 6 Air-cooling 3

tAIr-cooling means the samples were quenched in air from high temperatures.
8Calcination times mean the repetition number under the fixed calcination temperature and
heating preservation time.
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Fig .1 Rietveld refinement patterns of C,A3$(a), C35Bo5A3$(b) and C3BAz$(c)

Table 2 Rietveld quantitative phase analysis of C4A3$(a), C35BosA33(b) and C3BAs$(c)

Analysis Phases and R-factors CiA3$ Cs5BosAs$s  C3BAs$ ::Sds g
ye’elimite_orthorhombic 97.7(4) 44.9(5) — 80361
o ye’elimite_cubic — 52.2(5) 97.6(8) 81654
Q“f:;l;ﬁ‘;'ve f-CaO 2.3(2) 0.5(1) — 60704
Ok C12A; — — 1.1(1) 29212
BaAl,0, — — 1.3(1) 10036
BaSO, — 2.4(2) — 16904
Unite cell  ye’elimite_orthorhombic  3.87x10-?  3.90x10-% — —
volume/ cm® ye’elimite_cubic — 3.92x10-*  4.03x10-%
criterta of Rwe[%] 12.41 13.98 1064  —
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Fig .2 Electron probe microanalysis of C4xBxA3$ composition. (The square and triangle
represented the designed (in red) and calculated (in black) composition of C;BA3$ and
C35BosAs$, respectively.)

Hydrated pastes were prepared by using a deionized water-to-C4.xBxA3$ (w/c) ratio of
1.0. For each group, the paste was distributed to 5 polythene bottles, sealed and cured at 20
+ 1°C with rotation for uniformity of water distribution until curing ages (6, 12, 18, 24 and
48hours) were reached. Then they were quickly ground with enough ethyl alcohol, filtered
with suction, alcohol washed and carefully dried at 40°C in a vacuum drying cabinet until a
constant weight is reached. Finally, these samples were stored in a closed desiccator to
avoid further hydration or carbonation. For Rietveld quantitative analysis of hydrated
samples (without free water), they were well mixed with a-Al,O3 as the internal standard.
For quantitative analysis of free water in hydrated samples (without free water), the
corresponding powers of the above curing ages were accurately weighed about 2 g (balance
to the nearest 0.001 g) and placed in a ceramic crucible that has been calcined to constant

weight. Then they were heated from room temperature to 900°C with a rate of 10°/min.
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After being kept at 900°C for 1h, they are cooled to below 200°C in the furnace and finally

cooled to room temperature in a desiccator.

2.3 Experimental test

The X-ray powder diffraction (XRD) patterns were recorded in Bragg-Brentano
reflection geometry (6/20) on D8 ADVANCE (Bruker AXS) diffractometer. The detailed
instrument settings for XRD are summarized in Table 3. The qualitative and quantitative
phase assemblages of the anhydrous and hydrated samples were examined using Rietveld
refinement analysis by TOPAS 4.2 software.

The hydration heat flow was measured with a conduction calorimeter (Thermometric
TAM Air) at 25°C. Three measurements of 2 g of minerals (C4A3$, C35Bo5A3$ and C3BA3$)
were carried out with a water/solid ratio of 1.0. After the reference samples were injected
into the admix ampoule and equilibration was obtained, the demineralized water was
injected into the reaction vessel and the samples were stirred in the calorimeter. It is noting
that this procedure allowed monitoring the heat evolution from the very beginning. And the
hydration heat flow was recorded for 24 h.

A conductimeter (MASHENGMP) was used to do conductivity measurements. The
experiments were performed in diluted suspension, thermostated at 25°C and continuously
subjected to magnetic stirring. The water to solid ratio was equal to 10.

SEM images with EDS analysis were performed to observe the morphology of phases
and elements distribution both in anhydrous samples and their hydration pastes. Wherein,
the microstructure of hardened pastes cured for 24h was directly observed based on the
bulk sample without any stopping hydration treatments. The version of the equipment was

FEI QUANTA 450 and Oxford Link 1SIS-300.
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The initial pore water composition was measured quantitatively using ICP-
MS(NexION 350X). The pastes were prepared by mixing 10g of C4.xBxAs$ and 10g of
deionized water. The pore solution was obtained by centrifugation at 4000 rpm for 2 min
and then filtered through a 200 nm filter. In all the cases, the filtration of the pore solution
started after 5 min. Finally, it was acidified with HNO3 to a certain ratio.

The density of target minerals was measured by the pycnometer method, thermostated
at 25°C. A detailed description of the method can be found in[31, 32]. The specific surface
area value was determined by an automated nitrogen gas sorption unit (Gemini VII 2390,
Micromeritics) and the data were analyzed using the multipoint BET method[33].

Table3 XRD instrument settings

Parameter Step scanning
X-ray radiation power 40 kV/40 mA
Wavelength type: CuKay Koy= 1.540598A
Monochromator Ge (111)
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

3. Results and discussion
3.1 Hydration heat evolution of C4.«BxA3$
The influence of Ba/Ca ratio on hydration heat flow of C;4ByxAs3$ is shown in Fig. 3.

Similar features can be characterized by other curves[34, 35], which are composed of two
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exothermic peaks. The first occurs directly when the water is added and can be attributed to
the solution heat and the early hydration reactions. The second one, followed by the
induction period, covers the main part of the hydration reaction. The exact exothermic time
and hydration heating value are shown in Table 4. With the increase of Ba/Ca ratio, the
time of the initial reaction is basically the same. However, the hydration heating value
increases significantly from 8.9J-g-1 to 20.2 J-g-1, indicating a stronger dissolution-
precipitation reaction when Ca®" is partially substituted by Ba®*. Compare with the Period
I, the stoichiometric ye'elimite (C,;As3$), similar to the length of induction period in
elsewhere[25], is prolonged by about 3.1h and 6.8h based upon Cs3sBosAs$ and
C3BA3$ sample, respectively. It means the hydration is accelerated with the increase of
Ba/Ca ratio. The hydration heat is mainly released in the acceleration period(Period II),
which decreases dramatically with the increase of Ba?* dosage. And the total hydration heat
of C4As$, C35BosAs$ and CsBAs$ within 24h are 490.3J-g™, 370.8 J.g*and 251.5 J.g,
respectively. The hydration heat of C3;BA3$ is almost one half of the stoichiometric
ye'elimite. Therefore, the effect of Ba/Ca ratio in C4.xBxA3$ on the hydration heat flow can
be summarized as increasing intensity of the initial peak, shortening the induction period

and significantly reducing the heat released in deceleration period.
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Fig .3 Influence of Ba/Ca ratio on hydration heat evolution of C,«BxA3$. (All
measurements were performed at 20°Cand the w/s ratios were kept at 1.0)

Table 4 C4.«BxAs$ exothermic time and hydration heating value

tPeriod 1 tPeriod I tPeriod II tPeriod IV(-24h) | Total

CsxBxAs$ |time heat/ |time heat/ |time heat/ |time heat/ heat
/h gt |/ Jgt |/ gt |/ Jg*t /13-g*

X=0 0.4 8.9 7.6 195 |58 2914 | --- 160.5 490.3
X=0.5 0.5 143 |45 120 |6.0 1349 | --- 209.6 370.8
X=1 0.5 20.2 | 0.8 24 1.3 44.2 --- 184.7 2515

tPeriod I, I, ITand IVrepresent the initial reaction period, induction period, acceleration
period and deceleration period, respectively.

3.2Electrical conductivity of C4.4BxAs$ suspension
Conductimetry is a powerful tool to monitor the hydration behavior[32, 36, 37]. The

results of the electrical conductivity of C4«BxA3$ suspension are plotted in Fig.4. Similar to

Page 11 of 27




O©CO~NOOOTA~AWNPE

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

other cementitious minerals such as C3S[38, 39], one obvious peak appears at early
hydration time. The conductivity increases sharply at the beginning due to rapid ions
release under the reactions between CsxBxAs$ and water (Eg. 1). With the increase of
Ba/Ca ratio, the peak values conductivity decrease, which indicates the solution
concentrations of Ba-doped ye'elimite are less than the stoichiometric one in the initial
dissolution period. It can be easily explained by the fact that some hydration products
quickly reach saturation and precipitate out at the beginning of hydration. The prior study
[29] has already demonstrated that AFt is a comparatively fast-precipitation hydration
product in the ye'elimite hydration system. However, when the solution contains Ba®", it
tends to form BaSO, rather than AFt to precipitate the SO,*[40]. It means BaSO, will
precipitate faster, which would be one explanation for the faster hydration rate of Ba-doped
samples. Interestingly, the slopes of the conductivity curve at this stage are almost kept at a
constant value, indicating that the substitution of Ba®* in C4As$ has not significantly
improved the dissolution rate at early hydration time, Eq.1. Subsequently, the conductivity
drops due to the faster precipitation than dissolution. We notice that conductivity curves of
Cs5BosA3$ and C3BA3$ show a slightly different decrease trend as a function of Ba/Ca
ratio. The negative slope value increases with the increment of Ba/Ca (inset of Fig. 4). This
may indicate that the substitution of Ba?* could promote the ion precipitation rate, Eq.2.
CuxBxAs$+H,0—Ca?* +Ba” +AI**+50,” (1)

Ba?*+S0,*—BaS0, (2)
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Fig .4 Influence of Ba/Ca ratio on the electrical conductivity of C4.xBxAs$. (All
measurements were performed at 20°Cand the w/s ratio was kept at 10.0)

3.3 Quantitative characterization of hardened C4.xBxA3$ paste

To further understand the hydration mechanism, the phase composition evolution of
hardened C4xBxAs$ pastes was studied by Rietveld quantitative analysis with internal
standard methodology. Before that, hydrated sample XRD patterns were firstly analyzed,
identifying that both BaSO, and hydrated calcium aluminate (C,AHg and CAHyo) were
detected only in the sample of C35Bo5A3$ and C3BA3$. On the contrary, AFt only existed
in C4A3$ paste. The other phases such as AFm and unhydrated ye’elimite appeared in all
C4xBxA3$ samples, but AFm tends to be less with the increase of Ba/Ca ratio. The main
hydration products vary significantly with different Ba/Ca ratios. The reason can be
inferred that barium incorporation alters the evolution of solution composition and hence
affect the crystallization sequences of the hydration product. As discussed in the previous

section, it is mainly because in combination with SO,%, the hydration product BaSOy, is
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more likely to precipitate out than AFt and AFm. The selected XRD patterns (C,.
xBxAs$_24h) are shown in Fig. 5. Afterward, the a-Al,O3 as the internal standard was well
mixed with the hydrated sample, and the ratio of a-Al,O3 to the hydrated sample was fixed
at 1:4. The XRD patterns were then recorded again and refined to obtain the quantitative
results, Table 5. The selected refinement patterns of C35BosA3$_24h was shown in Fig. 6.
Subsequently, amorphous and non-quantified crystalline phases (abbr. ACn, i.e., AH3 ) was
derived from the comparison between the actual dosage and Rietveld result of the internal
standard, seen in Eq. 3[41]. Finally, the mass fraction of different components in C,.
xBxA3$ paste was calculated based on the results above and free water analysis that was
obtained from the chemical bonding water measurement. In addition, the free water was
deduced based on Eq. 4-5 and the results of C,xBxA3$ 24h samples were selected and

shown in Table 6.

1-W; /R
_ st st ><104

ACn 3
100 W, ®)
Wo ="M 1000 o)
ml
1 1
W =1 (5)

— X
l+w/c 1-w.,

Where Wy and Rg: stand for the actual dosage and Rietveld results of the internal
standard, respectively. Wry and Wew represent free water content in C4BxA3$ paste and
chemical water content in the dried sample. m; and m, are the mass of hydration sample

before and after combustion, respectively.
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ye'elimite_cubic
Fig .5 XRD patterns of hydrated C4.xBxA3$ samples at 24h (labeled as C4A3$_24h (a),

Cs5BosAs$_24h (b) and C3sBAs$_24h (c), respectively)
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—— Ycalculated
—— Yobs-Ycalc

10 ' 20 ' 30 ' 4b ' 50 60
2 Theta
Fig .6 Rietveld refinement patterns of C35BosA3$_24h (b) with internal standard of a-Al,O3

Table 5 Rietveld quantitative results of C4«BxAs$ samples at 24h
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Analysis Phases and R-factors  C4A3$_24h C35BosAs$ 24h  C3BAs$ 24h ::(o:dse[;
ye'elimite_orthorhombic ~ 13.7(5) 8.1(3) none 80361
ye'elimite_cubic none 3.0(2) 7.9(2) 81654
BaSO, none 10.1(2) 17.5(2) 16904
Quantitative AFm-c 11.1(4) 33.8(8) 8.2(3) 100138
results AFm-n 43.9(8) 18.2(6) 37.6(5) 100138
IW1t% AFt 6.4(3) none none 155395
+C2AHg none present present none
CAHyg none 0.9(3) 3.9(2) 407150
a-Al,O;3 24.9(3) 25.8(4) 24.0(3) 73725
R..[%] 10.11 9.97 11.36 —
Criteria of Rexp[%0] 4.34 4.87 4.98 —
fit R,[%] 7.76 6.87 7.10 —
GOF 2.33 2.05 2.28 —

tAlthough C,AHg was detected in Fig. 5, it was not included in this Rietveld

quantitative analysis due to the lack of reported crystalline structure.

Table 6 Quantitative analysis of combined water and free water content

Sample m1/g mo/g Wew /% Wew /1%
C4A3$_24h 2.008 1.240 38.25 19.03
C35BosAs$_24h 2.056 1.182 42,51 13.03
C3BA3$_24h 2.035 1.159 43.05 12.20

The quantitative phase composition of C,«ByxA3$ pastes, curing at 6, 12, 18, 24 and 48

hours were separately normalized, taking into account the free water deduced by the

combined water measurement (Fig. 7). When Ba?* is presented in ye’elimite, the formation

of BaSO, as the essential hydration product leads to the reduction of SO, in the pore

solution to be incorporated in further hydration products. This is the reason why the

amounts of AFt and AFm decrease with the increase of Ba/Ca ratio and C-A-H, i.e. CAHg

and C,AHg shows a tendency of increasing. The hydration degree of C4.xBxA3$, calculated

with the Rietveld data normalized with free water, is depicted in Fig. 7(d). It can be inferred

that the dissolution rate of C,«BxAs$ is rapidly improved before 12 h and the trend
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gradually slows down until it reaches the stable state after 18 h. Additionally, the increase
of Ba/Ca ratio contributes to the improvement of the dissolution rate of ye’elimite,
especially in the early hydration ages. C35Bos5A3$ and C3BA3$ samples attain about 67 and
76% of hydration degree at 6 h, meanwhile, C,A3$ is about 48% at that time. And there are
no significant differences after 18 h. This effect has been corroborated by calorimetric

measurements, see Fig. 4.

100 100 = AFm
S s AFt
g% g% mm C-A-H
] =]

T 60 £ 60 mm Acn(AH,)
3 5 BasO,
= =
£ 40 £ 40 mC, BAS
g g
£ £ mm Free water
g 20 % 20
£ £
0 0
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Hydration time /h Hydration time /h
(a)' C:4 3$ ( ) 3505 3$

100 100
g 80 80+
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g 5 601 —=CAS
= °
) S 40 CasPosS
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E 'E
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<
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0 0 —_—

0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Hydration time /h Hydration Time/h
(c):C,BAS (d): hydration degree

Fig .7 Quantitative phase analysis of hardened C4xBxA3s$ pastes and C,«BxA3s$ hydration
degree.
3.4 SEM-EDS mapping analysis of hardened C,«BxAz$ paste
The SEM images of C,Az$ 24h and C3BA3$_24h samples are shown in Fig. 8(a) and
(b), respectively. The AFm crystals with hexagonal-platelet morphology exist in both
C4As3$ and C3BA;3$ paste. Image J software was used to obtain the particle size from SEM

images. It is observed that the particle size of AFm is similar in the above pastes, mostly
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between 2um and Sum. However, partial AFt crystals with needle-like morphology are
only present in C4A3$ paste in aggregation state, which conforms with phase composition
analysis above. The AH3 phase in both C4,A3$ and C3BAs$ paste show an agglomerated
lamellar morphology. Similar results are also reported elsewhere[42], indicating that the
AH; phase has a gibbsite-like morphology and also exhibits microcrystalline or
nanocrystalline characteristics. It is also observed that the AH3; phase randomly distributed
among other phases with uniform particle size between 400nm and 800nm, seen in Fig.
8(b). It is possible to expect that an assembly of such interlocking clusters, obtaining good
compatibility, would have potential good performance. However, AH3z in C,A3$ paste
appears more prone to aggregation and the particle size is a little bit larger ranging from600
nm to 1500 nm. The selected SEM area of C3BA3$ paste is shown in Fig.8(c) and elemental
maps are depicted in Fig.8(d). It is observed that the Ca element is relatively uniform but
distributed for less-density in four corners of this viewing zone. Combined with the other
elemental maps, the corners circled in Fig. 8(d) (red square area labeled as (1)~(4), which is
corresponding to area (1)~(4) in Fig .8(b)), showed relative Ba and S-rich area. The phase
of BaSO, is inferred to be mainly present in these areas. Moreover, the morphological
characteristics of the hydration products in Fig. 8b demonstrated that the selected area with
red square is full of AHs. It means there are some hydration products of BaSO4 and AHs

prone to form together.
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Fig .8 SEM images of C4A3$_24h (a), CsBAs$ _24h (b) and the selected SEM area of

C3BA3$_24h (c) with EDS mapping (d)

3.5Proposed hydration mechanisms of C;«ByxAz$

Based on the analysis above, it can be stated that the early hydration of Ba-doped
ye'elimite has significantly been accelerated. The leading cause at the first stage could be
inferred as a higher ion precipitation rate. The precipitation mechanism related BaSO4
could be active leading to a higher rate of heat evolution (seen in Table 4) and faster
release of ions into solution (seen in Table 7, where it shows the concentration of Ca* in
the system with Ba dosage is much higher than the reference sample of C;A3$). Previous
studies [43] demonstrated fast dissolution that happened in the initial period will lead to
two-dimensional vacancy island, nucleation of small pits on the surface. And the

dissolution rate in this stage is mainly related to the composition/structure of materials and
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the solid-liquid interfacial energy[44]. Without considering the presence of defects or
impurities, Cs.xBxA3$ minerals would have a similar dissolution rate, which is also
consistent with the electrical conductivity analysis above (Fig 5). The only difference
between C4A3S and C4.4xBxA3$ is that the hydration product BaSO, would quickly form on
or near the surface of CsxBxAs$, which in hence promotes the following clinker
dissolution rate. Fig. 9 presents schematically the hydration process of C4A3$ (a) and Cy.

xBxAs$ (b) at an early age of reaction.

Table 7 lonic concentrations and pH value measured by means of ICP-MS and pH
electrode in the system of C,«BxA3s$ hydration (hydration time=5min, Temperature=25°C,

water to cement ration=1)

Concentration

Analyte

CiAs$ C35BosAs$ CsBAs$
Ca/mg-L™" 883 1076 1139
Ba /mg-L™* 779 823
Al /mg-L* 347 392 375
S/mg-L* 505 535 521
pH 10.7 10.9 10.9
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Fig.9 Hydration scheme of C;A3$ (a) and C4.xBxAs$(b) at the early age of reaction.

After a few minutes, the ion concentration was significantly low despite the
dissolution of the ye’elimite. The etch pits are present in abundance on the surface of
minerals. As the large differences of hydration rate between C4A3$ (2) and C,4<BxA33, the
etch pits of C,«BxA3s$ appear to be larger at the same hydration time. Finally, hydration
products, such as AHsz, AFm and so on, start to grow. It is also interesting to note from
EDS mapping analysis of C3sBAs$_24h (Fig. 8c,d) that some AH3 gathered around BaSQO,.
Another accelerating mechanism of C,«ByxAs$ is proposed that BaSO, might supply
nucleation sites at the very early hydration time, as shown schematically in Fig. 9b. To
further investigate it, a theoretical boundary nucleation and growth (BNG) model is used to

analyze the calorimetric data (acceleration period and deceleration period) again. The
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kinetic equation is as follows[45], which is widely used and well proved for C-S-H

nucleation and growth[46-49].

X=1 —exp [-20§Gt+ZO§Gt fol exp (-nNBG2t2(1 - mz)) dm] (5)
Where X is the volume fraction of hydration products, O% (in pm™) is the amount of
substrate per unit volume, G (in um-h™) is the linear growth rate of hydration products, Ny

(in pm™®) is the amount of hydration product nuclei. Notably, O is not a fitting parameter,

which can be calculated based on Eqg. 6 and the results are shown in Table 5.

oB= > (6)

v W/t
Where S is the specific surface area of the ground C,;xBxA3$ (BET method), p is the
density, w/c is the water to minerals ratio.
Table 8 the calculated O% values based on the specific surface area, density and water to

minerals ratio of C4xByA3z$

CaxByAs$ ol g-cm™ wlc S/mg* O,/ pm™
X=0 2.64 1.0 0.47 0.34
X=0.5 3.04 1.0 0.69 0.52
X=1 341 1.0 0.40 0.31

The fitting results are presented in Fig. 10. It can be seen that the Ba doping samples
(C35BosA3$ and C3BA3S) can be fitted very well with the BNG model, whereas that of the
C4As$ shows unsatisfactory fitting. Table 6 presents the obtained fitting results of G and Ns
of these heat curves. It can be seen that the number of nuclei (Ns) and linear growth rate of
hydration products (G) increase with the substitution content of Ba®* in C4As$, which

further proves that the acceleration observed in the Ba doping system may stem from a
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combination of extra surface for the nucleation provided by BaSO, However, the worse
fitting result of C4A3$ has not been resolved by now, and this might result from the

difference in the growth mode of C-S-H and AFm and surface properties of C3S and C4As$.

This would be further investigated in our following research.
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o Experimental data (b)
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Fig.10 Results of data fitting by means of the kinetic model for C4As$ (a), C35BosA3$(b)

and C3BA3$ (c). The circles and solid lines represent the cumulative heat with respect to

time, are the experimental data points and fitting curves obtained by Eq. 5, respectively.
Table 9 Linear growth rate, G, and the number of nuclei per unit surface, Ns,

determined from the generalized BNG model fitting of hydration kinetics as a function

of Ba®* addition

CuxByAs$ G/ um-h™ Ns/ um™
X=0 Abnormal data Abnormal data

X=0.5 0.24 1.60x10™

X=1 0.49 8.04x10™"
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4. Conclusions

First of all, it is worth highlighting that we have successfully synthesized the high
purity C4xBxA3$ with the designed element composition. And it is as expected that the
barium incorporation has a significant effect on stabilization of cubic type ye'elimite and
enlarging the cell volume. Moreover, this work reports some new data on the hydration
mechanism and kinetics with respect to different Ba/Ca ratios in Ba-doped ye’elimite
systems. Some detailed conclusions we would like to draw as follows,

(1)Ba-doped ye’elimite reacts faster than the stoichiometric ye’elimite. The lengths of the
induction period of C35Bo5A3$ and C3BAs$ are shortened by 3.1 and 6.8h compared with
C4A3$. The phase composition evolution based on Rietveld/XRD method also demonstrates
that the dissolution rate of the C35B5A3$ and C3BA3$ are about 19% and 28% higher than
that of C4A3$ in 6h.

(2) Ba-doped ye’elimite releases less heat than the stoichiometric ye’elimite. The total
hydration heat of C3BA3$ is only about one half of the stoichiometric ye’elimite.

(3) The hydration sequences and main products vary significantly with different Ba/Ca
ratios. The AFt is absent for the system with barium incorporation in the selected curing
ages and AFm tends to be less with the increase of Ba/Ca ratio. It is mainly because in
combination with SO, the hydration product BaSO, is more likely to precipitate out than
AFt and AFm

(4) The accelerating mechanism of C4xBxAs$ is proposed that firstly higher ion
precipitation rate of BaSO, promotes the following dissolution-precipitation reaction. On
the other hand, BaSO,4 might supply extra nucleation sites at the very early hydration time.
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