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Abstract The present study investigates the local Al

network and material characterization of belite-cal-

cium sulfoaluminate (CSA) cements to provide a

comprehensive understanding of the hydration prod-

ucts and characteristics of CSA cements. In this

context, the present study elucidates relationships

between detailed Al network and microstructural

characteristics which can offer an in-depth view of

such binder systems. CSA cements having various

molar ratios of calcium sulfate to ye’elimite were

prepared by controlling the externally incorporated

anhydrite dosages. Hydration products of the samples

were explored using solid-state 27Al MAS and

CPMAS NMR spectroscopy methods and XRD, while

MIP and compressive strength tests were used to

characterize the samples. The NMR spectroscopy

results revealed that the resonance characteristics

arising in the tetrahedral Al environment of the

samples were identical due to the small potential

amounts of C–S–H and strätlingite, whereas Al

incorporation in C–S–H was unclear. The MIP anal-

ysis showed that the formation of ettringite signifi-

cantly altered the amount of micropores and

mesopores volumes, an outcome which was found to

be closely related to the development of compressive

strength.

Keywords Belite-calcium sulfoaluminate cement �
Anhydrite � Hydration � Characterization � Material

design

1 Introduction

Portland cement is the single most widely used

construction material in the world, and no alternative

cements can sufficiently replace Portland cement on

the global scale at present. Consistently pilloried by

numerous social institutes and academia, the environ-

mental credentials of Portland cement have been under

scrutiny. The manufacturing of Portland cement is

responsible for approximately 6–8% of all man-made

CO2 emissions, with an annual production of 4 billion

tons [1, 2]. Furthermore, the overall production of

Portland cement worldwide has been growing rapidly,

posing significant threats to the earth’s atmospheric

environment [3]. In this regard, increasing demands to

devise low-carbon cementing binders have promoted

the use of belite-calcium sulfoaluminate (CSA)
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cement inasmuch as the production of CSA clinker

requires a low calcination temperature of approxi-

mately 1250 �C [4], whereas Portland cement clinker

is created at a higher calcination temperature of

approximately 1450 �C [4–6]. Moreover, the raw

materials used to synthesize CSA clinkers can be

replaced with various types of industrial waste [7–9].

CSA clinker is primarily composed of ye’elimite

and belite, in which the synthesis of these clinkers

requires lower CaCO3 input as a raw meal [7], thus

addressing the major issues related to the environ-

mental impact of Portland cement production. Since

the first discover of ye’elimite-based cement in the

1960s [10], it has been selectively applied for partic-

ular purposes over the last several decades due to

tailored material behaviors such as rapid setting and

shrinkage compensation [11]. These properties are

particularly attributed to the hydration of ye’elimite in

the presence of calcium sulfate, as expressed in Eqs. (1

and 2), representing the reaction pathway in the

absence and presence of portlandite, respectively [12].

Meanwhile, the depletion of gypsum leads to the

formation of monosulfate (Eq. 3) [13, 14]. The

volumetric calculation on the solids in Eqs. (1 and 3)

indicates that 190% and 158% of the volume was

increased after full reaction, respectively, indicating

that ettringite formation is more preferred in porosity

reduction than monosulfate formation. Other than

these, strätlingite can slowly form due to the reaction

of belite in the absence of portlandite (Eq. 4) [14].

C2A3S þ 2CSH2 þ 36H ! C6AS3H32 þ 2AH3 ð1Þ

C4A3S þ 8CSH2 þ 6CH þ 74H ! 3C6AS3H32 ð2Þ

C4A3S þ 18H ! C4ASH12 þ 2AH3 ð3Þ

C2S þ AH3 þ 5H ! C2ASH8 ð4Þ

In the CSA clinker system, ye’elimite and belite

phase typically account for of 35–70 and 15–20 wt%,

respectively [15–17], while minor phases such as

mayenite, brownmillerite and perovskite constitute the

remaining portion [15].

As expressed in Eqs. (1–3), which is based on the

thermodynamic equilibrium, a deficient supply of

calcium sulfate during the hydration of ye’elimite

leads to the formation of monosulfate, indicating that

the phase assemblage of CSA cements is heavily

dependent on the molar ratio of calcium sulfate to

ye’elimite (typically referred to as the m value).

Although controlling the amount of calcium sulfate in

the CSA cements can yield ettringite-rich paste [18],

this can have unexpected volumetric instability with

regard to the long-term durability of the paste [19].

Therefore, without sufficient considerations of the

CSA clinker composition and calcium sulfate content,

the formation of ettringite in a confined matrix, similar

to the phenomenon observed in high-early-strength or

rapidly setting cements, may be depreciated to

produce an indiscreet expansive paste [20].

Despite that many earlier works have attempted to

investigate the hydration kinetics with different

calcium sulfate content, detailed elucidations on the

Al network and microstructural evolution of CSA

cements and their relationships in addition to the

hydration characteristics are necessary in order to fully

understand such systems. The present study, therefore,

provides a comprehensive understanding of the hydra-

tion products and material characteristics of CSA

cements having various calcium sulfate contents.

Commercially available CSA clinker was blended

with pure calcium sulfate (anhydrite) to prepare CSA

cements. An Al network of the CSA cements was

explored with the aid of solid-state 27Al magic angle

spinning nuclear magnetic resonance (MAS NMR)

and 27Al cross-polarization (CP) MAS NMR tech-

niques, which are highly renowned for demonstrating

the Al structures of hydration products in cementitious

materials regardless of their crystallinity [21]. The

material characteristics of the CSA cements were

examined by means of X-ray diffractometry (XRD),

compressive strength tests, and mercury intrusion

porosimetry (MIP).

2 Experimental program

2.1 Materials and curing condition

CSA clinker and anhydrite powder (anhydrous CaSO4,

99% purity) were used to prepare the CSA cements.

XRD pattern and chemical composition of the CSA

clinker are provided in Fig. 1 and Table 1, respec-

tively. A quantitative XRD analysis using Rietveld

refinement was carried out in order to quantify the

mineral composition of the CSA clinker (Table 2). The

clinker is mainly composed of ye’elimite and belite

with several minor components.
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The CSA clinker was replaced with anhydrite at 0,

5, 10 and 20% by weight of the CSA clinker. Sample

designation and mixture proportion are tabulated in

Table 3. It should be noted that the m values of G0, G5,

G10 and G20 samples were 0, 0.33, 0.67 and 1.56,

respectively. The m value of the samples was deter-

mined as the molar ratio of calcium sulfate over

ye’elimite and was controlled by the input anhydrite.

The m values of the samples designed in this study

indicate that the samples can be categorized either as

rapid-hardening/high-strength (m value\ 1.5) or as

expansive (1.5\m value\ 2.5) [18, 22]. Paste

samples were synthesized with a water-to-cement

ratio of 0.4. The water-to-cement ratio used in this

study was referenced from a previous study in the

literature which attempted to use CSA cements in a

practical manner [23]. Samples were fabricated using

a mechanical mixer for 5 min and were poured into

cubical molds with dimensions of 50 � 50 � 50 mm3.

Note that retarder was not adopted in the mixing

procedure. The samples were demolded after 1 day of

curing and cured in a curing chamber (25 �C). They

were perfectly sealed with plastic wrap throughout the

curing period so as not to be influenced by undesirable

external conditions (i.e., natural carbonation, evapo-

ration of water and external humidity). On testing

days, samples for the chemical analyses were

immersed in acetone solution to halt further hydration.

Fully dried samples were manually pulverized to pass

a 75 lm sieve before the analysis. The immersed

samples were placed in a vacuum desiccator to

evaporate the liquids so as to eliminate any water

present in the samples.

2.2 Test methods

The XRD patterns were obtained using an Empyrean

instrument with CuKa radiation at a tube current and

generator voltage of 30 mA and 40 kV, respectively.

Samples were scanned in the range of 5–45 8 2h with a

step size of 0.026 8 2h and at 2.34 s per step. Solid-

state 27Al MAS NMR spectra were recorded at the

Larmor frequency of 104.3 MHz. The samples were
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Fig. 1 XRD pattern of belite-calcium sulfoaluminate clinker

used in this study. The annotations indicate: Y–ye’elimite, L–b-

belite, Ps–perovskite, and C4AF–brownmillerite

Table 1 Chemical composition of belite-calcium sulfoaluminate clinker

Chemical composition (wt%)

CaO Al2O3 SO3 SiO2 MgO Fe2O3 TiO2 SrO K2O P2O5 Na2O L.O.I.*

42.97 30.25 9.03 8.41 2.05 1.91 1.42 1.05 0.42 0.167 0.07 2.17

*Loss-on-ignition

Table 2 Mineral composition of belite-calcium sulfoalumi-

nate clinker calculated from quantitative XRD analysis

Mineral wt%

C4A3 S (orthorhombic) 54.1

C4A3 S (cubic) 13.4

b-C2S 18.5

CT 3.5

C12A7 3.4

M 3.2

C3A 2.3

C4AF 1.4

C S 0.2
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packed inside 4 mm o.d. ZrO2 rotors under an ambient

condition (296.5 K). A pulse width of 1.2 ls and a

relaxation delay of 2 s were used. External aqueous

AlCl3 was used to calibrate the chemical shift at

0 ppm. The solid-state 27Al CPMAS NMR spectra

were acquired using an Avance III HD instrument

(9.4 T, Bruker, Germany) operated at 400.3 MHz and

104.3 MHz for 1H and 27Al, respectively. A HX

CPMAS probe with a 4 mm o.d. ZrO2 rotor was used.

The spectra were collected with a contact time of

1000 ls, a repetition delay time of 4 s, and a spinning

rate of 10 kHz with 1600 scans. The MIP technique

was adopted to explore the pore characteristics of the

samples. The MIP test was performed using an

Autopore IV 9500 V.1.05 porosimeter (manufactured

by Micromeritics Corp.) under a maximum pressure of

414 MPa. The compressive strength test was carried

out using a universal testing machine with a maximum

loading capacity of 2500 kN (manufactured by Instron

Corp.). The compressive strength test was performed

under a constant loading rate of 0.02 mm/s. Four

cubical samples were tested to determine the average

compressive strength.

3 Results

3.1 X-ray diffractometry

The XRD patterns of the samples after 14 and 28 days

of curing are displayed in Fig. 2. The main reaction

products of the samples were ettringite (Ca6Al2(-

SO4)3(OH)12� 26H2O, #PDF 00-031-0251) and mono-

sulfate (Ca2Al(OH)6(S0.5O2(OH2)3), PDF# 01–083-

1289). It is interesting to note that the presence of

ettringite was observed even in the G0 sample, which

had no external SO4
- supply. Furthermore, ettringite

and monosulfate coexisted in all samples regardless of

the anhydrite content and curing age. As expected, the

formation of ettringite was promoted as the anhydrite

content increased [24]. Meanwhile, a noticeable

amount of residual crystalline phases, mainly ye’elim-

ite (Ca4Al6(SO4)O12, #PDF 00-033-0256) and larnite

(b-belite, Ca2SiO2, #PDF 00-033-0302), persisted in

the samples due to the insufficient curing age and low

water-to-cement ratio (i.e., 0.4) [16]. Note that the

calculated water-to-cement ratio for the full hydration

of CSA clinker increases with an increase in the
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Fig. 2 XRD patterns of samples after (a) 14 and (b) 28 days of

curing. The annotations indicate: Y–ye’elimite, L-b-belite, E–

ettringite, St–stratlingite, M–monosulfate and CS-C–S–H

Table 3 Mixture

proportion of samples

expressed as mass ratio

Sample ID Belite-calcium sulfoaluminate clinker Anhydrite Water

G0 1.00 – 0.4

G5 0.95 0.05 0.4

G10 0.90 0.10 0.4

G20 0.80 0.20 0.4
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anhydrite content (to as high as 0.6 at an anhydrite

content of 30 wt%) [4]. Inert clinkers (e.g., CT) [25]

were not taken into consideration and are therefore

absent in Fig. 2.

Notable differences in the peak intensities in the

samples were not observable in the patterns between

14 and 28 days of curing. This implies that the

hydration of the samples occurred expeditiously at a

very initial curing age. Furthermore, peaks assigned to

anhydrite were unidentifiable in all patterns, meaning

that the substituted anhydrite was fully consumed.

Meanwhile, the hydration of belite was identified by a

hump which appeared at 29–30 8 2h, which can be

assigned to the presence of C–S–H (Ca1.5SiO3.5H2O,

#PDF 00-033-0306). A trace of str a tlingite was

observed in the patterns, and its intensity showed

inverse proportionality to anhydrite content which is

in good agreement with the results reported in the

literature [26].

3.2 Solid-state 27Al MAS NMR

The solid-state 27Al MAS NMR spectra of the CSA

clinker and the samples after 28 days of curing are

shown in Fig. 3. The spectra of the CSA clinker

exhibited a broad resonance range throughout the

tetrahedral Al region, showing a feature nearly

identical to that of synthetic ye’elimite (i.e., two

distinctive shoulders at 58 and 68 ppm on the high-

field side) [27, 28]. This is attributed to the fact that the

contribution of C4AF does not have any influence on

the 27Al MAS NMR spectra owing to 27Al nucleus—

Fe3? unpaired electron dipolar couplings and to the

fact that C3A scarcely gives rise to resonance [28, 29].

Meanwhile, the hydrated samples showed resonance

at 9.5 and 13 ppm, each corresponding to the presence

of the AFm and AFt phase at the octahedral sites,

respectively [30–33].

An increase in the intensity of the resonance of AFt

with an increase in the anhydrite content was

confirmed. In addition, as reported in the literature,

broad resonance, which partially overlaps with the

AFm contribution but is quite distinguishable, is

associated with the presence of aluminum hydroxide

(AH3) [34–36]. It is important to note that the

resonance of aluminum hydroxide differs from that

of third aluminum hydrates, often characterized in the

hydration products of Portland cement-based materi-

als and which resonates at around 6–7 ppm [21, 34].

Broad resonance at tetrahedral sites with a constant

intensity was observed in all samples. Although one

may argue that this resonance is attributed to the

presence of tetrahedral Al in C–S–H gels and/or

stratlingite [34, 37], the strong overlap with the

resonance of ye’elimite does not allow the authors to

explain this phenomenon clearly from the 27Al MAS

NMR spectra.

In order to resolve the spectral ambiguity featured

at the octahedral Al sites and to quantify the hydration

products, deconvolution of the spectra was performed

with the aid of OriginPro software. Due to the

amorphous or poor (disordered) crystallinity charac-

teristics among the CSA cement hydration products

(specifically AH3 and monosulfate) [18], the reso-

nance in these cases is often characterized as an

asymmetric peak and can be simulated by a bi-

Gaussian function [21, 38]. On the other hand, the

Lorentzian function was adopted to simulate the

highly symmetric resonance of ettringite at the

octahedral Al sites, which exhibit relatively weak

quadrupolar effects [34, 39]. Examples of the simu-

lated spectra using the bi-Gaussian function and/or

Lorentzian function are presented in Fig. 4. First, the

center and width of each peak (the full width half

magnitude, FWHM) of the component peaks of the

CSA clinker were confirmed. Thereafter, these values

were utilized as constraints to simulate the hydrated

samples. Note that the deconvolution process was

iterated until the estimated chi-square tolerance

reached 10–9. A schematic representation of the phase

composition based on the deconvolution results is

shown in Fig. 5. Deconvolution of the spectra revealed

-20020406080100

Chemical shift (ppm)

Anhydrous CSA clinker

G0

G5

G10

G20

AFm

AFt

Anhydrous Al-species
Str tlingite?

AH3

Fig. 3 Solid-state 27Al MAS NMR spectra of belite-calcium

sulfoaluminate clinker and samples after 28 days of curing
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low and narrow resonance centered at 61 ppm,

potentially corresponding to the presence of strätlin-

gite, which is in fair agreement with the line shape and

FWHM of the strätlingite contribution as reported in

the literature [34, 37]. The relative area of ettringite

increased at the expense of monosulfate with an

increase in the anhydrite content. The small amount of

ettringite was identifiable even in the G0 sample,

which is in close agreement with the XRD results. The

reduction in the relative area of the anhydrous clinker

with an increase in the anhydrite content may be due to

the dilution effect of the clinker [40, 41], while the

relative areas of AH3 and strätlingite were unaffected

by the anhydrite content.

3.3 Solid-state 27Al CPMAS NMR

The solid-state 27Al CPMAS NMR spectra of the CSA

clinker and the samples after 28 days of curing are

shown in Fig. 6. The solid-state 27Al CPMAS NMR

analysis particularly improves the resonance of Al

atoms which are coupled with the water molecules

and/or protons of hydroxyl groups [42, 43], signifying

that 27Al CPMAS NMR is a useful technique for

separating hydrated Al species from anhydrous clink-

ers. Therefore, the spectra of the CSA clinker showed

no Al resonance throughout the obtained spectrum.

The spectra of the samples showed an increase in the

resonance of AFt with an increase in the anhydrite

content. The CPMAS NMR spectra of the hydrated

samples showed an increase in the relative intensity of

the AFt contribution compared to that observed in the

MAS NMR spectra, indicating a higher level of

coupling with water molecules and/or hydroxyl groups

around Al atoms at 13 ppm [43]. A trace of the AH3

-20-100102030405060708090

Chemical shift (ppm)

Experimental

Simulated

Residual

(a)

-20-100102030405060708090
Chemical shift (ppm)

Experimental

Simulated

Residual

(b)

Fig. 4 Examples of simulated solid-state 27Al MAS NMR

spectra using bi-Gaussian and/or Lorentzian function. (a) belite-

calcium sulfoaluminate clinker and (b) G5 sample
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Fig. 5 Schematic representation of phase composition based on

the deconvolution results
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Fig. 6 Solid-state 27Al CPMAS NMR spectra of anhydrous

belite-calcium sulfoaluminate clinker and samples after 28 days

of curing
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contribution, which is considered to be superimposed

throughout octahedral Al sites, was more obvious in

the CPMAS NMR spectra due to the compelling

amount of water bound to a single Al atom and to the

prevailing production amount during hydration.

Meanwhile, the hydrated samples showed no identi-

fiable signals at the tetrahedral Al sites. It should be

noted that CPMAS NMR is less efficient for detecting

resonances at tetrahedral Al sites than MAS NMR due

to the lower possible number of hydroxyl groups

bound with tetrahedrally coordinated Al atoms com-

pared to the number bound with octahedrally coordi-

nated Al atoms [43]. Section 4 comments further on

this feature.

3.4 MIP

The cumulative pore volume curves of the samples

after 28 days of curing as a function of the pore entry

diameter are depicted in Fig. 7a. The samples showed

no notable tendency with different anhydrite dosages.

The logarithmic derivatives of the cumulative pore

volume curves are displayed in Fig. 7b. The G0 and

G5 samples showed a prominent pore size distribution

in the region of 100–400 nm, while the G10 sample

exhibited a representative symptom at the pore region

slightly larger than that of G0 and G5 samples. Pores

with diameters of 10–100 nm, wich can be assigned to

the micropore region, increased particularly in the G20

sample [44, 45]. The magnified pore region of

40,000–400,000 nm is presented in Fig. 7c. The G20

sample showed the lowest pore population in this

region. The relative pore volume (%) with respect to

total pore volume as classified by a method proposed

by Brédy is provided in Table 4 [46]. Clearly, the G20

sample had the highest micropore volume with the

lowest mesopore volume. The total porosity, threshold

pore diameter, and critical pore diameter of the

samples as suggested by Ma [47] are summarized in

Table 5. The threshold and critical diameter were

smallest in the G20 sample, still the total porosity

value was similar regardless of anhydrite content.

3.5 Compressive strength

The compressive strength of the samples after 1, 3, 5,

7, and 28 days of curing are shown in Fig. 8. The

compressive strength of the G0, G5, G10 and G20

samples after 1 day of curing were 22.6, 28.8, 32.6 and

36.8 MPa, respectively, showing rapid early strength

development proportional to the anhydrite content.

The compressive strength of the samples increased

continuously with a reduced development rate until

28 days of curing. The compressive strength of the

G10 sample after 5 days of curing was measured to be

lower than that of the G5 sample, and this reversal in

the strength was unaltered until 28 days of curing. The

compressive strength of the G0, G5, G10 and G20

samples after 28 days of curing were 37.64, 42.55,

41.05 and 54.11 MPa, respectively.

4 Discussion

The solid-state 27Al MAS NMR results displayed an

obvious feature in the tetrahedral Al region, resulting

in uncertainty when attempting to elucidate this

phenomenon. Explicitly, 27Al CPMAS NMR revealed

no resonance in the tetrahedral Al region, indicating

the absence of Al-incorporated C–S–H and strätlingite

in the samples. However, CPMAS NMR has a certain

weakness when used to detect hydration products in

this region due to the small number of water molecules

bound to the products. In contrast, XRD patterns of the

samples revealed the presence of C–S–H and strätlin-

gite. Given that C–S–H is a secondary reaction product

of belite after the formation of strätlingite, the amount

of C–S–H is inevitably small or its reaction may not

have occurred [14, 48]. Under circumstances when the

amount of belite is greater than that of ye’elimite or

when the m value exceeds 2, C–S–H formation is

promoted prior to strätlingite formation [14]. In

addition, a previous study conducted by Faucon

et al. demonstrated that the synthesis of C–S–H with

AH3 does not always lead to the formation of Al-

incorporated C–S–H [49], which is possibly associated

with the test results from 27Al CPMAS NMR. Recall

that the no signals were observed in the tetrahedral Al

region of 27Al CPMAS NMR spectra of the samples,

indicating the absence of Al-incorporated C–S–H.

Therefore, the formation of both C–S–H and strätlin-

gite is likely to occur in the samples used in this study.

Nonetheless, it remains necessary to carry out further

analyses for a clear identification of the distribution of

the hydration products (e.g., SEM–EDS mapping).

Strätlingite generally forms in a clinker system

having belite as a minor component [14]. In the CSA-

based binder, the formation of strätlingite is promoted
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by the hydration of belite with the consumption of

AH3 only in the absence of portlandite (Eq. 4). The

absence of portlandite was evidenced by the XRD

results, meaning that a preferable condition for

strätlingite formation existed. In particular, at around

5–7 days of curing, when belite starts to take part in

the reaction, the hydration of belite accompanies the

formation of strätlingite, which fills the voids of the

inner matrix, creating a very dense structure [34]. As

revealed via the XRD patterns, the amount of

strätlingite produced was inverse proportional to the

anhydrite content, which is in close agreement with

the fact that the Al concentration in the pore solution

decreases when sulfate ions are depleted to form

strätlingite. Considering that the compressive strength

increase due to ettringite formation occurs at an early

age and that the reversal of the compressive strength of

the G5 and G10 samples remained unchanged until

28 days of curing, the formation of strätlingite

partially contributed to the development of compres-

sive strength after five days of curing, when belite

started to react with AH3. Note that a similar

observation was reported in a previous study,
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Fig. 7 Mercury intrusion porosimetry test results of samples after 28 days of curing. (a) Cumulative pore volume curves, (b) their first

derivatives, and (c) magnification of (b) in the region of 40,000–400,000 nm

Table 4 The relative pore volume of micropore and mesopore

region with respect to total pore volume

Sample ID Micropore (%) Mesopore (%)

G0 36.59 48.99

G5 36.41 53.80

G10 35.00 30.23

G20 74.19 14.35
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demonstrating that no correlation between the m value

and the compressive strength of CSA cement mortar

cube was identified for specimens having m values

between 0 and 1 [26].

The relationship between the relative micropore or

mesopore volume and ettringite formation, each

estimated by the MIP test results and deconvolution

of the 27Al MAS NMR spectra, respectively, is plotted

in Fig. 9. Apparently, an increase in the amount of

ettringite increased the micropore volume, and vice

versa with regard to mesopore volume, which in turn

significantly affected the development of compressive

strength in the samples. Thus, the decrease in the

mesopore volume due to the formation of ettringite

resulted in high compressive strength. It should be

noted that the total amount of the AFm and AFt phases

(wt. %) is always identical even with different m

values due to the Al balance [26]. On the other hand, as

unveiled in the results presented here, the presence of

ettringite was observed even in the G0 sample. As

postulated in the literature, the hydration of pure

ye’elimite can produce ettringite without external

SO4
-2 sources, as expressed in Eq. (5) [18, 50], which

may partially contribute to the rapid development of

compressive strength in the G0 sample at an early age.

However, the presence of C3AH6 (katoite) was

unidentifiable in the XRD patterns inasmuch as the

amount of C3AH6 was below the detection limit [18].

C4A3S þ 80H ! C6AS3H32 þ C4ASH12 þ 2C3AH6

þ 8AH3

ð5Þ

5 Conclusion

The present study investigated the local Al environ-

ment and undertook a material characterization of

CSA cements and presented the material characteris-

tics of the CSA cements. The hydration properties of

CSA cements having various m values were explored

by solid-state 27Al MAS and CPMAS NMR spec-

troscopy methods, by XRD and MIP analyses, and by

compressive strength tests. The results obtained in this

study revealed that externally incorporated anhydrite

significantly altered the composition of the hydration

products and pore characteristics, which are ultimately

responsible for mechanical strength and durability.

The primary outcomes gleaned from this study are

listed below.

0

10

20

30

40

50

60

0 5 10 15 20 25 30

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
P

a)

Age (Day)

G20

G10

G5

G0

Fig. 8 Compressive strength development of the samples

Fig. 9 Relationship between relative micropore or mesopore

volume and ettringite formation

Table 5 The pore

parameters of the samples
Sample ID Total porosity (%) Threshold pore diameter (nm) Critical pore diameter (nm)

G0 24.04 505 320

G5 25.01 380 280

G10 23.07 1060 670

G20 24.78 82 51
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(1) XRD and 27Al MAS and CPMAS NMR spec-

troscopy outcomes demonstrated the presence

of C–S–H and strätlingite, though the amounts

of these materials are inevitably small and Al

substitution within C–S–H is unclear.

(2) Samples having m values of less than 2 (i.e.,

deficient ettringite formation) showed a reversal

of the compressive strength with an increase in

the anhydrite content shortly after belite took

part in the reaction, forming strätlingite.

(3) The formation of ettringite led to the evolution

of the micropore volume while decreasing the

mesopore volume, resulting in the development

of compressive strength throughout the curing

period.
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