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Magnesium sulfoaluminate cement (MSAC) is a promising low-carbon binder for marine engineering, yet its performance
in authentic seawater environments remains unclear. Here, natural seawater is used as the mixing water to prepare MSAC
pastes and is systematically compared with a freshwater system. The hydration behaviour, microstructural development,
and macroscopic properties are assessed through the flowability, setting time, compressive and flexural strengths, water
resistance, volume stability, and early-age micro-expansion. The hydration products are characterised by X-ray diffraction
and scanning electron microscopy. The results show that the seawater mixing has little effect on the workability or setting and
does not alter the dominant hydration pathway. The strength is slightly lower than in freshwater; however, the seawater-mixed
MSAC still delivers high 28-day performance, achieving ~14 MPa in flexural strength and ~80 MPa in compressive strength.
The material exhibits good water resistance with a softening coefficient above 0.80 and controlled early micro-expansion.
MSAC forms a dense, needle-like 5-1-7 phase framework, which is further filled with an amorphous gel; the microstructure
becomes even more compact in seawater. Overall, MSAC maintains stable hydration and favourable mechanical properties

in seawater, supporting its potential for sustainable marine engineering applications.

INTRODUCTION

The global construction industry is currently con-
fronted with the dual challenges of resource depletion
and carbon-emission mitigation [1]. As the most widely
used construction material, ordinary Portland cement
(OPC) relies on high-temperature clinker calcination; its
production is highly energy-intensive and accounts for
approximately 7-8 % of the global anthropogenic CO,
emissions [2]. Such a high emission profile is increasingly
incompatible with future low-carbon development path-
ways. Meanwhile, freshwater scarcity is becoming more
acute worldwide; projections indicate that more than
4.8 billion people will experience varying degrees of
freshwater shortage by 2050 [3]. As one of the most
water-dependent industrial sectors, the concrete industry
is therefore under growing pressure to adopt sustainable
water-use strategies and to develop alternative water
resources [4].

Against this backdrop, replacing freshwater with
seawater in cementitious materials has attracted broad
interest because seawater is readily available and can
reduce the freshwater consumption [5]. However, sea-
water contains high concentrations of ions such as
CI', SO;, and Mg*", which can substantially alter the
hydration reactions, microstructural evolution, and long-

term durability. Consequently, OPC systems mixed with
seawater often struggle to satisfy stability requirements
for service in marine environments [6]. Developing
low-carbon binders that are intrinsically compatible
with seawater environments is therefore of considerable
scientific and engineering significance.

A substantial body of work has investigated
the effects of seawater on cement-based materials.
Mohammed et al. reported that seawater mixing can
enhance the ecarly-age strength of concrete, whereas
deterioration may occur during long-term service [7].
Weerdt et al. indicated that the Mg*" in seawater can
react with hydration products, converting Ca(OH), and
C-S—H into Mg(OH), and M—S-H, thereby weakening
the cementitious matrix [8]. Al-Amoudi et al. further de-
monstrated that the ion transport is strongly coupled with
the pore structure and sulfate attack, accelerating the
degradation of OPC materials [9]. Xiao et al. suggested
that the complex ionic composition of seawater can
modify hydration mechanisms and durability behaviour,
ultimately affecting the mechanical performance and
long-term properties [10]. Collectively, these studies
show that seawater-induced degradation is not governed
by a single process; rather, it is driven by a series of
multi-ion-coupled reactions that limit the direct use of
seawater in OPC systems.
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Basic magnesium sulfate cement (BMSC) is con-
sidered a potential alternative binder for marine engi-
neering due to its lower carbon footprint and potential
adaptability to Mg-rich environments. Under single-salt
immersion conditions, Wu et al. found that the com-
pressive strength of BMSC remains stable after exposure
to NaCl or MgCl. solutions, and, in some cases, even
increases, indicating a relatively high tolerance to
chloride/magnesium salts [11]. Chen et al. further repor-
ted that, with optimised formulations and curing con-
ditions, BMSC can develop a relatively dense micro-
structure and exhibit favourable volume stability and
mechanical performance [12]. Nevertheless, water resis-
tance remains a critical concern for magnesium oxy-
salt cement systems. In a review, Maier et al. noted that
insufficient water resistance is a common challenge
for such materials; prolonged exposure to water can
trigger structural degradation and strength loss [13]. In
addition, Ma et al. argued that engineering applications
are still hindered by relatively low fracture toughness
and difficulties in effectively controlling the rheological
behaviour [14].

To improve the water resistance of BMSC, mag-
nesium sulfoaluminate cement (MSAC) modified by
incorporating AI** and SiO} has attracted increasing
attention. Wang et al. found that introducing aluminium
sulfate promotes the formation of an Al-containing
5-1-7 phase, thereby enhancing the water resistance and
refining the pore structure [15]. Subsequent studies by
Wang et al [16] and Li et al [17] showed that AI** can
regulate the crystal morphology and growth behaviour,
suppress the formation of unstable Mg(OH)., and fa-
cilitate the development of stable load-bearing phases.
Through these mechanisms, MSAC not only retains the
low-carbon advantage of Mg-based binders, but also
achieves improved water resistance and mechanical
performance, making it suitable for complex marine
conditions.

Although previous studies have confirmed the
excellent performance of MSAC in freshwater or single-
salt environments, research under authentic seawater
con-ditions remains limited [18]. Seawater is a complex
multi-ion system composed of Mg*', SO, Cl', and other
species, and its action mechanisms are far more intricate
than those of single-salt solutions. The existing eviden-
ce indicates that multi-ion coupling can significantly
affect the hydration reactions and phase-transformation
behaviour in cementitious materials [19]. However, it
remains unclear whether the ionic competition in sea-
water weakens the modification effects of AI** and

SiO3” on MSAC, or whether seawater influences the
long-term stability of Al-bearing hydration products
(e.g., M—A—H phases) [20]. These unresolved issues
constitute key knowledge gaps. Therefore, this study
aims to systematically elucidate the influence of seawater
on the hydration process, microstructure, mechanical
properties, volume stability, and durability-related be-
haviour of MSAC, with particular emphasis on the
early-age hydration and workability, compressive and
flexural strengths, water resistance, volume stability, and
microstructural evolution in seawater-mixed MSAC.

EXPERIMENTAL

Raw materials

Light-burned magnesia
and light-burned bauxite
Light-burned magnesia (LBM) and light-burned
bauxite (LBB) are used as the primary solid precursors
in this study. The LBM is supplied by Liaoning Yingkou
Xinrui Advanced Chemical Materials Co., Ltd. It is
produced from magnesite ore sourced from Haicheng,
Liaoning Province, calcined at 750-850 °C, and then
crushed and ground to pass a 200-mesh sieve. The active
MgO content was determined by the hydration method
to be 62.6 %. The LBB is provided by Henan Jiayuan
Environmental Protection Materials Co., Ltd., with a fine-
ness of 325 mesh. Its main constituents are reactive
Al O, and reactive SiO,, together with minor impurity
components such as CaO, Fe,0,, and TiO,. The chemical
compositions of both raw materials are summarised in
Table 1.
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Figure 1. XRD patterns of the LBM and LBB.

Table 1. Chemical compositions of the light-burned magnesia and light-burned bauxite (%).

Raw material MgO SiO, CaO AlLO, Fe,0, IL.L Na,O SO, TiO, K,0
Light-burned magnesia 86.13 4.63 1.78 0.41 0.38 6.67 - — - -
Light-burned bauxite 0.35 39.48 0.92 53.33 1.75 - 0.13 0.89 1.80 0.41
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Figure 2. Laser particle size distribution curves of the LBM
and LBB.

The phase assemblages and particle characteristics
ofthe two precursors are shown in Figures 1-3. The X-ray
diffraction (XRD) results indicate that the dominant
crystalline phase of LBM is MgO, accompanied by
minor signals attributable to SiO,, MgCO,, CaO, Al,O,,
and Fe,0;. For LBB, the diffraction peaks are mainly
associated with Al,0; and SiO, related phases, consistent
with its Al-Si-rich composition. The laser particle-size
analysis shows that the volume-mean particle size of LBM
is 28.78 um, with D50 = 19.29 pm and D90 = 72.95 um;
the corresponding values for LBB are 45.18 um, D50 =

69.8 ym

20 keV 14:55:10

a) LBM

2023-09-28

Figure 3. SEM micrographs of the: a) LBM and b) LBB.

=32.74 um, and D90 = 106.6 um. The scanning electron
microscopy (SEM) observations further confirm that both
powders exhibit irregular particle morphologies; LBM
displays more pronounced granular crystalline features,
whereas LBB presents similarly irregular particles with
a broader size distribution. Based on these differences,
LBM provides a highly reactive Mg source, while LBB
contributes enriched Al,0,—SiO, components and a re-
latively coarser granular skeleton, thereby establishing
the raw-material basis for subsequent multiphase reac-
tions and microstructural evolution.

Magnesium sulfate heptahydrate
(MgSO,7H,0)

The magnesium sulfate heptahydrate is supplied by
Shanxi Nanfeng Chemical Industry Group as readily wa-
ter-soluble flaky crystals. Its chemical composition is
listed in Table 2, consisting mainly of MgSO, (48.33 %),
with small amounts of MgCl, and NaCl, and crystal-
lisation water. It serves as the sulfate source, promoting
the formation of sulfate-bearing hydration products (e.g.,
AFt and AFm) in the MSAC system.

Chemical modifiers
To regulate the setting and hydration behaviour of
MSAC, two chemical modifiers are employed: citric acid
(CA, analytical grade; Tianjin Chemical Factory No. 3)
and aluminium sulfate (Al,(SO,);-18H,0, analytical
grade; supplied by a building-material manufacturer in
Zhengzhou).

14:57:46

2023-09-28

Table 2. Chemical composition of the magnesium sulfate heptahydrate (MgSO,-7H,0) (%).

Chemical composition MgSO, MgCl NaCl Na,SO, H,O Others
Mass fraction 48.33 0.47 0.51 0.45 49.66 0.58
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Mixing water

Freshwater and natural seawater are used as the
mixing water for MSAC to evaluate the influence of the
different water environments. The freshwater is obtained
from the municipal tap-water system in Harbin and used
without further treatment, serving as the reference water
for hydration and mechanical property assessment. The
natural seawater is collected from the nearshore waters of
Dongtou, Wenzhou, Zhejiang Province, and used without
filtration or pre-treatment. Its main physicochemical
characteristics include a pH of 8.07 and a chloride con-
centration of 1.67 x 10* mg-L™'. The seawater contains
multiple dissolved ions, including Mg*, CI", SO, and
Na', which may significantly affect the MSAC hydration
kinetics, pore-structure development, setting behaviour,
and subsequent durability. Therefore, the seawater is
treated as a key variable in this study.

Mix proportion design

The MSAC paste system is designed based on
preliminary trials and optimisation with reference to the
relevant literature, and a fixed stoichiometric formulation
is ultimately adopted. The molar ratio of raw materials
is set to n(MgO):n(MgSO,):n(H,0) = 9:1:20. The do-
sage of LBB is 45 wt. % of LBM, and citric acid and
aluminium sulfate are added at 1.7 % and 3.4 % of the
active MgO mass, respectively [21,22]. On this basis, to
systematically elucidate the influence of the multivalent
ions in seawater on the setting—hardening process and
the macro-/micro-scale performance of MSAC, two

Dissolve into uniform Citric Acid
sulfate solution
VvV
Add Citric Acid & Al-Sulfate, | Dry Mix to uniform powder |
Stir to dissolve

1
1
1
1
1
1
1
1
1
1
& Al-Sulfate H
1
1
1
1
1
1
1
1
1
|

Figure 4. Experimental flow chart for the MSAC specimen
preparation.

mixing-water conditions are considered: freshwater as
the benchmark and natural seawater to investigate the
ionic effects. In both series, only the type of mixing
water is varied, while all the solid constituents are kept
identical, enabling a single-variable assessment of the
seawater effect.

Preparation of the MSAC specimens

All the MSAC specimens are prepared following
a unified procedure. First, MgSO,-7H,0 is dissolved
in seawater (or freshwater) according to the designed
proportion to obtain a homogeneous and transparent
sulfate solution. Citric acid and aluminium sulfate are
then added in the specified amounts under continuous
stirring until complete dissolution. In parallel, LBM
and LBB are dry-mixed to ensure uniform powder
distribution. The dry blend is gradually added to the
sulfate solution under stirring, and mixing is continued
for 3-5 min to achieve a well-dispersed, homogeneous
MSAC paste. The fresh paste is immediately cast into
standard moulds of 40 x 40 x 160 mm or 40 x 40 x
x 40 mm. After surface finishing, the moulds are sealed
with plastic film to prevent early moisture loss and to
avoid interference with hydration. Specimens are kept
at 20 + 3°C for 24 h prior to demoulding, and the
demoulded samples are subsequently cured at room
temperature to the target ages for property testing. The
specimen preparation procedure is illustrated in Figure 4.

Test methods
Flowability

The flowability of the fresh MSAC paste is mea-
sured using a standard flow table in accordance with the
relevant Chinese standard [23]. After mixing, the paste is
filled into a truncated-cone mould, the surface is levelled,
and the mould is lifted. The spread diameter is recorded
after the table is dropped at the specified frequency. Two
parallel measurements are conducted for each mix, and
the average value is reported.

Setting time
The initial and final setting times are determined
using a Vicat apparatus under controlled temperature and
humidity. The setting process is recorded based on the
Vicat needle penetration depth [24].

Flexural and compressive strength

The flexural and compressive strengths are measu-
red using a cement flexural-compressive constant-
stress testing machine. The mechanical tests follow
GB/T 17671-2021 (Test method for strength of cement
mortar). The flexural strength is determined by three-
point bending on 40 % 40 x 160 mm prisms, and the
peak load is used to calculate the flexural strength [25].
The compressive strength is measured on 40 x 40 x
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x 40 mm cubes, loaded at a constant rate until failure, and
the maximum load is used to calculate the compressive
strength. The loading faces are taken as the lateral faces
corresponding to the casting direction. The test ages are
setat 1,3, 7, 14, 28, 60, 90, 120, and 150 days. At least
three replicate specimens are tested at each age, and the
mean value is reported as the representative strength.

Volume stability

The volume stability is evaluated using the length-
change method per JC/T 603-2004. The used specimens
are 40 x 40 x 160 mm prisms. The length changes at
each age are measured using a length comparator; prior
to measurement, the instrument is calibrated with a
158 mm reference bar [26]. The initial mould length at
casting is taken as the initial length L,. The expansion/
shrinkage strain is calculated as:

S = L-L 100% (1)

LO
where S, is the expansion or shrinkage at age n (%), L, is
the measured length at age n, and L, is the initial length.

Water resistance (softening coefficient)

Specimens cured for 28 days are immersed in
seawater and freshwater. The compressive strength is
measured at the designated immersion ages [27]. The
softening coefficient is calculated as:

R

R=—* @
Ry

where R, is the compressive strength after immersion for
n days and R, is the compressive strength after 28 days
curing.

X-ray Diffraction (XRD)
XRD is used to identify the hydration products at 3,
14, 28, and 90 days. A non-carbonated powder is collec-
ted from the interior of the specimens. Measurements are
performed using Cu-Ka radiation (40 kV, 30 mA), with
a scanning range of 5°-70°, a step size of 0.02°, and a
scanning rate of 8°/min.

Scanning Electron Microscopy (SEM)

SEM is conducted to examine the microstructural
evolution of MSAC. Non-carbonated fragments are taken

from the interior of the specimens, dehydrated using
graded ethanol, vacuum-dried, and then sputter-coated
with a thin gold layer prior to observation [28]. The
crystal morphology, gel distribution, and pore features
are analysed in combination with the XRD results.

RESULTS

Flowability and setting time

The flowability and setting behaviour of the MSAC
pastes prepared with the two types of mixing water are
summarised in Table 3. Compared with the freshwater
mixture, the flow spread of the seawater-mixed paste
increases slightly from 96 mm to 98 mm, while the initial
and final setting times increase marginally from 110 min
and 240 min to 113 min and 242 min, respectively. These
changes are minor overall, indicating that the workability
and setting evolution remain essentially consistent under
the two mixing-water conditions. This finding suggests
that the ions in seawater, including Mg**, CI", and SO7,
exert limited influence on the early dispersion—floccula-
tion state and the setting process. Under the mix de-
sign adopted in this study and without additional ad-
mixtures, the MSAC paste shows low sensitivity to
the type of mixing water, and seawater mixing still
maintains adequate flowability showing stable setting
characteristics, thereby meeting the basic workability
requirements for construction.

Table 3. Flowability and setting time of the MSAC slurry
under different mixing water conditions.

Experimental group Mobility Setting time (min)
(mm) initial final

Freshwater mixed MSAC 96 110 240

Seawater-mixed MSAC 98 113 242

Compressive and flexural strength

The flexural and compressive strength results of
the MSAC under the two mixing-water conditions are
presented in Table 4 and Figure 5. Both series exhibit
pronounced early-age strength gain with the increa-
sing curing age, followed by stabilisation after 28 d;

Table 4. Comparison of the mechanical properties of MSAC mixed with freshwater and seawater.

Age Flexural strength (MPa) Strength reduction Compressive strength (MPa) Strength reduction
(days) freshwater seawater ratio (%) freshwater seawater ratio (%)
6.7 6.1 -9 344 31.2 -9
3 10.4 8.5 -18 64.7 52.5 -19
11.4 8.9 -22 76.6 65.4 -15
14 14.3 11.2 —22 82.5 71.2 -14
28 21.1 14.5 —31 91.5 81.3 —11
60-150 All tend to stabilise - All tend to stabilise -
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Figure 5. Mechanical strength of the MSAC paste test block at different curing ages.

no strength retrogression is observed up to 150 d. For
the freshwater series, the flexural strength increases
from 6.7 MPa at 1 day to 21.1 MPa at 28 days, while
the compressive strength increases from 34.4 MPa
to 91.5 MPa over the same period. For the seawater
series, the corresponding increases are from 6.1 MPa
to 14.5 MPa (flexural) and from 31.2 MPa to 81.3 MPa
(compressive). Using 28 days as the reference, the sea-
water mixing reduces the flexural and compressive
strengths by approximately 31 % and 11 %, respectively.

The age-resolved comparisons further show that
the weakening effect of seawater on the flexural strength
becomes more pronounced with time: —9 %at 1 d,—18 %
at 3 d, approximately —22 % at 7-14 d, and reaching
=31 % at 28 d. In contrast, the compressive-strength
difference is mainly concentrated at the early ages, with
the maximum reduction of about —19 % at 3 d, followed
by gradual convergence to —11 % at 28 d. The two sys-
tems exhibit ¢ omparable early-strength development
ratios: at 14 d, the freshwater series achieves about 67 %
(flexural) and 90 % (compressive) of its 28-day strengths,
while the seawater series reaches about 77 % and 87 %,
respectively. These results indicate that seawater does
not alter the overall strength-development kinetics of
MSAC, but it lowers the strength level at the same age,
with the flexural strength being more sensitive than the
compressive strength.

In conjunction with the XRD and microstructural
observations, the strength differences are mainly asso-
ciated with the early hydration-product formation and
densification. The seawater series shows differences
in the phase evolution at the early ages (particularly at
14 d) compared with the freshwater series; moreover,
the matrix is relatively looser during 3-14 d, with
more evident unreacted particles and local defects,
whereas the morphologies become more similar by 28 d.

Accordingly, the compressive-strength gap narrows with
the curing age, while the flexural strength—which is more
sensitive to pores and microcracks—remains substantial
at 28 days.

Despite the reduction in strength due to seawater
mixing, the seawater series still attains a flexural strength
of approximately 14 MPa and a compressive strength
exceeding 80 MPa at 28 days, and the strength remains
stable from 60 days to 150 days without any apparent
macroscopic degradation. This outcome indicates that,
under the present formulation and modifier system, the
seawater-mixed MSAC still delivers reliable mechanical
performance.

Water resistance

The softening coefficients of the two MSAC series at
different immersion ages are shown in Figure 6. Overall,
both series maintain softening coefficients above 0.80,
and, at most ages, the values approach or exceed 0.90,

L1F

—— Reference Group Paste Block
—®&— Seawater Group Paste Block

0.9

Softening Coefficient

0.8

1 1 1
13714 28 60 90 120 150
Time (days)

Figure 6. Softening coefficient of the MSAC paste at different
soaking ages.
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indicating high strength retention under long-term water
immersion. At 28 days, the seawater-mixed specimens
exhibit a slightly higher softening coefficient than the
freshwater series (=0.95). With the increasing immersion
time, the softening coefficients of both series decrease
slowly and converge at 150 d, suggesting that the type of
mixing water has a limited overall effect on the softening
coefficient.

After hydration, MSAC forms a framework compo-
sed of crystalline M—A—H phases and poorly crystalline
products, such as M—S—H, AH;, and M-A-S-H. The
pore-filling effect of the gel products and the resulting
densification provide the basis for water resistance. Phase
analysis at 28 days indicates that both systems have
already formed sufficient crystalline and gel products,
consistent with the generally high softening coefficients
shown in Figure 6. To assess the phase evolution under
immersion, an XRD analysis is conducted for the refe-
rence (freshwater-mixed) and seawater-mixed specimens
after 60 days and 120 days of immersion; the results are
presented in Figure 7.

As shown in Figure 7, the characteristic peaks of
M-A-H at 16.46° and 32.73° gradually weaken with the
increasing immersion time for both series, indicating
that the principal strength-bearing phases undergo partial
dissolution or attenuation in aqueous environments.
Meanwhile, the MgO peaks at 43.05° and 62.39° de-
crease, suggesting that the residual MgO continues to
react and is progressively consumed during immersion.
The peak evolution behaviour differs between the two
systems: the seawater series shows a more pronounced
increase in the Mg(OH), peak at 37.72°. In the reference
series, the enhancement of Mg(OH), is less evident;
additionally, new peaks associated with M—S—H appear
concurrently with a reduction in the SiO, peaks, indica-
ting that further hydration and the formation of a certain
amount of M—S—H are more likely under freshwater
conditions. These phase changes correspond well to

A ®—— M-A-S-H x— Si0,

B— M-AS-H G0 Mg (OH) ,
AT MSH L — o

— AH, V— ALO,
®—— MgO
*—— MgCO,

Control group - Freshwater immersion 120d

Control group - Freshwater immersion 60d

Intensity (a.u)

Reference group - 28 d

50
26 (°)

a) control group

the macroscopic trend in Figure 6, where the softening
coefficient decreases slowly with the immersion time
while remaining at a relatively high level.

Dimensional stability

The dimensional stability of the freshwater- and
seawater-mixed MSAC is evaluated by monitoring the
volume/length change of the paste blocks over the cu-
ring ages of 1-150 days (Fig. 8). Both series exhibit
shrinkage from 1 day, and the shrinkage magnitude
increases progressively from 1 to 14 days before approa-
ching a stable level after 14 days. The seawater mixing
results in consistently higher shrinkage at all the ages.
Compared with the freshwater series, the shrinkage of
the seawater series increases by 28.7 %, 26.6 %, 20.9 %,
19.4 %, and 18.9% at 1d, 3d, 7d, 14d, and 284,
respectively, indicating that the seawater intensifies the
early-age shrinkage while the overall stabilisation trend
at the later ages remains unchanged.
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Figure 8. Volume change rate of the MSAC paste test block at
different curing ages.
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Figure 7. XRD patterns of the MSAC pastes after freshwater immersion.
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Microstructure and hydration products

XRD analysis

At 3 days, the two systems exhibit broadly com-
parable phase assemblages, including M—A—H-related
reflections together with weak/broad features associated
with gel-like products (M—S—H, AHs, and M—A—-S—-H),
indicating limited crystallinity at this age. Notably, the
seawater-mixed paste shows stronger residual SiO, sig-
nals, suggesting the weaker activation of the aluminosi-
licate component at the early ages. At 14 d, the seawater-
mixed paste displays attenuated M—A—H reflections rela-
tive to the freshwater reference, whereas an intensified
band/peak in the ~35-36° region is observed, which is
consistent with the increased contribution from the sili-
cate hydrates (e.g., M—S—H) and the possible Na-bea-
ring silicate hydrates. By 28 d, the differences in the major
crystalline phases become less pronounced, although the
seawater system still retains slightly stronger residual
aluminosilicate-related peaks, implying an overall redu-
ced extent of activation.
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SEM morphology

As shown in Figures 10 and 11, both series exhi-
bit a composite microstructural feature characterised by
a “crystalline framework with gel infilling.” In the refe-
rence series, arelatively continuous matrix and substantial
gel filling are observed as early as 3 d; locally, products
such as M-S-H, AH;, and M—A-S-H synergistically
fill the pores, resulting in a comparatively smooth and
dense structure. By contrast, at 3 d, the seawater series
shows a rougher matrix surface, with a less complete gel
coating and filling around the particles, and the weaker
continuity of the pores and the interfacial transition
zone. At 14 d, the reference series contains increased
gel products and reduced pore connectivity, leading to
an improved overall densification. The seawater series
also exhibits a marked increase in gel products (mainly
M-S-H and AH,), but these products tend to be locally
enriched with relatively weaker interfacial conformity;
thus, the microstructural uniformity and densification
remain slightly lower than those of the reference series.
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Figure 9. Comparative XRD patterns of the freshwater- and seawater-mixed MSAC.
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By 28 d, the differences between the two systems in the
matrix continuity, gel-filling mode, and pore connectivi-
ty diminish substantially; the degree of densification
in the seawater series approaches that of the reference
series, indicating that the seawater effect is mainly con-
centrated in the early stage of the microstructural evo-
lution [29].

The quantitative EDS results (Tab. 5) show that the
Na and Cl contents in the seawater series are higher than
those in the reference series at all the ages, indicating
that seawater ions enter the system and are present in
a dispersed manner. Aside from Na and Cl, the overall
elemental compositions of the two systems are similar.
The evolution of Mg content differs with age: at 3 d,
the seawater series shows a higher Mg content than the
reference series (33.16 % vs 24.37 %); the trend reverses
at 14 days; and by 28 days, the two series become
comparable (21.17 % vs 21.78 %). Meanwhile, although
the Cl content increases in the seawater series, its
absolute level remains relatively low; combined with the
absence of distinct chloride-bearing new phases in the
XRD, this suggests that chloride is more likely retained
in a dispersed state and/or via adsorption in this system.

| ARPI R SO TE Sr T TR T S T BRI T B B

4

Figure 10. EDS spectra of the baseline group (3, 14, and 28 d).

DISCUSSION

Considering the combined results of the workability,
mechanical performance, volumetric response, water
resistance, and XRD/SEM-EDS characterisations, the
MSAC mixed with seawater and exposed to aqueous
environments still follows an overall evolution pathway
of “rapid early hardening followed by microstructural
refinement and stabilisation at middle to late ages.”
The negligible changes in paste flowability and setting
time indicate that the seawater effect is not primarily
manifested in the rheology or setting control during
the initial mixing stage; instead, it mainly influences
the hydration-product formation and microstructural
assembly during hardening.

In terms of the mechanical performance, the
strengths of both series increase with the curing age
and become stable after 28 days, with no strength
retrogression observed within 150 days. The seawater
series exhibits lower flexural and compressive strengths
at all the ages, and the flexural strength is more sensitive
(with reductions of ~31 % and ~11 % at 28 days for
the flexural and compressive strengths, respectively).

w
o
I

cps/eV

o
|

4 4

Table 5. Content of the elements in the cement of two groups at different curing ages (wt. %).

Group C (0] Na Mg Al Si S Cl Ca
Benchmark group 3 days 10.54 51.2 0.05 24.37 3.23 1.47 3.51 0.09 0.55
Seawater group 14 days 8.78 56.59 0.28 25.97 3.21 1.79 1.68 0.58 1.13
Baseline group 28 days 10.32 58.88 0 21.78 4.05 1.49 2.74 0.04 0.7
Seawater group 28 days 9 57.02 0.28 21.17 4.55 0.92 3.48 0.28 0.67
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Figure 11. SEM-EDS of the seawater-mixed group (3, 14, and 28 days).

Nevertheless, the seawater series still achieves flexural
strengths of ~14 MPa and compressive strengths above
80 MPa at 28 days, indicating that seawater lowers the
strength at the same age without altering the fundamental
mechanism of the strength development. The XRD
analysis confirms that both systems yield the same types
of hydration products: crystalline phases (dominated
by M—-A-H) together with gels/low-crystallinity pro-
ducts such as M-S-H, AHs, and M-A-S-H, which
jointly build the load-bearing skeleton, and no evident
deleterious phases are detected. The scanning electron
microscopy (SEM) observations further show that,
during 3-14 d, the seawater series exhibits relatively
insufficient matrix continuity and synergistic gel infilling,
with more pronounced local defects; the densification
and homogenisation are therefore somewhat delayed.
Because the flexural strength is more sensitive to pore

connectivity and interfacial defects, these early-age mic-
rostructural differences are more readily amplified in the
flexural testing, leading to a larger macroscopic reduction
in the flexural strength. The EDS trend, in which the Mg
content is higher at early ages and converges by 28 days,
also supports a scenario where a higher proportion of
unreacted MgO remains exposed in the seawater series
at the early ages, while the difference diminishes as the
gel coating and hydration proceed.

Regarding the volumetric response, Figure 8 shows
that both series exhibit shrinkage from 1 day, with the
shrinkage magnitude increasing progressively from 1
to 14 days and then approaching stability after 14 days.
Seawater increases the shrinkage level at all the ages,
and the relative increases in shrinkage compared with the
reference series at 1, 3, 7, 14, and 28 days are 28.7 %,
26.6 %, 20.9 %, 19.4 %, and 18.9 %, respectively. These
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results imply that, under seawater conditions, the early-
age pore-structure evolution and the matching efficiency
between the product formation and pore filling are
more sensitive, leading to a more pronounced shrinkage
response; however, the system still reaches a stable stage
at the later ages.

In terms of the water resistance, both series exhibit
relatively high softening coefficients that decrease slowly
with the immersion time, and the type of mixing water
has only a limited effect on the macroscopic index. The
XRD analysis after immersion shows weakened M—A—H
characteristic peaks and reduced residual MgO peaks
in both systems, indicating the coexistence of strength-
phase attenuation and a continued reaction. Meanwhile,
the freshwater system more readily exhibits new peaks
associated with M—S—H, accompanied by the attenuation
of the SiO, peaks, whereas the seawater system shows
a more pronounced increase in the Mg(OH), peaks,
reflecting differences in the secondary-reaction product
pathways. Overall, the primary influence of seawater
on the MSAC is concentrated in the early-age rate and
the uniformity of microstructural assembly, leading to
unfavourable shifts in strength and shrinkage. As the
hydration proceeds, the system can still develop a stable
“crystalline framework—gel infilling” composite struc-
ture, thereby maintaining a relatively high strength level
and good water-immersion stability.

CONCLUSIONS

In this study, MSAC is prepared using natural sea-
water as the mixing water. Its performance in seawater is
systematically evaluated for the workability, mechanical
properties, volume stability, and water resistance, and the
underlying microstructural mechanisms are elucidated
using XRD and SEM/EDS. Based on the multi-scale
experimental results, the following conclusions are
drawn: (1) Seawater mixing does not change the overall
strength-development trend of MSAC, but it reduces the
strength level at the same age. The strengths of both series
increase with the curing age, and no strength retrogression
is observed within 150 days. The seawater series shows
lower flexural and compressive strengths at all the ages; at
28 d, the flexural and compressive strengths decrease by
approximately 31 % and 11 %, respectively, yet remain
above ~14 MPa and 80 MPa, indicating a relatively high
strength grade. (2) The volumetric response of MSAC
remains controllable under seawater, whereas the early-
age shrinkage becomes more pronounced. Compared
with the freshwater series, the seawater mixing increases
the 28-day shrinkage (by ~18.9 %), suggesting that
seawater disturbs the early-age pore-structure evolution
and the efficiency of the hydration-product pore filling,
while the overall tendency toward stabilisation at later
ages is preserved. (3) MSAC exhibits excellent water
resistance, and the seawater induces only a limited degree

of deterioration in the water resistance. After immersion
for 28 and 150 days, the softening coefficients remain
approximately 0.98 and 0.80, respectively. Although
the seawater mixing results in a slight reduction in the
softening coefficient (about 2 % and 4.76 %), the overall
strength retention remains high. (4) Seawater does not
alter the final types of hydration products or the dominant
structural framework, but it induces stage-dependent
microstructural differences. At the early ages, both series
form crystalline phases dominated by M—A—H together
with gels/low-crystallinity products such as M—S-H,
AHs, and M—A-S-H, confirming that the system is
governed by a “crystalline framework—gel infilling”
structure. Under immersion, the freshwater system more
readily promotes subsequent formation of M—S—H and
pore filling, whereas the seawater system shows a more
pronounced increase in Mg(OH),; however, the overall
macroscopic difference in the water resistance remains
limited.
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