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Nanoscale modification of MOC-based composites: the influence of
alumina nanosheets on the microstructure and material properties

The study presents the design and development of magnesium
oxychloride cement- (MOC-) based construction composites
modified with alumina nanosheets (ANS) as a high-performance
eco-friendly alternative to Portland cement-based composites. The
experimental campaign covered the optimization of ANS content in
MOC-based composites for an improvement of mechanical strength
and water resistance. It was proven that microstructural changes
caused by ANS helped to increase compressive strength by up to 8.4%
and the residual compressive strength after water immersion by 8.5%
compared to non-modified MOC.
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The presented study deals with the optimization of alumina nanosheets (ANS) content in magnesium
oxychloride cement (MOC)-based construction composites filled with silica sand. The experimental setup was
designed in such a way that the optimal content of ANS in these composites was determined while ensuring
the highest possible values of mechanical parameters (compressive and flexural strength, and Young's
dynamic modulus) while maintaining good water resistance of the prepared composite, which is a crucial
parameter in terms of MOC-based materials. The designed composites were studied concerning the changes
in their structure after the addition of ANS, especially in their porosity and density. The prepared composites
were also examined in detail using scanning electron microscopy in order to show changes in their
microstructure. It was revealed that the addition of 0.1 wt% of ANS was the most beneficial, causing an 8.4%
increase in compressive strength, a 3.4% increase in flexural strength, and an 8.4% increase in the dynamic
Young's modulus compared to the sample with no additives. On the other hand, the sample containing
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0.5 wt% of ANS showed the best hygric properties with a water absorption coefficient of 3.21 kg m

2 5—1/2

and 24-h water absorption of 68.3 kg m™> and the best resistance to water damage defined by the softening
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Introduction

Construction composites based on magnesium oxychloride
cement (MOC) have gained much attention in construction
and building material research. This is caused by their high
potential in the applications where they can replace Portland
cement (PC)-based composites as their eco-friendly alternative.
The eco-friendly character of MOC is based on the lower
processing temperature compared to PC' and also its increased
ability to sequester atmospheric CO,.>* These properties,
together with its high mechanical strength, non-hydraulic
character, low thermal conductivity, and good fire and abrasion
resistance, make it a suitable alternative to PC.*® The current
research into MOC mainly concerns the design of MOC-based
composites containing suitable admixtures to address its pri-
mary issue — poor water resistance.””® Generally, exposure to
excess humidity causes an undesirable deterioration of the
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coefficient (78.3%) and the residual compressive strength (61.3 MPa) after 24 h immersion in water.

mechanical properties of MOC-based composites. The MOC
phases decompose during contact with moisture while forming
Mg(OH),, MgCl,, and H,0.>'° The decomposition takes place
according to the following equations (eqn (1) for MOC phase 5 -
5 Mg(OH),-MgCl,-8H,0 - and eqn (2) for MOC phase 3 - 3
Mg(OH),-MgCl,-8H,0) first presented by He et al.:"!

5Mg(OH), - MgCl, - 8H,0 28 sMg(OH), + MgCl, + 8H,0
1)

3Mg(OH), - MgCl, - 8H,0 28 3Mg(OH), + MgCl, + 8H,0
(2)

This results in the change of microstructure from the typical
needle- and rod-shaped crystals of MOC to the flake-like layered
microstructure of Mg(OH),.">"® The water intrusion is further
supported by the porous structure of MOC, manifested in voids,
pores, and crystal contact points at which the solubility is very high,
while the thermodynamical stability is very low.'* Researchers
nowadays propose the addition of admixtures based on inorganic
acids and their salts,">™° organic polymers,***! resins,*>>* and
lately also various types of nanomaterials. Recently, it was shown
that the addition of nanomaterials can positively affect not only the
water resistance of MOC-based composites but also help to
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enhance other material properties, such as mechanical, thermal, or
structural parameters, including compressive strength, flexural
strength, porosity, electrical and thermal conductivity, and many
others.>*>> Alumina nanosheets (ANS) are a-Al,O5-based nanosized
particles with high mechanical strength, durability, low electrical
conductivity, and high corrosion resistance. The main fields of the
application of ANS are catalysis, filtration, abrasives, and various
types of composites or ceramics.***® The application of ANS in
construction materials was previously studied by multiple research-
ers, showing their potential for improvement of various material
properties. Multiple experiments concerning the early-stage proper-
ties of PC-based blends containing ANS were conducted, showing
that ANS cause the increase in the cumulative heat released during
the PC hydration reaction, which leads to an improvement in the
nucleation and growth of crystalline hydration products.*”*® Barb-
huiya et al. studied the influence of the addition of 2-4 wt% of ANS
into PC-based paste, showing its positive influence on the densifi-
cation of its microstructure.® Nazari et al. studied the influence of
ANS on the workability and compressive strength of blended
PC-based concrete. It was shown that even though the workability
of the fresh concrete somewhat decreased, the compressive
strength increased by 14.9% after 28 days of curing when 1 wt%
of ANS was added.”” Farzadnia et al demonstrated that the
utilization of ANS in the amount of 1 to 3 wt% helped to improve
the mechanical strength, gas permeability, and the relative elastic
modulus of PC-based mortars. Furthermore, the prepared samples
underwent thermal treatment up to 1000 °C. It was shown that the
ANS additive helps to improve the residual strength after this
treatment.** ANS were also incorporated in non-PC-based compo-
sites in previous studies. Feng et al. described the effectiveness of
ANS addition into magnesium potassium phosphate cement in
terms of compressive and flexural strength and, most impor-
tantly, water resistance improvement. It was shown that the
content of ANS up to 8 wt% was very beneficial, considering the
mechanical and hygric properties of the prepared composite
materials. It was also shown that the addition of ANS improves
the compactness of the matrix microstructure and, furthermore,
propagates the bonding of the matrix and filler material in the
composite structure.*” The incorporation of ANS in MOC-based
composite materials was studied by Jifickova et al., showing that
1 wt% of ANS can significantly improve the flexural strength
(57% improvement) and softening coefficient after 24-h immer-
sion in water (23% improvement), which is a crucial parameter
considering the low water resistance of pure MOC.*

This study deals with optimizing the ANS additive content in
MOC-based composites filled with silica sand to obtain the highest
possible values of mechanical parameters while ensuring good
water resistance. A comprehensive study of the basic structural
parameters, such as bulk and matrix density and total open
porosity, together with a detailed microscopic analysis of the
sample microstructure, helped to determine the influence of the
nanoadditive on the structural level. Furthermore, the chemical
relations in terms of the phase composition of the crystalline
phases present and chemical composition both in the bulk and on
the fracture surface of the prepared samples in the designed
systems were thoroughly studied.
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Experimental
Analytical methods

A wide range of analytical methods and tests was used to
characterize the precursors and the prepared composite materi-
als. X-ray diffraction (XRD) was used to determine the phase
composition. The chemical composition of the samples was
studied using X-ray fluorescence (XRF). The microstructure and
morphology were examined using scanning electron microscopy
(SEM), and elemental maps of the studied fracture surfaces were
recorded using energy dispersive spectroscopy (EDS).

Open porosity, bulk density, and matrix density were studied
among the physical parameters of the prepared samples. Pore
size distribution curves (incremental and cumulative), total pore
volume, and average pore diameter were studied using mercury
intrusion porosimetry (MIP). Specific density was determined
using helium pycnometry, and bulk density was analyzed using
a standardized test. The composite samples also underwent a
series of tests in order to obtain their mechanical parameters,
namely compressive and flexural strength, as well as Young’s
dynamic modulus. Furthermore, the water resistance of the
samples was determined by measuring their hygric parameters.
Among these, the 24-hour water absorption and water absorp-
tion coefficient were determined using standardized tests. To
show the resistance to water-induced damage in terms of
mechanical strength, the softening coefficient, which is a ratio
of the residual compressive strength of the sample after immer-
sion in water for 24 hours and the compressive strength after 28
days of curing, was determined. More detailed information on
the apparatuses, techniques, and standards used can be found
in the description of our previous experimental work in.***

Alumina nanosheets characterization

Before the preparation of the MOC-based composites doped
with ANS, the nanomaterial itself was characterized. The char-
acterization of the nanomaterial was crucial when designing the
mixture composition for the MOC-based composites and deter-
mining the influence of the ANS at the microstructural level.
The phase composition was studied using XRD. The sample
ANS manifested the presence of aluminum oxide in the form
of corundum (ICDD 01-075-1862). The obtained diffraction
pattern with the indexed reflection planes is shown in Fig. 1.
Some of the intensities of the reflections were intensified by the
effect of the preferential orientation of the platelet-shaped ANS.
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Fig. 1 Diffraction pattern of ANS.
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Table 1 The content of chemical elements in ANS and chemical com-
position recalculated to oxides

Element Content [wt%] Oxide Content [wt%]
Al 98.80 ALO; 99.27
Na 0.48 Na,O 0.48
Cl 0.45 Cl 0.12
Si 0.12 Sio, 0.07
Fe 0.09 Fe,0s 0.04
Ca 0.06 CaO 0.02

0

EDS elemental maps of ANS.

Fig. 2

The chemical composition was studied with XRF. The con-
tent of the detected elements was subsequently recalculated to
the amount of their oxides. The results were normalized to
make a sum of 100 wt%. Most of the sample was Al,O; with
only trace amounts of other elements, such as Na, Cl, Si, Fe,
and Ca. The obtained results are summarized in Table 1.

The XRF results were further supported by EDS. The elemental
maps obtained from this analysis are shown in Fig. 2. The maps
show the presence of Al and O originating from the alumina
nanoparticles and C, which is present due to the placement of the
sample on a conductive carbon tape. The content of the detected
elements in the scanned area was determined to be 51.0 wt% of O
and 49.0 wt% of Al.

The microstructure and morphology of ANS were studied
using SEM. The particles have hexagonal platelet shapes with a
thickness of ~10 nm and a diameter of 3-10 um. The obtained
SEM micrographs are shown in Fig. 3.

Composite sample preparation

The designed composites were prepared using the following
chemicals: magnesium oxide (MgO, purity >98%, Penta, Czech
Republic), magnesium chloride hexahydrate (MgCl,-6H,0, pur-
ity >98%, Lachner, s.r.o., Czech Republic), tap water, silica

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrographs of ANS.

Table 2 Sample mixture compositions (in g)

MgO MgCl,-6H,0 Water PGl PG2 PG3  ANS
REF 709.90 716.17 444.24 709.90 709.90 709.90 0.00
ANS 0.05 709.90 716.17 444.24 709.90 709.90 709.90 0.94
ANS 0.1  709.90 716.17 444.24 709.90 709.90 709.90 1.87
ANS 0.5 709.90 716.17 444.24 709.90 709.90 709.90 9.35
ANS 1.0 709.90 716.17 444.24 709.90 709.90 709.90 18.70

sand in three size fractions 0.0-0.5 mm, 0.5-1.0 mm, and 1.0-
2.0 mm (PG1, PG2, and PG3, Filtracni pisky spol. s r.o., Czech
Republic), and alumina nanosheets (ANS, purity > 98%, Merck,
Germany). Overall, five sets of MOC-based composite samples
were prepared. The designation of the samples shows whether
the sample is a reference (REF) sample containing only the
MOC Phase 5 matrix and silica sand filler or a composite doped
with ANS in a ratio respective to the amount of the matrix -
0.05, 0.1, 0.5, and 1.0 wt% (ANS 0.05, ANS 0.1, ANS 0.5, and ANS
1.0). The composition of the initial mixtures is summarized in
Table 2.

The raw material mixtures were prepared in a standard
planetary mortar mixer. First, the liquid part consisting of a
magnesium chloride aqueous solution in the case of REF and a
suspension of ANS in a magnesium chloride aqueous solution
in the case of ANS-containing samples was prepared. The ANS
suspension was pre-dispersed using a rotor-stator homogenizer
to ensure its homogeneity. The liquid part was then poured
over the MgO powder and mixed in a planetary mortar mixer.
After low-speed mixing, the silica sand filler was added and
mixed at a high speed. After mixing, the samples were poured
into molds, in which they remained for 1 day, and then they
were taken out and left to cure for an additional 27 days. For
both periods, the temperature was set to 23 + 2 °C, and the
relative humidity was set to 50 & 5%. After 28 days of controlled
curing, the samples were thoroughly analyzed using the afore-
mentioned methods.

Results and discussion

A photograph of the prepared prismatic samples is shown in
Fig. 4. The addition of ANS did not cause any apparent color
change, and all of the samples maintained their ivory-like
appearance.
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Fig. 4 Photograph of the prepared MOC-based composite samples.
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The phase composition of the prepared samples is shown in
the diffraction patterns obtained from XRD in Fig. 5. All of the
prepared composites show the presence of two crystalline
phases, MOC Phase 5 (Mg3(OH);sCl-4H,0, ICDD 04-014-8836),
which is the main crystalline phase in the matrix, and quartz
(SiO,, ICDD 01-070-3755), which originates in the presence of
the silica sand filler. As the content of the ANS nanoadditive is
very low, its reflections cannot be seen in the patterns in most
of the diffraction patterns of the prepared samples. However,
due to the increase in the reflection intensities of ANS due to
the preferential orientation (mentioned above), the presence of
ANS manifested in the diffraction pattern of the sample ANS 1.0
at 260 ~ 35.08° (magnified reflection indexed as (104)).

The SEM micrographs (Fig. 6) show the microstructure of
the fracture surface of the prepared samples. All of the micro-
graphs at the highest magnification show the presence of needle-
shaped crystals, which are typical for MOC Phase 5. It can be seen
that these crystals grow through each other. This intergrowing is
responsible for the dense microstructure and low porosity of the
composites, which results in high mechanical parameters, which

MOC Phase 5 (Mg;(OH)sCl-4H,0, ICDD 04-014-8836)

Intensity (a.u.)
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Fig. 5 Diffraction patterns of the prepared samples obtained from XRD.
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Fig. 6 Microstructure of the fracture surface of the prepared samples observed by SEM.

will be further discussed. At the highest magnification, it can be
seen that the ANS-containing samples show a somewhat oriented
growth of the MOC needle-shaped crystals, which originates in
the nucleation center function of the nanoadditive. The actual
ANS platelets cannot be seen, as they are covered in MOC crystals,
however, the specific orientation of the MOC needles proves their
presence. The result of this phenomenon, and therefore the
presence of ANS, causes further densification of the composite
microstructure by augmenting the intergrowth of the acicular
crystals.

The fracture surface studied by SEM was also analyzed using
EDS in order to determine the chemical composition and
obtain the elemental maps (see Fig. 7). The elemental maps
show the presence of Mg, O, Cl, C, and Si for all samples and also
Al for the ANS-doped samples. The presence of carbon is caused
by the carbon conducting tape, on which the samples are
attached for this measurement, and to a smaller extent also by
the surface reaction of the samples with atmospheric CO,, which
causes the formation of a chlorocarbonate phase, which was
described in detail in our previous publication.’ In the elemental
maps, the Si-rich regions represent the silica sand filler grains,
and the Alrich regions represent agglomerates of the ANS
nanoadditive. The diameter of these agglomerates is between 2
and 5 pm. The structural parameters of the hardened compo-
sites measured in the aforementioned tests are summarized in
Table 3. The effect of ANS on the studied physical parameters
was evident but ambiguous with respect to the ANS dosage. The
addition of ANS resulted in a densified structure of the compo-
sites, followed by increased bulk density and considerably

© 2025 The Author(s). Published by the Royal Society of Chemistry

reduced porosity. Compared to the control composite REF, the
maximum reduction in open porosity reached 21.6%. Such a
decrease in porosity was obtained for the composite ANS 0.5. On
the other hand, there was no trend in the measured structural
parameters among the nanomodified composites, ie., the
dependence of the assessed material properties on the content
of ANS in the composites was not identified. The changes in
specific density were within the measurement uncertainty of the
helium pycnometry test.

The microstructure of the composites was analyzed by MIP.
The studied parameters were cumulative and incremental pore
size distribution curves, total pore volume, and average pore
diameter. The incremental and cumulative pore size distribu-
tion curves shown in Fig. 8a and b were used to calculate the
total pore volume and average pore diameter, which are pre-
sented in Table 4. The pore size distribution curves demon-
strate the reduced porosity of the ANS composites compared to
the REF material. The decrease in pore volume in the 0.01 pm
to 0.1 pm diameter range is clearly visible. The total pore
volume followed the trend of total open porosity obtained by
helium pycnometry combined with the gravimetric assessment
of dry bulk density. In agreement with the macrostructural
parameters of the MOC composites, the lowest total pore
volume was found for sample ANS 0.5 (0.0544 cm® g~ '), and
the highest total pore volume (0.0685 cm® g~ ) was recorded for
the reference sample without the nanoadditive. This was most
probably caused by sufficient filling of the MOC matrix pores in
ANS 0.5, while the content of the ANS was still low enough for
them to agglomerate in the mixture. In the case of smaller

Mater. Adv., 2025, 6, 3817-3827 | 3821
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Fig. 7 Elemental maps of the fracture surface of the prepared samples obtained from EDS.

Table 3 Fundamental structural parameters of the studied composites

Bulk density Specific density Total open

[kg m™?] [kg m™?] porosity [%)]
REF 2023 + 28 2275 + 27 10.9 £ 0.2
ANS 0.05 2047 + 29 2254 + 27 9.7 £0.2
ANS 0.1 2038 + 29 2269 + 27 10.2 £ 0.2
ANS 0.5 2044 + 29 2234 + 27 8.5 £0.2
ANS 1.0 2048 + 29 2250 + 27 9.0 £ 0.2

content, the filling of the pores was not as efficient in the case
of the sample with a higher content of ANS, the agglomeration
of the ANS particles took place, and therefore, the macro- and
mesopores could not have been filled efficiently. Also, for other
samples with ANS, the total pore volume values were lower than
that of the reference material, indicating the solidification of the
MOC matrix by the applied nanoadditive. The average pore
diameter varied from 0.0509 pm to 0.0404 um and was reduced
for ANS-containing composites compared to the control sample
REF. The refinement of the porous structure can thus be attrib-
uted to the entrapment of ANS in the MOC Phase 5 crystals.
Compressive strength, flexural strength, and dynamic
Young’s modulus were the tested mechanical parameters. They
are presented in Fig. 9-11. Table 5 summarizes the average
values (in Fig. 9-11 marked in red lines) calculated from

3822 | Mater. Adv., 2025, 6, 3817-3827

multiple measurements, where the outliers (in Fig. 9-11
marked in light gray points) were left out of the calculation.
Quantitatively, the acquired mechanical properties are high,
evincing the resistance of the composites to mechanical
load.*®*” Moreover, the high Young’s modulus, a measure of
stiffness, assigned the tested composites as brittle materials,*®
which was well visible in both strength tests. In agreement with
the densifying of the MOC matrix by the intergrowth of ANS in
MOC Phase 5 and interlocking of its crystals, which led to the
lower porosity of ANS-modified composites, the investigated
mechanical parameters were enhanced, and the mechanical
strength improved using ANS. The action of ANS can be referred
to as a nano-domain-limited effect impacting the crystallization
mechanisms of MOC by a change in the nucleation environ-
ment, growth, and the final stabilization of the products.*® The
improvement in the mechanical parameters is rather limited,
mostly due to the formation of agglomerates of ANS in the
microstructure of MOC-based samples (mentioned above).
Additional homogenization may be the solution to this issue,
resulting in better dispersion of this nanoadditive, followed by a
more significant improvement of the mechanical parameters,
especially in the case of higher dosages of ANS.

Similarly to the macrostructural and microstructural para-
meters, no trend was observed in the obtained mechanical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Microstructural parameters of the studied composites as deter-
mined by MIP
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Total pore volume

Average pore

[em® g7 "] diameter [pm)]
REF 0.0685 0.0509
ANS 0.05 0.0571 0.0470
ANS 0.1 0.0604 0.0459
ANS 0.5 0.0544 0.0404
ANS 1.0 0.0559 0.0412

for calculation of average, grey — outliers, red — average).

Table 5 Average values of mechanical parameters of studied composites

Flexural
strength [MPa]

Compressive
strength [MPa]

Dynamic Young’s
modulus [GPa]

parameters and the concentration of ANS in the composites.
The increase in compressive strength varied from 5.1% mea-
sured for ANS 1.0 to 8.4% for ANS 0.1. In the case of the flexural
strength values, the differences in the obtained data varied only
slightly (3.3-3.4%), i.e., considering the expanded combined
uncertainty of the flexural strength test, the contribution of ANS
to the total flexural strength was insignificant. This was con-
sistent with the brittleness of the MOC matrix itself.”>>"

© 2025 The Author(s). Published by the Royal Society of Chemistry

REF
ANS 0.05
ANS 0.1
ANS 0.5
ANS 1.0

72.90
78.06
79.01
78.23
76.63

15.24
15.74
15.76
15.76
15.75

35.31
36.39
38.29
36.80
36.16

The increase in Young’s modulus (compared to the sample
REF) caused by the addition of ANS was observed for all
the investigated composites. The highest dynamic modulus
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Table 6 Hygric parameters of studied composites
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[E10.001-0.01 [ 0-01-0.1 [ 0-1-1 [l 1-10 [HI 10-100 pm|

Water absorption

coefficient x 10° 24-h water

[kg m? s~*/?] absorption [kg m™?]
REF 3.75 + 0.09 73.1+£1.5
ANS 0.05 3.52 + 0.08 72.0 £ 1.4
ANS 0.1 3.55 + 0.08 713 + 1.4
ANS 0.5 3.21 + 0.07 68.3 + 1.4
ANS 1.0 3.32 £ 0.08 70.6 £ 1.4

(38.3 GPa) was obtained for the ANS 0.1 sample. For other ANS-
containing composites, the increase in dynamic modulus var-
ied between 2.4% and 4.2%. Again, there was no apparent
dependence of Young’s modulus on the dosage of the nanoad-
ditive in the composite. The hygric properties are given in
Table 6. In general, they follow the trend of the total open
porosity. The material with the highest porosity (REF) exhibited
the highest ability to transport water, expressed by the water
absorption coefficient, and the highest capability to accommo-
date liquid moisture, i.e., water absorption, expressed in the
form of 24-hour water absorption. The incorporation of ANS
reduced the water absorption and water transport rate of the
composites, which could be effective in improving their water
resistance.

Except for the total porosity of the sample, its pore con-
tinuity, tortuosity, distribution, and size also affect water trans-
port in capillary media. Adapting the concept of the effective
porosity introduced by Mehta and Monteiro®® for concrete
samples, i.e., the porosity enabling liquid water transport, the
pores larger than 70 nm should be considered in the evaluation
of the ability of a material to transport water.>® On the other
hand, in larger pores, typically in those with a diameter >10
um, the effect of gravity prevails against the capillary forces
driving the moisture transport. In our case, the effective por-
osity in terms of water transport was considered for pores in the
diameter range of 0.1-10 pm, similar to what is reported in the
literature.” The pore volume fraction obtained by MIP is shown
in Fig. 12.

The effective porosity varied from 12.9% (ANS 0.1) to 17.2%
(ANS 1.0). In this case, the pore size was not the prevailing
parameter affecting the liquid water transport, and the total
open porosity was the decisive parameter.** Moreover, consider-
ing the effective porosity, the share of pores having a diameter
between 0.1 um and 0.07 pm, which was much lower for ANS
samples compared to REF, the hygric parameters introduced in
Table 6 can thus be justified.

Since water resistance is one of the drawbacks of MOC-based
materials, it was characterized by evaluating the softening
coefficient and residual compressive strength. The softening
coefficient varied in the 70.7-78.3% range and was the highest
for the ANS 0.5 composite. This appeared consistent with its
reduced ability to transport and accumulate moisture. To better
characterize the water resistance of the tested materials, the
residual compressive strength data are plotted in Fig. 13. Except
for the nanomodified composite with 1 wt% of ANS, the ANS
composites exhibited higher residual strength as compared to

3824 | Mater. Adv., 2025, 6, 3817-3827
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Fig. 12 Pore volume fraction determined by MIP analysis.

o
| -

REF

ANS 0.05

Fig. 13 Residual compressive strength measured after 24 h immersion in
water.

ANS 0.1 ANS 0.5 ANS 1.0

the control material REF, ie., the use of the nanoadditive
resulted in an improvement in water resistance to water
damage. The negligibly reduced residual compressive strength
of the ANS 1.0 sample may be caused by the aggregation of ANS
due to their non-ideal distribution in the composite, which may
pose a risk to its performance and durability.

Conclusions

This paper presents a study focused on the modification of
basic structural, mechanical, and hygric properties of magne-
sium oxychloride cement-based composite filled with silica
sand by alumina nanosheets. A series of experiments assessing
the influence of the content of ANS were conducted. The
experimental results reveal that the optimal ANS content for
enhancing mechanical strength and water resistance is 0.05
and 0.1 wt%. These samples demonstrated compressive
strength values between 78.0 and 79.0 MPa, a flexural strength

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of ~15.8 MPa, and, most importantly, very high residual
strength values after immersion in water for 24 hours (60.0-
61.0 MPa). However, increasing the ANS content beyond
0.1 wt% proved somewhat counterproductive, as the micro-
structure of the tested samples was non-homogenous due to an
uneven distribution of the nanosheets. This led to increased
porosity, creating pathways for moisture penetration and ulti-
mately reducing mechanical resistance in affected areas. The
diminished structural integrity of these higher-content samples
highlights the limitations of excessive ANS incorporation, par-
ticularly given the associated cost increase. To further refine
and enhance MOC-based composites, future research should
explore the integration of additional nanomaterials, such as
multi-walled carbon nanotubes or graphene, which have pre-
viously shown beneficial effects on MOC properties. Addition-
ally, incorporating waste-based fillers presents a promising
approach to improving sustainability and reducing production
costs. The development of such multi-component composites
could pave the way for large-scale applications of MOC-based
materials in the construction industry, ensuring both durability
and economic viability.
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