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Abstract Polyurethane (PU) is one of the best poly-
mer coatings due to its wide range of advantages such
as easy fabrication, lightness, non-toxicity, durability,
adhesion, flexibility, and strength. However, some of
its drawbacks make it a suitable choice for the
manufacturing of nanocomposites to enhance its prop-
erties. Hydrophobicity and flame retardancy are two of
the most crucial characteristics of a polymer nanocoat-
ing. Magnesium hydroxide (MH), with its ability to be
produced in a multitude of morphologies and excep-
tional properties, especially in flame retardancy, has
always attracted the interest of researchers. One of the
best methods for synthesizing high-purity, controlled-
size, and controlled-shape nanoparticles is the
hydrothermal technique. In this paper, magnesium
chloride and sodium hydroxide were utilized as raw
materials to synthesize four different morphologies of
MH, such as plate, flake, spherical, and disk, function-
alized using 3-Aminopropyl triethoxysilane (APTES).

In the following, PU nanocomposites were fabricated
by drop casting method including 3 % w.t. of different
synthesized MH. The influence of each morphology on
different properties of PU/Mg(OH)2 was then investi-
gated using different analyses such as spectroscopy,
mechanical, and hydrophobicity tests. The observa-
tions indicated that different surface topography would
result from the presence of nanoparticles with various
morphologies on the nanocomposite’s surface. Extre-
mely high water contact angles were attained as a
result of the surface roughness, revealing the super
hydrophobic behavior of the produced nanocoatings.
Also, the presence of MH in PU matrix improved the
mechanical properties of the nanocomposite, depend-
ing on the aspect ratio and particle size.

Keywords Polyurethane nanocomposite, Magnesium
hydroxide, Hardness, Hydrophobicity, Degrading
temperature

Introduction

Across many different applications, polymer-based
coatings are applied to preserve surfaces from destruc-
tive agents like solvents, pressure, erosion, wear,
corrosion, and other environmental factors.1,2 Because
of their improved bulk properties over pure polymers,
polymeric composites have garnered much interest
from the scientific community in recent years. As a
result, it is currently very appealing to use different
reinforcing micro or nanoparticles in polymer matrix
composites.3 Polymers have become increasingly
essential among all materials in recent years, whether
employed pure or composite, for a variety of applica-
tions.4 Composites are categorized as materials that
have defined interfaces or borders among a reinforce-
ment that is microscopically immersed in or adhered to
a matrix. The reinforcements aid to improve the
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properties of the composite based on the application,
and the matrix’s role is to hold the reinforcement in the
required shapes.5

A new and more effective type of composite called
polymer nanocomposites is one in which the nanoma-
terial is completely dispersed throughout the polymeric
matrix and has at least one dimension that is on the
nanoscale.6 In particular, applying reinforcement par-
ticles to a flexible elastomeric matrix increases strength
by adding hard particles and more crosslinking points
to the particle-matrix interface. While controlled
amounts of ceramic particles with high density, rigidity,
fracture toughness, and high thermal stability are
mixed with a polymer matrix with weak mechanical
properties, low thermal stability, and high flexibility,
finally, a nanocomposite with the advantages of both is
obtained.7 Studies in the past found that as the
connection between the matrix and the reinforcement
improved, the crosslinking of the polymer decreased.
In fact, by raising the percentage of reinforcement, two
concurrent and conflicting impacts should be taken
into account; 1) the favorable influence of increasing
the interaction between the reinforcement and the
matrix, and 2) the unfavorable influence of decreasing
the degree of crosslinking in the polymer.8,9 On the
other hand, homogeneity in this two-component blend
could have a significant emphasis on improvement of
properties in polymer composites. It is quite evident
that when reinforcement is improperly mixed with the
matrix, the particles are not well dispersed in the
polymer and there is insufficient interaction between
them. These aforementioned drawbacks might lead to
excessive weaknesses in almost all characteristics of the
nanocomposite.10,11

Among some of the polymers that have improved
via inorganic nanoreinforcement are polypropylene,
epoxy, polyamide, polyvinyl chloride, polystyrene,
styrene-butadiene rubber, silicone rubber, and poly-
urethane (PU). PU is an important class of polymer
coatings due to its several benefits, including low
density, biocompatible and biostable nature, non-tox-
icity, non-flammability, glossiness, transparency, abra-
sion resistant nature, great adhesion, durability against
weather, anti-aging ability, processability, shape mem-
ory, flexibility even in low temperature, high elonga-
tion at break, high impact strength, elasticity, and
attainable hardness.9,10 Albeit there are some major
drawbacks associated with PU, especially in high-
temperature working environments, such as insufficient
tensile strength, low thermal stability, poor thermal
and electrical conductivity, and low anti-corrosive
properties. PU is highly flammable in these conditions
and has poor adhesion to metal surfaces. These
weaknesses could play roles as barriers to different
PU applications. The limitations have led to the
fabrication of nanocomposite to recompense for the
disadvantages of PU via addition of various reinforce-
ments.12–14

PU composites are a widely used material due to
their ability to combine the toughness and strength of

metal with the flexibility of rubber. On the other hand,
elastomeric PU is routinely enhanced with inorganic
reinforcements and is rarely used as a pure poly-
mer.10,13 Despite the inherent features of PU, there is
an ongoing necessity to improve the desirable proper-
ties that can be adjusted to satisfy the wide range of
needs. For example, in terms of environmental issues,
it is critical that PU has a hydrophobic property for
prospective application in coatings, hence attempts
have been undertaken to improve hydrophobicity.15,16

PU composites contain block copolymers that have
intrinsically great physical properties due to the pres-
ence of hard-soft segments in micro phase. Diiso-
cyanate and chain extenders that build the urethane
groups are included in a hard segment, whereas
polyether or polyester polyol make a soft seg-
ment.15,17,18 Due to the existence of hard segment
content, such polymer materials may exhibit charac-
teristics of high glass transition temperature and
melting temperature. The final composite qualities
depend on the chemical composition, molecular
weight, and morphology of PU.7,19

A wide range of nano reinforcements has been
performed in the scope of nanotechnology to fabricate
PU nanocomposites. PU structure may be modified by
the application of nano-additives in the matrix. The
resistance to corrosive chemicals, moisture, heat, and
environmental repellency depends on the increased
surface qualities of PU nanocomposite.20–22 To en-
hance mechanical, electrical, thermal, surface, and
rheological properties, nanomaterials such as TiO2,
SiO2, CaCO3, ZnO, and Al2O3 have been used.23–27 In
contrast to conventional micropowders, nanoparticles
have a greater surface area, a higher surface energy,
and a tendency to aggregate. Surface modification has
therefore been viewed as a key solution in numerous
investigations. Silane and fluorine materials have been
the subject of the majority of studies. However, using
these materials for alteration is costly and harmful to
both the environment and people’s health.28–30

Wang et al. have investigated the anti-aging prop-
erties of PU/ZnO nanocomposite by SEM and FTIR
analysis. They demonstrated that after accelerated
aging for 500 h, a sample with 1 % w.t. reinforcement
could preserve a better morphological structure than
one with 5% w.t.31 El Saeed et al. also used this
nanoparticle in PU composite to evaluate corrosion
performance, mechanical and physical properties. They
dispersed different amounts of ZnO from 0.1 to 2.0 %
w.t. in PU matrix by ultrasonic method. After 500 h of
exposure to salt spray tests, PU/ZnO samples were
tested against Gram-negative and Gram-positive bac-
teria for antimicrobial activity evaluation. Results
revealed that the growth of organisms on the sample
surface was found to slow down. Also, the degree of
blistering and percentage of the rusted zone were
significantly decreased.32 Bui et al. have studied the
mechanical properties of PU/SiO2 in different amounts
of reinforcement such as 0, 1, 2.5, 5, 7.5, and 10% w.t.
The mechanical analysis showed that sample with 2.5%
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w.t. is the best one.33 Also, Song et al. have investi-
gated this nanocomposite. The results revealed that
wear resistance of PU was improved via addition of
nano SiO2 due to fine dispersion and interfacial
adhesion from 250 to 800 m/lm in 1 and 3% w.t.,
respectively.34 According to another study that was
performed by Nguyen et al. on PU/TiO2, the mechan-
ical analysis indicated that the appropriate amount of
nanoparticles was 2% w.t.35 PU/TiO2 nanocomposite
was also studied by Sabzi et al. Amino propyl tri-
methoxy silane (APS) was applied for nanoparticle
modification to have a better interaction between
matrix and reinforcement. Finally, the best sample
with 3 % w.t. nanoparticle improved tensile strength by
more than 70% and Young’s modulus by almost 50%.
The proposed mechanism in this paper was the
formation of surface interaction between PU/TiO2.36

Among all studies, investigating magnesium hydrox-
ide (MH) as a fire-resistant, insulating substance and
antibacterial agent in nanocomposites is extremely
infrequent. One of the most extraordinary aspects is
the ability to synthesize MH with various morpholo-
gies. Due to the fact that reinforcements in the
polymer matrix with varying morphologies might alter
characteristics of nanocomposites like hydrophobicity,
we used the hydrothermal method to synthesize MH
nanoparticles. Hydrothermal synthesis is a method for
crystallizing materials that involves chemical reactions
in aqueous solutions under pressure and at a temper-
ature above the boiling point. The main advantages of
hydrothermally synthesized powders are the low
degree of agglomeration and perfect control of crys-
tallite size and morphology by applying different
surfactant.37–41

To our surprise, we could not find any research on
PU/Mg(OH)2 nanocomposites despite their outstand-
ing potential to synthesize in different morphologies,
fire retardancy, antibacterial properties, and so on. The
absence of literature and our hypothesis (as described
above) encourages us to do the present study, with the
main objective to investigate the effect of different
morphologies of MH on the hydrophobic, thermal,
physical and mechanical properties of PU nanocom-
posites. In this regard, MH was synthesized from
NaOH and MgCl2 by hydrothermal method (180�C-
180 h). Also, four surfactants (1% w.t.) including
CTAB, PEG500, gelatin, and oleic acid were used to
achieve different morphologies. After MH modifica-
tion by APTES to obtain fine dispersion in PU matrix,
nano-functionalized MH was examined with XRD,
FTIR, FESEM, EDS, and DLS. According to the
literature review, it is difficult to achieve the favorable
properties of polymer–reinforcement at high amounts
of filler, and most researchers have reported the
optimal percentage to be below 5% w.t. Therefore,
we fabricated PU/Mg(OH)2 nanocomposite following
drop casting method with addition of 3% w.t. rein-
forcement. Finally, the influence of each morphology
on different properties was investigated using FESEM,

DSC, AFM, hardness, tensile strength, and contact
angle tests.

The rest of the paper is organized as follows:
‘‘Experimenal methods and materials’’ section in-
cludes raw material, synthesis method, sample prepar-
ing and analyzing tests in detail. ‘‘Results and
discussion’’ section includes presentation of character-
ization and tests performed. Ultimately, we present the
paper’s conclusion in ‘‘Conclusions’’ section.

Experimental methods and materials

The outstanding properties of PU made it well-suited
for resistance coatings. However, it suffers from some
low physical and mechanical properties, including
hydrophobicity, hardness, tensile strength, and thermal
stability. To tackle the above-mentioned issues, we
exploit the advantages of MH in this study. Its ability
to be synthesized with different morphologies is the
rationale behind the main idea of our research. The
primary contribution of the proposed study is addition
of MH with different morphologies to the PU/
Mg(OH)2 nanocomposite. In this regard, we proposed
investigating the morphology’s impact on the surface
properties of nanocomposite (i.e., contact angle). In
addition to hydrophobicity, we evaluated the influence
of MH on other PU properties such as hardness, tensile
strength as well as degrading temperature.

In the following, we present the materials and
methods including raw material, composite fabricating
process, and analyzing tests in detail.

Nano-MH synthesis

First, MH with four different morphologies was
synthesized by using four different surfactant. All of
the materials that were used in this step are listed in
Table 1. MH synthesis began by making 1 M magne-
sium precursor solution (Sol.1) and 2 M sodium
hydroxide solution (Sol.2) in distilled water. equation
(1) was used to complete the synthesis:

MgCl2 � 6H2O þ 2NaOH ! MgðOHÞ2 þ 2NaCl þ 6H2O

ð1Þ

Additionally, Sol.1 was given a 1 % w.t. addition of
surfactant, and it was homogenized using magnetic
stirring for a total of 10 min. Then, using a glass pipette
and a controlled rate of 2 mL/min, Sol.2 was added to
Sol.1 and mixed for 10 min on a magnetic stirrer
(Sol.3). After that, Sol.3 was soaked in an ultrasonic
bath (power: 400 W) for 30 min to make sure the
particles were homogeneously dispersed in the solution
(Sol.4). The next step was to transfer Sol.4 to a vial
glass and put it in an autoclave made of steel and lined
with Teflon. Finally, the hydrothermal technique was
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used to synthesis MH at 180 �C for 18 h (Sol. 5). The
final solution was centrifuged at 5000 rpm for 4 min on
each cycle with distilled water and ethanol, three cycles
for each one, to get rid of any byproducts or unreacted
products. Subsequently, the washed solution was
heated in an oven at 120 �C for 5 h to get the
synthesized MH powder, which is then prepared for
characterization analyses. The synthesis process of
nano MH powder is shown in Fig. 1.

PU/Mg(OH)2 fabrication

Synthesized MH powder was functionalized by APTES
to obtain fine dispersion in PU matrix. In this regard,
MH-solution was made in 50 mL of isopropyl alcohol
and stirred with a magnetic stirrer at 400 rpm at 80 �C.
Then, APTES was gradually added to the stirring
mixture in a ratio of MH/APTES=2. After 1 h, the
particles were washed using a centrifuge and dried for
5 h at 120 �C. Then, nanoparticles were dispersed in
xylene (solvent), mixed for 10 min on magnet stirrer
(Sol.6), and ultrasound for 30 min (Sol.7). The resulting
solution was added to polyacrylate (resin) and blended.
Again, ultrasonic bath was used to obtain a homoge-
neous mixture. After 30 min, polyisocyanate (hard-
ener) was smoothly added into the solution (Sol. 8). In
order to avoid the formation of bubbles in the solution,
in the last two steps, mixing was done with a glass
stirrer and by hand. Finally, the prepared mixture was
slowly poured into a 10 � 10 cm PTFT mold (drop
casting method). The curing process was completed
after 1 h heating at 90 �C. These steps are entirely
shown in Fig. 2 and raw material used in production of
PU/Mg(OH)2 nanocomposite are reported in Table 2.

The chemical information of the samples is listed in
Table 3. Density is obtained through the rule of
mixtures with specified weight percent and density of
components in the final nanocomposite [equation (2)].
According to past references, the ratio of NCO:OH
that comes from the ratio of polyacrylate (resin) to
polyisocyanate (hardener) was considered 1:2 to obtain

the best qualification of polymer.42 Then, according to
the mold volume, the amount of each component was
calculated to obtain a free film with a thickness of 1 cm
[equations (3) and (4)].

DNanocomposite ¼ XMH

DMH
þ Xresin

Dresin
þ Xhardener

Dhardener

� ��1

ð2Þ

MNanocomposite ¼ DNanocomposite � Vmold ð3Þ

MComponent ¼ XComponent �MNanocomposite ð4Þ

Where D, X, M, and V indicate density, weight
percent, molecular weight, and volume, respectively.

Characterization

Nano-MH powder analysis

In order to evaluate the synthesized nanopowders, X-
ray diffraction (XRD), field emission scanning electron
microscopy analysis (FESEM), synamic light scattering
(DLS), and Fourier-transform infrared spectroscopy
(FTIR) were performed. To evaluate the purity of the
synthesis and characterize the structure of MH powder,
XRD was used. This test is performed with BOUR-
EVESTNIK DRON-8 X-ray diffraction device
equipped with CuKa monofilament with a wavelength
of 0.154 nm, an accelerator voltage of 40 kV, and a
current of 30 mA and in the range of 10� to 80� angles
with steps and 0.5� and stop time of 1 sec per step at 25
�C and one atmospheric pressure with a copper anode.
FESEM analysis was used to study the morphology of
nanoparticles. FESEM analysis was undertaken using
SEM (MIRA3TESCAN-XMU) in high vacuum mode.
The radiation source was an Uvc (w5) pencil lamp
made by Hach Company, USA. All images were
captured at 50000 9 magnification with resolution of 1
nm. MH powder solution was made in 5 mL 2-propanol
and placed in an ultrasonic bath for 5 min to achieve

Table 1: Materials used for MH synthesis

Material Chemical formula Role Manufacture (CAS No.)

Magnesium chloride MgCl2 � 6H2O Mg source Dr. Mojallali (7791-18-6)
Sodium hydroxide NaOH Precipitating agent Dr. Mojallali (1310-73-2)
CTAB C19H42BrN Surfactant SIGMA (57-09-0)
PEG500 C24H50O12 Surfactant Merck (24991-55-7)
Gelatin C102H151 N31O39 Surfactant SIGMA (9000-70-8)
Oleic acid C18H34O2 Surfactant Merck (112-80-1)
APTES C9H23NO3Si Functionalize agent SIGMA (919-30-2)
Distilled water H2O Solvent Ghatran Shimi (7732-18-5)
Ethanol C2H5OH Solvent Dr. Mojallali (64-17-5)
Isopropyl alcohol C3H8O Solvent Dr. Mojallali (67-63-0)
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proper dispersion of the nanoparticles in the solvent
and to prevent agglomeration. Then a drop of it was
dropped on a glass slide and left to air dry. Due to the
insulation of the powder, the gold was coated using the
Nano-structure COATING DSR model. DLS analysis
was performed to investigate the particle size distribu-
tion of the synthesized powders by a non-invasive
quantitative technique with the Zetasizer Advance Pro
device made in United Kingdom. FTIR spectroscopy
was used to evaluate chemical groups of hydrophobic
agents on the surfaces of MH nanoparticles with
different morphologies.

PU/Mg(OH)2 nanocomposite analysis

In order to investigate the effect of nano-MH on
different properties of PU/Mg(OH)2 nanocomposite,
field emission scanning electron microscopy analysis
(FESEM), differential scanning calorimetry (DSC),
atomic force microscopy analysis (AFM), hydropho-

bicity and mechanical tests (hardness and tensile
strength) were performed. FESEM analysis was used
to study microstructural features, and distribution of
MH in composites at 500 9 and 5000 9 magnification.
DSC analysis was carried out to investigate the effect
of different morphologies of MH on thermal stability
and degrading temperature of nanocomposites. AFM
was performed at a 5 9 5-micron cross-sectional area.
These represent the surface roughness at the nanome-
ter scale to investigate the function of MH particles in
surface topography. Measuring static contact angle was
done to study the effect of different morphologies of
MH on hydrophobicity of nanocomposite. Type A
Durometer (Teclock GS-709 N) was used to measure
and compare the hardness of the nanocomposites
according to ISO868 standard. This is a device for
measuring the hardness of a material, typically of
polymers, elastomers, and rubbers. Higher numbers on
the scale (Shore A) indicate a more excellent resis-
tance to indentation and thus harder materials. The
stress-strain curve for a material gives the relationship

s b

d c

sroom temp

Fig. 1: Synthesis and functionalization of nano MH powder
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between stress and strain. It is obtained by gradually
applying load to a test zone and measuring the
deformation, from which the stress and strain can be
calculated. This test was executed according to ISO 37
standard on dumbbell-shaped samples with a length of
50 mm and using a tensile testing machine with a gage
length of 20 mm and strain rate of 10 mm/min.

Results and discussion

Nano-MH powder characterization

In accordance with the JCPDS 7-0239 standard card,
all diffraction peaks in Fig. 3 belonged to hexagonal
Mg(OH)2 with lattice constants of a ¼ 3:144A� and
c ¼ 4:777A�. The crystal planes (001), (100), (101),
(102), (110), (111), (103), (201), and (201) are identified
at diffraction angles of 18.45, 33.24, 37.67, 51.12, 58.78,
62.34, 67.86, 72.15, and 82.22 degrees, respectively. The
presence of sharp peaks in the XRD pattern, as well as

the absence of any impurity peaks, further demon-
strated that a high-purity single phase of nano-MH was
crystallized.43

The orientation of MH particles is indicated by the
intensity of diffraction in planes (001) and (110). The
preferred orientation of hexagonal Mg(OH)2 is typi-
cally in the direction of the plane (001), and this
orientation increases as the intensity of the plates (001)
and (110) rises. Also, according to the standard card,
the (101) intensity should be more than (001). Other-
wise, page (001) is the preferred orientation. As a
result, the morphology of the MH-C and MH-P were
more uniform in both directions (001) and (101) than
MH. In MH-G, however, relatively wide, low-intensity
peaks represent finer, spherical particles (similar to the
standard phase). In contrast, the sharp and high peaks
of the MH-O in both (001) and (101) planes are
evidence of its elliptical morphology.44

Furthermore, FESEM was used at 50000 9 magni-
fication to study the determination of the size and
morphology of nanoparticles and EDS analysis was
also performed to investigate the elemental composi-

Fig. 2: Production of PU/Mg(OH)2 nanocomposite
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tion of the samples. EDS images demonstrated the
presence of Mg, O, and Au elements in all MH
powders. Microstructure characterization was accom-
plished by an ultrasound solution of nano-MH in 2-
propanol. Then, a drop of it was scattered on a glass
slide and dried at room temperature. The gold coating
was also applied because of the powder’s insulation.

The inclusion of surfactant in the synthesis process
has a significant impact on product morphology,
particle size, and agglomeration, as seen in Fig. 4. In
MH synthesis, although the precursor solutions were
applied drop wise at an appropriate rate of 5 mL/min in
order to obtain pure nano-MH with average diameters
below 100 nm, the phenomenon of aggregation and
particle clumping occurred due to the lack of surfac-
tant, as seen in the MH-powder FESEM image.39 The
extraordinarily small size of the MH-G sample is
observable in the FESEM image of this sample, which
is explained by the gelatin chain being long as a
surfactant compared to other surfactants. Considering
the presence of gelatin in the solution during synthesis,
the first crystals could not be overgrown, resulting in
overmuch fine nanoparticles with spherical morphol-
ogy. Another important point is the vertical orientation
of MH-P nano-plates, which is expected to have a
significant impact on the surface properties of
nanocomposites. MH-C is randomly distributed and
MH-O is distributed horizontally. However, we have
discussed the mechanism of using different surfactants
on MH morphology by hydrothermal method in detail
in another study.45

In the following, DLS analysis was carried out to
observe the impact of applying four different surfac-

tants on the particle size and particle size distribution
of nano-MH powders. The particle size distribution
and diameter in different volumes of particles are
shown in Figs. 5 and 6, respectively.

According to Fig. 5, DLS analysis of all samples
shows a single-peak diagram providing very fine
nanoparticles (10–30 nm) and medium nanoparti-
cles (40–100 nm). Using CTAB in the MC-C sample,
a uniform and relatively sharp curve is obtained, which
indicates a wide distribution of particle sizes between
60 and 100 nm. However, by adding PEG as a
surfactant, a sharper curve was obtained for the MC-
P sample, indicating a narrow particle size distribution
between 80 and 90 nm. In the case of the MC-G, when
adding gelatin with a huge molecule structure, very fine
particles were synthesized in the range of 30 to 45 nm,
causing the curve to shift to the left and to turn keener.
The presence of oleic acid, on the other hand, has
resulted in a bigger nano-disk with an average diam-
eter of 90 nm and a relatively wide range of 75–105
nm.46,47

In PU coatings, there are two different factors that
control the thermal degradation: vibrations and rota-
tions of polymer chains. Small molecules are created as
a result of bond dissociation as the temperature rises.
The following contains crosslinking, chain-end parts,
random chain scissions, and combinations of these
pathways. The temperature of the degradation in-
creases as these steps involved occur more prolonged
and the thermal stability of polymer improves as well.
Indeed, changing the heat release rate is the main
mechanism for changing the degradation temperature
via addition of nanofillers. A common technique for

Table 3: The chemical information of the PU/Mg(OH)2 nanocomposites

Component Role Weigh percent (% w.t.) Density g:cm�3
� �

MH Reinforcement 3 2:34
Polyacrylate Resin 65 1
Polyisocyanate Hardener 32 1:06
Xylene Solvent 30 (Extra) �

Table 2: Materials used for PU/Mg(OH)2 fabrication

Material Chemical formula Manufacture (CAS No.)

Magnesium hydroxide MgðOHÞ2 Synthesized
Magnesium hydroxide MgðOHÞ2 /Flake Synthesized
Magnesium hydroxide MgðOHÞ2= Plate Synthesized
Magnesium hydroxide MgðOHÞ2= Spherical Synthesized
Magnesium hydroxide MgðOHÞ2= Disk Synthesized
Polyacrylate Tacryl765X Taak Resin Kaveh
Polyisocyanate Desmodur N75 Covestro AG
Xylene C8H10 Dr. Mojallali (1330-02-07)
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influencing the mobility of polymer chains is the
addition of nanoparticles. PU thermal stability
improvement tends to depend on different parameters
of nanofillers such as size, shape, type, amount, and
dispersion, as well as filler-matrix interaction. The high
surface area of nanofillers would have an effect on
interfacial interaction increment and reduce the heat
release rate of the polymers. Therefore, high thermal
stability could be obtained by applying modified
inorganic nanofillers that are uniformly dispersed
throughout the organic matrix and interact strongly
with it.48,49

The FTIR spectra of nano-MH powders after
modification by APTES are shown in Fig. 7. The peak
at 3698 cm�1, which is identified in all samples, refers
to the -OH bond in Mg(OH)2 structure. The peaks that
are observed at about 1620 cm�1 in the FTIR spectrum
correspond to the stretching mode of C-N and H-N-H
as well as the wide peaks around 1050 cm�1, which
belong to the stretching vibration of the Si-O-Si or Si-
O-C bonds. These two peaks confirm that the presence
of long-chain silane groups on the MH surface come
from APTES as a functionalized agent.50,51 In the end,
according to the characterization performed on mag-
nesium powders, some properties of different samples
are summarized in Table 4.

PU/Mg(OH)2 nanocomposite

Microstructure characterization

FESEM. Figure 8 compare the surface microstructure
of nanocomposite samples with pure polyurethane at

5000 9 magnification. As demonstrated, the composite
samples have a rough surface; the involvement of MH
nanoparticles causes this surface roughness, which is
one of the significant parameters to improve the
hydrophobicity.41 However, looking at the FESEM
images in greater detail, the impact of more factors is
discovered including the size, shape, amount, and
dispersion of nanoparticles in PU matrix.1,3 Since each
composite studied in this investigation contains
3% w.t. of filler, the effect of the amount can be
ignored. It is notable that the surface of PU-G has a
less rough texture by comparing the surface micro-
graphs of nanocomposites with different shapes. This
consequence can be attributed to the extremely fine
size of MH-G nanoparticles as opposed to other
synthesized powders (near 40 nm). Moreover, the
sphericity of MH-G nanoparticles and the aspect ratio
of nearly 1 also had an obvious effect in creating this
relatively smooth surface. Nanocoatings are usually
applied with a thickness below 100 lm on the substrate.
However, it should be highlighted that nanoparticles
have high surface energy, which causes their propensity
to aggregate. If nanoparticles agglomerate, the surface
roughness of PU nanocoating will be almost unaffected
by the different morphology of nanofiller. Therefore,
the dispersion of nanoparticles in the polymer matrix is
of great importance. For this reason, in addition to
surface modification with APTES and applying the
hydrophobic agent to nanoparticles, a low filler per-
centage was applied to the PU matrix (3% w.t.). In
these conditions, most of the nanoparticles come to the
external surface of the coating due to the difference in
density and create different topographies.52,53

As the shape of the particles goes out of the
spherical state, the aspect ratio moves away from the
value of 1. Now these non-spherical MH nanoparticles
are able to create surfaces with different roughnesses.27

With the same reasoning, coarse 90 nm MH-O
nanoparticles have created a rougher surface in the
PU-O composite. PU-C and PU-P nanocomposites
with particle sizes of 79 and 75 nm are not an exception
to this norm; the difference is that the distribution and
orientation of MH-P on the surface of the nanocom-
posite is completely evident in the microstructure.
Indeed, the rougher surface of PU-C than PU-P cannot
be attributed only to the small size difference between
MH-C and MH-P (less than 5 nm). In fact, the particles
which are evidenced in Fig. 8 are not nanofillers. But
these parts refer to the roughness that was caused due
to nanofillers presence.

Thermal stability

DSC. Thermal stability is a crucial property of any
material for application purposes, especially when
taking into account the potential ultimate uses in
various industries. The special temperature or temper-
ature/time range through which a material could be
employed without suffering a significant loss of qual-

Fig. 3: X-ray diffraction pattern comparison of MH powders
in accordance with the JCPDS 7-0239 standard card. All
peaks related to hexagonal Mg(OH)2 were identified in
samples and according to the intensity of diffraction in a
specific crystal plane, the orientation and growth direction
of MH crystals were discussed
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ities is what is meant by thermal stability.54 Thermal
degradation of PU which is attributed to absorbed
thermal energy, constitutes an important phenomenon
from both a fundamental and a technological perspec-
tive.55 The thermal, oxidation, and fire resistancy of
different types of PU play a significant role in their
functional determining.56

According to fundamental studies, the thermal
degradation of PU is a complicated heterogeneous
phenomenon that involves a multitude of partial
decomposition reactions. The side products formation
and the onset decomposition temperature are both
significantly influenced by changing the isocyanate to
hydroxyl (NCO:OH) ratio. It has also been demon-
strated that the weight loss during decomposition
increases with the oxygen content of polyol. According
to the constant NCO:OH ratio in this study (1:2), the
decomposition temperature is expected to be between
250-300 �C.57,58

A wide range of fillers have been studied to enhance
PU polymers. Generally, PU thermal stability
improvement tends to depend on the size, shape, type,

Fig. 4: FESEM and EDS analyses of MH powders. While the MH powder without any surfactant was completely
agglomerated, the rest of the powders were completely dispersed and were observed with nano-flake (MH-C), nano-plate
(MH-P), nano-spherical (MH-G), and nano-disk (MH-O) morphologies. Mg, O, and Au peaks were identified in all EDS graphs

Fig. 5: Effect of applying different surfactants on diameter
in different volumes of particles. Curves were extracted
from dynamic light scattering analysis
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amount, dispersion of applied filler, as well as filler-
matrix interaction. The high surface area of nanofillers
results in increasing the interfacial interaction and
reducing the heat release rate of the polymers. There-
fore, high thermal stability could be obtained by
applying modified inorganic nanofillers that are uni-
formly dispersed throughout the organic matrix and
interact strongly with it.54–58

According to Fig. 9, the decomposition temperature
for PU is about 275 �C and increased to 300 �C via
addition of nano-MH. Due to the extra fine dimensions
of MH-G and the greater contact surface with the
polymer matrix, the decomposition temperature in PU-
G is the highest (approximately 300 �C), while it varies
around 280-285 �C for the rest of the nanocomposites.
Indeed, particle sizes of MH-C, MH-P, and MH-O
were not that much different to create a significant
change in DTA analysis. Although, the fire resistance
of MH improved the thermal stability of PU due to the
presence of -OH bond in the chemical structure of
Mg(OH)2.

Fig. 6: DLS analysis of MH powders synthesized with four different surfactants. Particle size distribution was observed
between 60 and 100 nm in MH-C, 80 and 90 nm in MH-P, 30 and 45 nm in MH-G, and 75 and 105 nm in MH-O

Fig. 7: FTIR spectra of modified nano-MH powders with
APTES
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Hydrophobicity analysis

Static contact angle. By evaluating the static contact
angle (Fig. 10), the impact of adding MH with different
morphologies on the hydrophobicity of PU was exam-
ined. Referring to Fig. 11, the average contact angle of
63.5�� 0.5 in PU increased to 132.4�� 0.4, 142.3�± 0.2,
130.7�� 0.2, and 135.5�� 0.4 by applying MH-C, MH-
P, MH-G, and MH-O, respectively. All nanocomposite
samples have a higher contact angle than pure PU. In
general, the surface is hydrophobic if a drop of water
tends to stick to itself more than the substrate. Herein,
the contact angle is above 90�. On the other hand, if a
drop of water tends to stick to the substrate instead of
itself, the surface will be hydrophilic, and the contact
angle is below 90�.59 In terms of wettability character-
istics, PU is neither totally hydrophilic nor totally
hydrophobic. If its behavior can switch from being
more hydrophilic or more hydrophobic, its application
field will be expanded. It is thus exceedingly compli-
cated to turn it into a superhydrophobic substance.41

A wide range of research has noted that adding
nanofillers to PU could increase surface roughness and
consequently enhance contact angle. Various research-
ers have demonstrated that if nanoparticles and low
surface energy elements are added to a polymer
matrix, hydrophobicity can be increased.23,29 However,
based on references, employing fillers in optimum
content will be efficient, whereas more that it will have
the opposite effect.60 According to the lotus theory,
there are many inequalities on the surface. When a
drop of water falls on the surface, a certain amount of
air will be trapped between inequalities and increases
the contact angle.61 Indeed, increasing roughness on
thin film surfaces with a hydrophilic nature such as PU,
and then modifying it with low-energy materials such
as functionalized nanofillers leads to an increment in
the specific surface area and ultimately improves the
contact angle and hydrophobicity.

Based on past studies, researchers have focused
more on two parameters, the amount and size of
nanoparticles on the polymer surface. While at a

constant percentage, the shape of nanoparticles can
also affect the surface roughness. In other words, the
existence of nanoparticles with different morphologies
on the surface can create different inequalities, which
will cause a difference in surface roughness. To
increase hydrophobicity, either the molecular structure
of the polyurethane must be modified during synthesis,
or hydrophobic additives must be applied to the
composition of the PU. Superhydrophobic PU surfaces
cannot be produced on a widespread basis using the
first method since it is more challenging and costly.62 In
previous studies, by adding different nanofillers to the
PU matrix, a contact angle of 105�has been obtained.
This improvement in water repellency from the initial
value of 65�has been obtained only by changing the
percentage of reinforcement in the composite.41 While
in this study, only by changing the shape of the
nanofiller, the contact angle improved by 130% and
reached from 62� to 142�. As anticipated from the
FESEM (Fig. 8), the added nano-MH with different
morphologies caused different inequalities and made
significant changes on the surface roughness, and as a
result, contact angle. According to the mechanism
proposed in Fig. 12, the existence of nano-flake, nano-
plate, nano-spherical, and nano-disk of MH created
different ups and downs on thin film surface. These
irregularities affect the shape of the water droplet in
contact with the surface. The shape of a liquid-vapor
interface is determined by the Young equation:

cSG � cSL � cLG cos hC¼0 ð5Þ

Where cSG, cSL, cLG, and hC indicate solid-gas interfa-
cial energy, solid-liquid interfacial energy, liquid-gas
interfacial energy, and equilibrium contact angle,
respectively. The consideration of thermodynamic
equilibrium between the three phases-liquid (L), solid
(S), and gas or vapor (G)-gives birth to the theoretical
description of the contact. Surface wettability and
contact angle are significantly impacted by surface
roughness. The impact of roughness depends on
whether the droplet fills in surface ridges or leaves
air spaces between it and the surface.63 Since in thin
films, nanoparticles are more on the surface than in the
depth, their morphology can change the trapped air
spaces between the water droplet and the surface. For
example, in the PU-C sample, which contains 80 nm
flakes with random distribution, the air spaces are
created so that the droplet tends to bulge out in order
to reduce its contact area with the surface. Conversely,
water droplets spread out on the surface and displayed
low contact angles when the surface was hydrophilic in
the pure PU sample.

To improve the PU hydrophobicity, adding large
amounts of fillers should be avoided. The variant

Table 4: Synthesized MH powder properties

Sample
code

Surfactant Morphology Particle size nmð Þ

MH � Agglomerate �
MH-C CTAB Flake 79.86
MH-P PEG500 Plate 75.09
MH-G Gelatin Spherical 40.07
MH-O Oleic Acid Disk 90.5
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densities cause nanofillers to pass through the coating’s
exterior and create different topographies. On the
other hand, one of the most important ways to improve
hydrophobicity is to add a hydrophobic agent to
nanoparticles and modify the surface, for example,
with APTES. By modifying the surface, agglomeration
of nanofillers will be prevented. In this case, the effect
of their morphology on surface roughness and water

contact angle will be more visible.49,64 In other words,
when the surface energy of the solid equals those of the
liquid, water droplets have a tendency to wet the solid
to establish the balance of equation (5). The same has
happened in all nanocomposites except in PU-G, which
contains very fine nanoparticles. In this sample, less air
space is created between the water droplet and the
surface, and the contact angle is less improved than in

Fig. 8: FESEM images of PU/Mg(OH)2 nanocomposite samples
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others. However, in PU-P, with the special orientation
of nano-plates on the surface, a regular and more air
space is formed and the water droplet has strongly
aggregated.

Surface roughness

AFM. Figure 13 illustrates the AFM images of the
pure PU and nanocomposites containing 3% w.t. MH
with different morphologies. The results obtained from
FESEM images (Fig. 8) and contact angle (Fig. 10) are
confirmed with AFM images.

By comparing the surface of samples containing
nano-flake and nano-plate (PU-C and PU-P) with the
surface of samples containing nano-spherical and nano-
disk (PU-G and PU-O), it is determined that the
particles with sharp corners have created a rougher
surface. This variability in surface roughness could
affected contact angle. The significant increase in the
static contact angle of PU-P is due to the vertical
orientation of MH-P on the surface. This surface
structure could trap air, create more air space between
water droplet and surface, to bulge out the droplet,
increase contact angle, and finally enhance the
hydrophobicity. Without any roughness in nano or
microscale, it is nearly impossible to achieve a contact
angle of more than 120� on a smooth surface (just by
surface chemical modification). Surface roughness is
thus a crucial component of hydrophobic coatings.
There are two regimes that describe contact angle
enhancement due to surface roughness and topogra-
phy: Wenzel and Cassie-Baxter. Whereas the contact

f

–

–

–

–

–

Fig. 9: Differential scanning calorimetric analysis of PU/
Mg(OH)2 nanocomposite samples

Fig. 10: Static contact angle of PU/Mg(OH)2
nanocomposite samples

a

a
h

a
a h

Fig. 11: Alterations in the hydrophobicity of PU/Mg(OH)2
nanocomposite samples
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angle improves with surface roughness in both regimes,
the Cassie-Baxter is more affected by trapped air
spaces in the surface inequalities, which could impact
the contact angle and improve hydrophobicity.65,66

Mechanical properties

Hardness. Figure 14 compares the hardness variation
of pure PU with the rest of the nanocomposites. This
test indicates that hardness has improved from 60
Shore A for pure PU sample to a maximum level of 88
Shore A for the PU-P sample. This increment refers to
the presence of MH hard particles inside the soft PU
matrix.16 Hardness is considered as a low strain
modulus and it will enhance by increasing filler
steadily.13 According to the constant content of
nanoparticles in all samples and the dependence of
hardness on the amount of reinforcement in the matrix,
no noticeable change in the hardness of nanocompos-
ites can be observed by different morphologies.

Tensile properties. Stress-strain curves of pure PU
and nanocomposite are compared in Fig. 15. The
mechanical properties of PU-P are more improved
than other samples due to the greater interaction of
MH-P with PU chains. Although the uniform distribu-
tion and preferential orientation of nanoparticles in the

polymer matrix have also been effective in mechanical
strength.

As can be seen from tensile test results in Fig. 16,
nanocomposites exhibit better mechanical properties
than pure PU. The load transfer rate at the filler-
polymer interface and, consequently, the composite’s
final strength are enhanced by uniformly dispersed and
distributed reinforcements in the polymer matrix.
Additionally, it has been demonstrated that tiny but
multiple pinning spots can prevent cracks from grow-
ing and expanding. As physical crosslinkers, nanopar-
ticles limit the mobility of PU chains while improving
tensile modulus and strength. The tensile modulus and
strength will decrease as the strain increases because
weak spots and cracks will develop at high nanoparticle
concentrations and the strain force will be distributed
irregularly. By adding reinforcement particles or rais-
ing their content in the polymer matrix, elongation at
break is typically lowered. The type, amount, and bond
strength of the reinforcement with the polymer deter-
mine mechanical properties including strength and
fracture strain.16,41 Although in this research, only the
morphology of nano-MH was changed and the content
and type of reinforcement were constant, differences
between the nanocomposites are still observed. It
seems that the best mechanical properties belong to
the PU-P which contains nano-plate with vertical
orientation.

Fig. 12: Schematic presenting the impact of nano-MH morphology on surface wettability and water droplet contact angle
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Fracture surface characterization. Figure 17 shows
FESEM fracture surface on stress-strain samples to
explain the deformation and fracture behavior. It is
inferred from these images that the presence of nano-

MH has increased the surface roughness and brittle-
ness of the fracture.

Based on the previous discussions, nano-MH causes
more intermolecular interactions between PU chains.
As this leads to a decrease in flexibility and a stiffness

Fig. 13: The trend of surface roughness changes in PU composite samples by adding different morphologies of Mg(OH)2
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increment in the filler-polymer interface, large and
rough ruggedness is observed at the fracture surface of
nanocomposites. Of course, this happened less in two
samples containing nano-MH with rounded corners
(PU-G and PU-O).

Conclusions

The primary purpose of this study was to evaluate
the impact of nano-MH morphologies on the
hydrophobicity, physical, and mechanical properties
of PU composites. In this regard, different morpholo-
gies of nano-MH were obtained by a hydrothermal
method at 180 �C for 18 h with the addition of four
surfactants: CTAB, PEG500, gelatin, and oleic acid.
Synthesized nano-MH was examined by XRD,
FESEM, DLS, and FTIR. Nano-flake, nano-plate,
nano-spherical, and nano-disk morphologies of MH
were applied in PU matrix by drop casting method.
Then, microstructure, thermal stability, surface char-
acterization, hydrophobicity, and mechanical proper-
ties of nanocomposites were compared with pure PU.
The observations indicated that different surface
topographies would result from the presence of
nanoparticles with various morphologies on the
nanocomposite’s surface. The shape, size, and orien-
tation of MH on the nanocomposite surface establish
various topographies, which have a direct impact on
hydrophobicity. Extremely high water contact angles
were attained as a result of the surface roughness,
revealing the superhydrophobic behavior of the
produced nanocoatings. Also, the presence of MH
in PU matrix improved the mechanical properties of
the nanocomposite, depending on the aspect ratio
and particle size. Therefore, hardness, tensile
strength, elastic modulus, and elongation at break
in the best nanocomposite (PU-P) improved by 47%,
170%, 34%, and 56%, respectively. Finally, this
paper demonstrated that the vertical orientation of
MH-P allowed for obtaining the highest hydropho-
bicity in the PU-P sample.

Fig. 14: Comparison of hardness values on the Shore A
scale of PU/Mg(OH)2 nanocomposite samples

Fig. 15: Stress–strain curves of PU/Mg(OH)2
nanocomposite samples

Fig. 16: Elastic modulus, elongation at break, and tensile strength variations of PU/Mg(OH)2 nanocomposite samples
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