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Introduction

Halloysite nanotubes (HNTs), with a chemical composition of

Novel polymer/halloysite composites with high
halloysite content and remarkable mechanical
strength

Mingxuan Zhang,? Camila Sabatini, @° Kaiwen Chen,® Steven Makowka,® Ruijia Hu,®
Mark Swihart ©2 and Chong Cheng @ *?

Halloysite nanotubes (HNTs) are of interest for use in nanocomposites due to their unique cylindrical
structure and resulting properties. Various polymer/HNT composites have been studied, but generally these
composites have HNTs as a minor component. Here, we report novel polymer/HNT composites with high
HNT content facilitated by strong hydrogen-bonding interactions between the polymer and HNTs. These
composites with 50-75 wt% HNTs were prepared by in situ polymerization reactions of mixtures
comprising HNTSs, acrylic acid, triethylene glycol dimethacrylate, potassium persulfate, and water, followed
by drying. The chemical structure of composites was verified by Fourier-transform infrared spectroscopy
(FTIR). The high dispersity of HNTs in the poly(acrylic acid)-based matrix was demonstrated by scanning
electron microscopy (SEM). Studies of mechanical properties illustrated greatly enhanced mechanical
strength of the composites relative to the pure polymer matrix, with the highest flexural strength,
microhardness, and ultimate tensile strength achieved for the composite with 66.7 wt% HNTs. Thus, the
incorporation of high mass fractions of HNTs in a polymer matrix can offer potential benefits for
applications requiring superior mechanical properties, in addition to other functions endowed by either
HNTs or the polymer matrix. Differential scanning calorimetry (DSC) characterization did not show
evidence of a glass transition in the polymer matrices of these composites, and thermogravimetric analysis
(TGA) revealed increased thermal stability of the composites relative to the matrices. Swelling tests
indicated that the swelling capacity is primarily determined by the amount of polymer present in the
composite, and the presence of HNTs may facilitate mass transfer of water within the polymer matrix.

due to their wunique nanostructure, environmental
friendliness, biocompatibility, and natural abundance.”™®
HNTs have great potential as nanocarriers for

AlL,Si,05(0OH),-nH,0 (identical with kaolinite), are a class of
two-layered aluminosilicate clay mineral, consisting of one
alumina octahedron sheet and one silica tetrahedron sheet in
1:1 stoichiometric ratio. Their multilayer tubular structure
arise from rolling of aluminosilicate sheets under favorable
geothermal conditions. Such a tubular structure is easily
observed in electron microscopy. The specific dimensions,
morphologies, and contents of HNTs depend heavily on their
origins of excavation.>® Generally, commercially available
HNTs have an average external diameter of 50-70 nm, an
average inner diameter of 10-15 nm, and a length range of
about 0.5-1.5 um. HNTs have received considerable attention
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encapsulation and controlled release due to their tunable
surface chemistry and inner cavity capable of hosting active
guest molecules.”'® Surface-modified HNTs containing
various drug molecules like aspirin, metronidazole, and
chlorhexidine have been previously reported.’™'*> HNTs can
also be used as a reinforcement filler material due to their
high mechanical strength and high aspect ratio."* Many types
of polymer-based composites incorporating small amounts of
HNTs have been reported, using various polymeric matrices
such as epoxy, nylon-6, and polyethylene."*™*® They exhibit
enhanced stiffness, impact resistance, compressive strength,
tensile strength and flexural strength relative to the pure
polymer. Furthermore, the presence of HNTs in composites
can enhance thermal stability of polymer matrices due to a
barrier effect.”” However, in most polymer/HNT composites,
considerable aggregation of HNTs can only be avoided at low
HNT contents, because the interactions between HNTs and
typical polymer matrices are generally weak, leading to quite
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limited dispersibility of HNTs in these matrices.” Enhanced
filler-matrix interactions can increase HNT contents in
composites. For example, the composites of HNTs and
sulphated galactan reported by Cavallaro and co-workers can
possess up to 30 wt% HNTs.>’

Poly(acrylic acid) (PAA) is a polyelectrolyte capable of
absorbing a large amount of water. PAA-based polymers are
typically prepared from acrylic acid (AA) or AA with other
acrylic monomers via free radical polymerization, and have
been used in a range of applications, including diapers,
cosmetics, ion-exchange resins, paints and adhesives, and
pharmaceuticals.”® However, PAA-based materials typically
have poor overall mechanical strength, which severely
restricts their use in many fields.** Several methods have been
investigated to enhance the mechanical strength of PAA-based
materials, including chemical and/or ionic crosslinking,>™’
and the formation of polymer blends or interpenetrating
polymer networks.*®* HNT-containing PAA-based copolymer
composites have been previously reported. Zhang and co-
studied a poly(acrylic acid-co-acrylamide)/HNT
superabsorbent composite with 10 wt% HNTs, which
exhibited enhanced mechanical strength and thermal stability
relative to the polymer matrix.’° Li et al. investigated an ionic
crosslinked poly(acrylamide-co-acrylic acid)/chitosan hydrogel
reinforced by a low wt% of HNTs.*' Notably, PAA has been
combined with other kinds of nanoscopic fillers, such as
graphene, carbon nanotubes, silica nanopsheres, or metal
and metal oxide nanoparticles, to form a variety of composites
with advanced functional properties.***?

To the best of our knowledge, polymer/HNT composites
with high mass fractions (=50 wt%) of well-dispersed HNTs
have not been reported. Polymer/inorganic composites with
high mass fractions of inorganic fillers can possess
remarkable properties, and therefore may have a much wider
range of applications. For instance, glass ionomer cements
utilize PAA and calcined glass powder to form composite
cements used as a temporary dental filling material.>* While
glass ionomer cements are highly desirable for their ability to
provide chemical bonding to the teeth's mineral content,
their relatively weak mechanical properties impose
limitations that restrict the potential for broader dental
applications such as their use as a permanent dental filling
material. Therefore, we are keenly interested in developing a
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Fig. 1 Illustration of PAA interaction with HNT surface.
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general strategy to prepare PAA-based polymer/HNT
composites with high wt% of well-dispersed HNTs. Based on
the chemical structure of HNTs with a sheet comprising silica
tetrahedra on the outer surface, we hypothesize that polymer
matrices capable of serving as hydrogen donors may strongly
interact with HNTs via their surface oxygen atoms through
hydrogen bonding, thereby stabilizing dispersion of HNTs in
the matrices and favoring the formation of polymer/HNT
composites with high wt% of well-dispersed HNTs (Fig. 1).
Accordingly, this hypothesis was tested by choosing
PAA-based matrices for the preparation of HNT-containing
composites since PAA  possesses hydrogen-donating
carboxylic acid groups. Subsequently, systematic studies were
performed to interpret the structure and properties of the
resulting composites, as well as their structure-property
relationship. Collectively, our studies demonstrate a novel
strategy to achieve polymer/HNT composites with high HNT
content, which are new materials with promising properties
and application potential.

Materials and methods
Materials

AA (99%) was purchased from TCI Chemicals. Potassium
persulfate (99%) was obtained from Thermo Scientific.
Triethylene glycol dimethacrylate (TEGDMA, 95%) and
halloysite nanoclay (i.e., HNTs) were supplied by Sigma
Aldrich. All materials were used as received.

Preparation of polymer/HNT composites

The composites with 50-75 wt% HNTs were prepared as
follows. Five vials of mixtures were prepared. In each vial, AA
(2.25 g, 31.2 mmol) as monomer, TEGDMA (0.25 g, 0.87
mmol) as crosslinker, and potassium persulfate (0.010 g,
0.037 mmol) as thermal initiator were mixed with deionized
water (2.50 g); the resulting mixture was purged with nitrogen
gas for 30 min. Next, 2.50, 3.75, 5.00, 6.25, and 7.50 g of
HNTs were added to these vials, respectively. The samples
were further mixed by vortexing and ultrasonication to obtain
well-mixed dispersions. Ice baths were applied periodically to
prevent overheating during ultrasonication. The samples
were equilibrated to 25 °C, and then slowly heated to 65 °C
for curing over a period of 12 h. The cured samples were
processed into the desired shapes, based on the
specifications of the individual experiments, and then dried
in a vacuum oven at 100 °C for 12 h.

Fourier transfer infrared (FTIR) spectroscopy

Attenuated total reflectance (ATR) FTIR analysis
carried out on a Bruker vertex 70 spectrometer fitted with
a universal ATR sampling accessory. All data were
recorded at room temperature in the spectral range of
600-4000 cm™'. Subsequent data analysis was performed
using Origin software.

was
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Scanning electron microscopy (SEM)

SEM imaging was performed using a Carl Zeiss AURIGA
CrossBeam FIB-SEM instrument. Test samples were sputtered
with gold using an SPI-Module sputter coater system for 20 s
under argon before testing. The accelerating voltage utilized
was 2.0 kV for raw HNTs and 1.5 kV for composites.

Transmission electron microscopy (TEM)

TEM imaging was performed using a JEOL JEM 2010 high-
resolution electron microscope instrument. Test samples
were prepared by drop casting of a dispersion of HNTs in
methanol on a standard TEM grid, and followed by drying
under nitrogen. The accelerating voltage utilized was 200 kV.

Flexural strength

A standard three-point flexural test (ASTM D 793) with a span
of 20 mm was used for the testing of cured beam-shaped
specimens of polymer/HNT composite (2 mm x 2 mm X 25
mm) at a crosshead speed of 1.0 mm min™' using a
computer-controlled Dillon Quantrol universal testing
machine with a 100 N load cell. The cured specimens were
hand polished with silicon carbide (SiC) sandpapers of
sequentially higher grits (240, 320 and 600) in a longitudinal
direction. Ten replicates were prepared for each group.

Ultimate tensile strength

Testing of ultimate tensile strength was conducted per the
ASTM D-638 testing standard. For each group, ten hourglass-
shaped specimens (10 mm long x 2 mm neck wide x 1 mm
thick) were fabricated for evaluation of specimens using a
universal testing machine (Micro-tester) at a crosshead speed
of 1.0 mm min™".

Young's modulus

Testing of Young's modulus was conducted per the ASTM
D-638 testing standard. For each group, ten dumbbell-shaped
specimens (20 mm long x 2 mm neck wide x 1 mm thick)
were fabricated for evaluation of specimens using a
computer-controlled Dillon Quantrol wuniversal testing
machine with a 500 N load cell at a crosshead speed of 1.0
mm min .

Compressive strength and modulus

Testing of compressive strength and modulus was conducted
per the ASTM D-695 standard. For each group, six cylindrical
specimens (3 mm diameter x 2 mm height) were fabricated with
a die cutter for evaluation of specimens using a computer-
controlled Dillon Quantrol universal testing machine with 2500
N load cell at a crosshead speed of 1.0 mm min™.

Microhardness

Microhardness of the composite materials was evaluated with
a Buehler Micromet micro indentation hardness tester using
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a 300 gram-force (gf) load with a 15 s dwell time. Cured
beam-shaped specimens of polymer/HNT composite (2 mm x
2 mm x 25 mm) were embedded in acrylic resin and hand
polished with SiC sandpapers of 240, 320 and 600 grit. Six
indentations, spaced at least 0.5 mm apart from one another
(ASTM E384-11), were made on each specimen with six
replicates. The two diagonal lengths of each indentation were
measured by a built-in microscope and converted into a
microhardness value using the following equation: HV =
0.1891 F/d? where HV is the microhardness value, F is the
load in gf and d is the average length of the diagonals in
mm. For each specimen, six hardness values were averaged
and reported as a single value.

Differential scanning calorimetry (DSC)

DSC analysis was carried out using a DSC Q2000 instrument
with a nitrogen flow rate of 50 mL min~". Test specimens
(each with a mass between 9 and 13 mg) were weighed on an
analytical scale, capable of being read to four decimal places.
Samples were crimped into non-perforated aluminum pans,
with an empty aluminum pan as the reference. For each
measurement, the sample was repeatedly heated from 25 °C
to 150 °C at a heating rate of 10 °C min™", cooled back to 25
°C and then held isothermal at 25 °C for 10 min. The DSC
curves of the second heating cycles were used to analyze the
thermal transitions of samples.

Thermogravimetric analysis (TGA)

TGA was carried out wusing a DSC SDT Q600
Thermogravimetric Analyzer with a nitrogen flow rate of 100
mL min~". Test specimens (each of ~10-20 mg) were crimped
into non-perforated aluminum pans, with an empty
aluminum pan as the reference. The samples were held
isothermal at 25 °C for 5 min, then heated from 25 to 600 °C
at a heating rate of 20 °C min .

Swelling test

A completely dry, pre-weighed disc-shaped sample was
immersed in deionized water for 24 h. Then the sample was
removed from the water and weighed after the surface of the
sample was blotted dry. Swelling ratio (Q) was calculated for
each sample according to the following eqn (1):

Q = (Ms - Mq)/Mq (1)
Here, M, is the mass in the swollen state and My is the mass

in the dried state.

Statistical analysis

Statistical analysis was conducted using ¢-test and P-test, with
P > 0.05 as not significant (ns).

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

Design and preparation of composites

PAA is known to be brittle under normal conditions, with poor
mechanical performance. PAA is also water-soluble unless it is
crosslinked. To address these issues and to achieve PAA-based
composites with enhanced mechanical properties, HNTs were
used in high mass fractions as the inorganic filler, and a
crosslinked PAA-based network was employed as the continuous
phase of composites in this work (Fig. 2).

Incorporating HNTs into the composites can offer several
advantages. First, HNTs have a (Si-O-Si) tetrahedral external
surface structure that resembles silica, which can enable
strong hydrogen bonding interactions with PAA.*>° Second,
HNTs exhibit a high specific surface area of up to 184.8
m> ¢,¥ promoting surface interactions. Third, the
51gn1f1cant amount of HNTs in these composites limits
volumetric shrinkage of the polymer matrix during drying.
Fourth, the tubular morphology of HNTs reduces
aggregation, which helps in attaining well-dispersed fillers
within the polymer matrix. We hypothesized that the
numerous carboxylic groups in PAA could form hydrogen
bonds with the outer surface of HNTs, establishing robust
surface interactions. This, in turn, enhances the load-bearing
capacity of the composites due to the highly adhesive PAA-
HNT interface, resulting in composites with remarkable
mechanical properties.

To obtain a crosslinked PAA-based network as the
continuous phase of composites, TEGDMA was selected as
the crosslinker for the free radical polymerization of AA.
TEGDMA possesses two methacrylate groups which can
effectively crosslink PAA chains. Moreover, its oxyethylene
units can form hydrogen bonds with PAA,*® which can further
strengthen the cross-linkages in the network. In addition,
potassium persulfate (KPS), a water-soluble thermal initiator,
was selected for the free radical preparation of the network.

The composites were prepared by free radical
polymerization of the reaction mixtures of AA, TEGDMA,
KPS, water, and HNTs at 65 °C for 12 h (AA/TEGDMA/KPS/
water = 9/1/0.04/10, by mass; HNTs/(AA + TEGDMA) = 1.0,
1.5, 2.0, 2.5, 3.0, by mass), followed by drying under vacuum
at 100 °C for 12 h to remove water. The resulting composites
contained 50-75 wt% HNTs.

Structural analysis

The chemical structures of the composites were analyzed
using FTIR spectroscopy, with AA, TEGDMA, P(AA-co-
TEGDMA), and pristine HNTSs as controls. As shown in Fig. 3,

HNT: :0
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03 o polymerization
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ﬁ
R

Fig. 2 Synthesis of polymer/HNT composites.
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FTIR spectra of all composites exhibited characteristic
absorbance peaks from both the P(AA-co-TEGDMA) matrix
and HNTs. Specifically, peaks at ~1695 cm™ and ~2400-
3600 cm™* (very broad) were assigned to (meth)acrylic C=0
vibrations and carboxylic O-H stretches of the P(AA-co-
TEGDMA) network, respectively; these absorbance positions
agree well with those of AA, the major precursor of the
network. Moreover, absorbance peaks at 2920 cm™ and 2860
em™' were absent in the FTIR spectra of AA and TEGDMA,
but appeared in the FTIR spectra of the composites; they
were assigned to the C-H stretches of the polymer
backbones, which were formed by free radical
polymerization. Notably, FTIR spectra of both AA and
TEGDMA showed absorbance at ~1635 cm ™" for C=C vinyl
stretch and at ~815 cm™" for (meth)acrylic C-H bending; the
disappearance of these absorbance peaks in the FTIR spectra
of composites indicates the full conversion of vinyl groups of
AA and TEGDMA.* In the FTIR spectra of composites, the
absorbance at 1006 cm™ was assigned to an Si-O-Si
stretching mode, and the absorbance features at 3690 cm™*
and 3616 cm ' were attributed to the O-H stretch of the
hydroxyl groups on the HNT inner surface.”’ Increasing the
HNT mass fraction of the composites led to increased
intensities of HNT-related absorbance peaks relative to P(AA-
co-TEGDMA)-related features.

Electron microscopy methods were used to examine the
morphologies of both pristine HNTs and polymer/HNT
composites. The SEM image of pristine HNTs showed their
rod-like shape with an average outer diameter of ~60 nm
and length up to ~1 pum (Fig. 4a). TEM imaging further
revealed their tubular structure, with an average inner
diameter of ~20 nm (Fig. 4b). Because HNTs can be
effectively etched by a strong acid (such as hydrochloric acid)
to form porous structures,” a concern was whether the
structure of HNT would be altered in the presence of AA.

Transmittance

b) 2400-3600 1695;

16951635 815

Suloliolelakoheliokalulonl

3500 3000 2500 2000
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Fig. 3 FTIR spectra from a) AA, b) TEGDMA, c) P(AA-co-TEGDMA)

resin, d) pristine HNTs, and PAA/HNT composites with HNT loadings of
e) 50.0 wt%, f) 60.0 wt%, g) 66.7 wt%, h) 71.4 wt% and i) 75.0 wt%.
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Fig. 4 a) SEM image of pristine HNTs; b) TEM image of pristine HNTSs,
c) TEM image of HNTSs after treating the pristine HNTs with AA without
polymerization.

TEM images of HNTs after AA treatment (65 °C, 12 h, in the
presence of 2,2-diphenyl-1-picrylhydrazyl to inhibit radical
polymerization) revealed no considerable structural change
(Fig. 4c), suggesting that there was no critical structural
difference between pristine HNTs and the HNTs in the PAA-
based composites. Of note, AA treatment of HNTs for
extended time period (e.g., 72 h) may result in a noticeable
increase in lumen diameter,** but the time required to
convert AA (together with TEGDMA) to polymer matrix was
much shorter in this work.

The morphologies of polymer/HNT composites were
investigated by SEM imaging (Fig. 5). Achieving high
dispersibility of HNTs is crucial for obtaining consistent
properties in the polymer/HNT composites. However, it has
proven challenging to disperse even small amounts of HNTs
in polymeric matrices.”>** SEM images of the fracture
surfaces of PAA-based polymer/HNT composites provided
critical information about the distribution of HNTs within
the polymeric matrix. Relative to pristine HNTs (Fig. 5a), the
HNTs at the fracture surfaces generally showed reduced
width because the surface nanotubes were partly “buried”
within the polymer. For the composite with 50.0 wt% HNTSs
(Fig. 5b), there were significant HNT-free regions (marked as
“a”) with dimensions of 1 pm or larger, and only about half
of the fractured surface was covered with well-distributed
HNTs. With increasing HNT wt%, the surface coverage of
HNT-free regions decreased, and composites with 60.0, 66.7,
and 71.4 wt% HNTs exhibited predominant surface coverage
with well-distributed HNTs (Fig. 5c-e). However, for the
composite with the highest HNT fraction of 75.0 wt%

Fig. 5 SEM images of a) pristine HNTs, and PAA-based polymer/HNT
composites with various HNT loading: b) 50.0 wt%, c) 60.0 wt% d) 66.7
wt%, e) 71.4 wt%, and f) 75.0 wt%.
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(Fig. 5f), while the surface coverage of HNT-free regions
essentially disappeared, a region with very crowded presence
of HNTs (marked as “B”) was observed, indicating significant
aggregation of HNTs in the composite.

Studies of mechanical properties

A series of tests were performed for evaluation of the
mechanical properties of polymer/HNT composites. The

effect of HNT incorporation on flexural strength,
microhardness, ultimate tensile strength, compressive
strength, ultimate elongation, tensile modulus, and

compressive modulus of the polymer/HNT composites was
assessed (Fig. 6). Pure P(AA-co-TEGDMA), the matrix material,
was also prepared; however, it was too fragile to serve as a
valid control for the mechanical testing of the composites.

Flexural strength, microhardness, and ultimate tensile
strength are commonly used parameters for evaluation of the
mechanical properties of brittle materials. The flexural strength
values (Fig. 6a) were 66.45 + 6.35, 106.03 + 5.66, 114.28 + 4.67,
100.3 + 7.66, and 98.48 + 9.25 MPa for the polymer/HNT
composites with HNT contents of 50.0, 60.0, 66.7, 71.4, and
75.0 wt%, respectively. With increasing HNT content, flexural
strength first increased and reached a maximum value at 66.7
wt% HNTs, and then decreased gradually.

The microhardness testing of the polymer/HNT
composites followed a similar trend (Fig. 6b). The
microhardness values for the composites with 50.0, 60.0, and
66.7 wt% HNTSs were 37.13 + 4.04, 43.54 + 3.53, and 52.51 +
3.19 Hyv, respectively, showing an increase in hardness value
as the HNT content increased. The samples with 71.4 and
75.0 wt% HNTs showed microhardness values of 43.91 +
3.18, and 43.94 + 2.67 Hv, respectively; these values were
considerably lower than the value for the composite with 66.7
wt% HNTSs.

The ultimate tensile strength values also showed a similar
trend to the microhardness values, since microhardness is
internally related to tensile strength (Fig. 6¢). The ultimate
tensile strength values for the composites with 50.0, 60.0,
and 66.7 wt% HNTs were 50.64 + 3.27, 60.11 + 4.74, and
73.33 + 3.72 MPa, respectively. After reaching a peak value at
66.7 wt% HNTs, a decrease in ultimate tensile strength was
observed with further increasing HNT content. Composites
with 71.4 and 75.0 wt% HNTs had ultimate tensile strength
values of 53.54 + 7.27 and 47.51 + 7.05 MPa, respectively.
Noteworthily, the ultimate tensile strength is lower than the
flexural strength for each sample set. This is common for
brittle materials as fewer defects have a critical influence in
the bending flexural test relative to the tensile test.*

Compressive strength of these samples was also analyzed.
The values were 253.1 + 16.1, 252.3 + 33.0, 277.8 + 25.5, 267.0
+17.1 and 187.14 + 68.0 MPa for HNT contents of 50.0, 60.0,
66.7, 71.4, and 75.0 wt%, respectively (Fig. 6d). The
differences of the first four data points with the last one were
statistically significant. For each sample set, its compressive
strength was much larger than tensile strength; such

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 a) Flexural strength, b) microhardness, c) ultimate tensile strength, d) compressive strength, e) ultimate elongation, f) Young's modulus, and

g) compressive modulus of PAA-based polymer/HNT composites.

behavior is typical for brittle materials,*® since defects tend
to close under compression, while the resolved shear stress
(maximizing at ~45° to compression direction) and induced
tensile stress (perpendicular to compression direction) have
less magnitude than compressive stress.

The observed trends of the above mechanical properties
with respect to HNT content can be explained through the
distribution of the filler, as well as the interactions between
the filler and the continuous phase. As revealed by SEM
imaging (Fig. 5b), the composite with 50.0 wt% HNTSs
included numerous polymer microscale domains. This
resulted in relatively poor mechanical strength of the
composite because the polymer microscale domains have
limited ability to bear mechanical loads. With increasing
HNT content, the domains of well-dispersed HNTs became
predominant, enhancing the mechanical strength up to a
point where the dispersibility of HNT became an issue. The
relatively poor mechanical strength of the composite with
75.0 wt% HNTs can be attributed to aggregation of HNTs, as
shown by SEM (Fig. 5f). The interactions between HNTs and
the polymeric continuous phase are weak in these domains,
due to the small amount of polymer present. Thus, these
domains serve as defect points where mechanical failure
originates. Conversely, the highest mechanical strength for
the composite containing 66.7 wt% HNTSs can be attributed
to the well-dispersed HNTs in the polymeric matrix, with
little to no aggregation.

Ductility of the polymer/HNT composites was measured
through their ultimate elongation. These composites with
HNT contents of 50.0, 60.0, 66.7, 71.4, and 75.0 wt% gave
ultimate elongation values of 9.28 + 2.53, 9.21 + 3.25, 8.45 +
1.21, 5.46 + 0.94 and 4.91 + 0.97%, respectively (Fig. 6e). The

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

differences of the first three data points with the last two
were statistically significant. Such results suggested notable
presence of structural defects (as voids and aggregation
defects) in specimens with 71.4 and 75.0 wt% HNTs, causing
the material to become much more brittle. Of note, the
fracture surfaces of all specimens were quite smooth, as a
typical feature of brittle fracture. Meanwhile, the fractured
specimens exhibited reduced cross-sectional area as
compared to the original ones, indicating the occurrence of
plastic deformation before fracture.

Minimal elastic deformation was observed when the
composites were tested. Accordingly, their tensile and
compressive moduli were measured. Tensile modulus of the
composites with 50.0, 60.0, 66.7, 71.4, and 75.0 wt% HNTSs
were 388.7 + 117.6, 399.7 £ 60.5, 452.0 + 69.2, 602.5 + 216.7
and 1029.0 + 300.1 MPa, respectively (Fig. 6f). Compressive
modulus of the composites with HNT contents with 50.0,
60.0, 66.7, 71.4, and 75.0 wt% were 1164.4 + 127.3, 1288.1 +
90.1, 1293.8 + 26.7, 1079.3 + 68.4 and 824.9 + 142.3,
respectively (Fig. 6g). The two sets of modulus values
exhibited different trends, with tensile modulus increasing
significantly, but compressive modulus decreasing notably
after HNT contents exceeding 66.7 wt%. The ratio of
compressive modulus to tensile modulus decreased
dramatically from ~3 for composites with 50.0, 60.0, 66.7
wt% HNTSs, to 1.79 for composite with 71.4 wt% HNTs, and
then to 0.80 for the composite with 75.0 wt% HNTSs.

The modulus results of the composites can also be
explained through their structural features. It is well-
documented that solid continuum materials with well-
defined homogeneous structures have the same tensile and
compressive moduli, but the PAA-based polymer/HNT
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composites are anisotropic materials, which often show
different resistance to elastic tensile and compressive
deformation.”” Because HNTs are discrete nano-fillers
dispersed in the polymer matrices, interfacial interactions
between polymer and HNTs are responsible for holding
everything together to resist elastic tensile deformation of the
samples as integrated materials. Because of the high intrinsic
moduli of HNTs, polymer-bound HNT-rich microscale
domains have higher resistance to elastic tensile deformation
than the HNT-free polymer microscale domains. The
exceptionally high tensile modulus of the composite with
75.0 wt% HNTs can be attributed to the fact that a HNT
network bound by polymer binder was formed throughout
the material, but HNT networks of composites of lower
contents of HNTs were compromised by the presence of
HNT-free polymer microscale domains (Fig. 5). Of note,
structural defects unfavorably affecting mechanical strengths
would not influence tensile modulus so critically because
tensile modulus is measured as the initial slope of tensile
stress versus tensile strain. On the other hand, compressive
modulus shows material's resistance to elastic compressive
deformation associated with reduced volume, and therefore,
it is sensitive to void volume in the material.*®* The notably
lower compressive modulus of the composite with 75.0 wt%
HNTs may be ascribed to the presence of void volume
between HNTs in the regions with very crowded presence of
HNTs in which HNTs were not fully covered by polymer.

Overall, relative to the matrix material, which was too
brittle to give meaningful data on mechanical properties, the
significantly enhanced mechanical properties of the
composites are critically related to the strong interfacial
interactions between PAA and HNTs. As the addition of HNTSs
resulted in significant changes in the morphology of the PAA-
based polymer matrix, with restricted polymer chain
mobility,”® the interactions between the alumina outer layer
of HNTs and the carboxylic groups of PAA segments promote
surface adhesion. Of note, other approaches have also been
reported to improve surface interaction and achieve
dispersion of HNTs in a polymer matrix. Raji et al. reported
vinyltrimethoxysilane-modified HNTs in polypropylene with
enhanced dispersibility.”® Zhu et al also reported HNTs
modified with 3-aminopropyltriethoxysilane to dramatically
improve the dispersion of HNTs in a polyimide composite.*"
Thus, incorporating surface modification of HNTs may
further improve the mechanical properties of composites
containing high weight fractions of HNTs.

Studies of other properties

DSC analysis was conducted to examine the thermal
properties of  polymer/HNT composites, and the
corresponding thermograms are shown in Fig. 7. PAA has a
glass transition temperature (T,) value around 102 °C.°* In
principle, at low crosslink density, crosslinking may result
in an increase of T,. However, P(AA-co-TEGDMA) did not
show a distinguishable glass transition in its DSC curve.
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Fig. 7 DSC curves of PAA-based polymer/HNT composites and P(AA-
co-TEGDMA).

This may be ascribed to the greatly reduced mobility of PAA
chains due to the presence of TEGDMA-based cross-links.
Moreover, the incorporation of HNTs further restricts
polymer chain mobility, resulting in the absence of glass
transition in all the DSC curves of the polymer/HNT
composites.

The TGA and differential TGA curves of polymer/HNT
composites, with P(AA-co-TEGDMA) and pristine HNTs as
controls, are shown in Fig. 8. P(AA-co-TEGDMA), with 90 wt%
AA monomer units, showed three stages of weight loss. The first
stage with the temperature of maximum weight loss rate (T4 max)
at 317.1 °C, the second phase at ~350-435 °C and the third
phase with the Tymax at 443.6 °C were ascribed mainly to
anhydride formation with the elimination of water, anhydride
degradation, and massive polymer degradation, respectively.”
Relative to linear PAAs,”* P(AA-co-TEGDMA) showed high
thermal stability with significantly retarded weight losses
because of the presence of network structures. HNTs exhibited
a noticeable weight loss of 9.05 wt% at 500-600 °C due to
dehydroxylation of their AIOH groups, with Ty yay Of 584.4 °C.>
The gradual slight weight loss (5.42 wt%) of HNTs below 500 °C
can be attributed to the removal of physically bound water and
the desorption of water intercalated between HNT planes. The
thermogravimetric behavior of polymer/HNT composites were
largely based on their compositions, but showed critical
differences with that of P(AA-co-TEGDMA) and HNTs. With
increasing HNT content, T4 max values increased gradually for
the phase of anhydride formation but deceased notably for the
phase of anhydride degradation; moreover, the massive polymer
degradation, which gave a sharp peak in the differential TGA
curve of P(AA-co-TEGDMA), became quite slow in polymer/HNT
composites. These results suggested that water released from
HNTs retarded anhydride formation of the polymer matrices,>®
and the presence of HNTs might significantly stabilize the
residues resulted from the phase of anhydride degradation via

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

surface adsorption. Moreover, the Tymax Values for
dehydroxylation of AIOH groups of HNTs increased with the
increase of HNT contents, suggesting that the presence of
residues of polymer degradation on surface of HNTs may
promote the occurrence of dehydroxylation reaction.

The compositions of such composites have major effect on
the residual wt% at 600 °C. The polymer matrix, P(AA-co-
TEGDMA), gave only 8.11 wt% residue at 600 °C. On the other
hand, HNT had 84.6 wt% residue at 600 °C. For the
composites, their residue wt% increases with their HNT wt%.
For instance, composites with 50.0 and 75.0 wt% HNTs gave
49.45 and 66.26 w% of residue, respectively. For all composites,
their residues were mainly derived from HNTs. Overall, the
incorporation of high amounts of HNTs into polymer matrices
enhances composite thermal stability. Such results may be
ascribed to the high thermal stability of HNTs and the barrier
properties of HNTs to maximize heat insulation.”” Of note,
because of water release during dihydroxylation of HNTs at
elevated temperatures,®® the composites may potentially have
anti-inflammatory properties.
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Swelling tests were conducted for the polymer/HNT
composites to assess the impact of HNT incorporation on the
swelling properties (Fig. 9), with P(AA-co-TEGDMA) as a
control. P(AA-co-TEGDMA) exhibited a swelling ratio of 2.16.
The swelling ratios of composites were almost proportional
to their wt% of P(AA-co-TEGDMA) matrix, and the composite
with 75.0 wt% HNTs and 25.0 wt% P(AA-co-TEGDMA)
displayed a swelling ratio of 0.49. The results suggest that the
swelling capacity is primarily influenced by the amount of
polymer present in the composite, and the incorporation of
high HNT contents does not significantly affect the swelling
capacity of polymer. In this work, because a high
concentration of crosslinker (TEGDMA, 10 wt% relative to
AA) was applied, the restriction of swelling by the presence of
HNT becomes negligible despite its high weight fractions.
PAA-based polymer/HNT composites can not only be quickly
hydrated, but also effectively dehydrated as indicated by the
absence of free water absorbance in the FTIR spectra,
because the presence of HNTs facilitates mass transfer. Of
note, the effects of HNTs on the restriction of swelling
through physical crosslinking or surface adsorption of
polymer chains may become more evident if the polymer
matrix was less densely chemically crosslinked.”

Conclusions

This study focused on the effects of high HNT content on
morphology, mechanical and thermal properties of TEGDMA-
crosslinked PAA-based composites. Polymer/HNT composites
with 50.0-75.0 wt% HNTs were fabricated by in situ free radical
polymerization. The incorporation of HNTs into the PAA-based
matrix resulted in improved thermal stability and greatly
enhanced mechanical strength, while not affecting the intrinsic
swelling ability of PAA-based matrix. SEM imaging confirmed
high compatibility and remarkable dispersion of HNTs in the
PAA-based matrix. The composite containing 66.7 wt% HNTSs
demonstrated the highest flexural strength, microhardness,
ultimate tensile strength and compressive strength amongst all
polymer/HNT composite materials. These polymer/HNT
composites may potentially have other useful properties, such
as separation and encapsulation properties, which merit
further investigation.
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