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Preface

Polymer-based gels, occupying a unique niche between solids and liquids, represent one of

the most dynamic and rapidly advancing frontiers in materials science. These three-dimensional

networks of crosslinked polymers, capable of imbibing large quantities of solvent, exhibit a

remarkable suite of properties, including stimuli-responsiveness, tunable mechanical strength, and

high biocompatibility. This versatility positions them as critical materials for addressing some of the

most pressing challenges across fields such as biomedicine, soft robotics, environmental science, and

energy storage.

The motivation for this Special Issue stems from the need to consolidate and highlight the

latest breakthroughs that bridge the fundamental design of these gels with their practical, real-world

applications. While the understanding of gelation mechanisms and network structures has deepened,

a significant and exciting challenge remains: the rational design of gels with precisely tailored

functionalities for specific technological purposes. This involves intricate control over their chemical

composition, physical architecture, and multi-scale responsiveness. The aim of this collection

is to provide a platform for sharing cutting-edge research that demonstrates this journey—from

innovative synthesis strategies and advanced characterization to proof-of-concept demonstrations

and the scalable manufacturing of functional gel-based devices.

We extend our sincere gratitude to all the authors who have contributed their high-quality

research to this collection and to the numerous reviewers whose diligent work and insightful

comments have ensured the scientific rigor and quality of this Special Issue.

Fei Han

Guest Editor
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Wearable Applications
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Abstract: With the development of science and technology, wearable electronics are increasingly
widely used in medical, environmental monitoring, and other fields. Thus, the demand for flexible
electrodes is increasing. The two-dimensional material Ti3C2Tx has attracted much attention in the
manufacture of flexible electrodes due to its excellent mechanical and electrical properties. However,
the brittleness of pure Ti3C2Tx films has become a major obstacle for their use as flexible electrodes in
wearable devices. Therefore, solving the brittleness problem of flexible electrodes based on Ti3C2Tx

while maintaining the excellent performance of Ti3C2Tx has become an urgent problem. To solve
this problem, Ti3C2Tx was compounded with waterborne polyurethane (WPU), and a Ti3C2Tx-WPU
composite film with a hierarchical structure was constructed by evaporation-assisted self-assembly.
The Ti3C2Tx-WPU composite film not only retains the excellent electrical conductivity of Ti3C2Tx

(100 S m−1) but also has flexibility (20 MJ m−3). Furthermore, the Ti3C2Tx-WPU composite film is
applied to functional devices such as contact pressure sensors and non-contact proximity sensors.
Finally, the Ti3C2Tx-WPU composite film wearable device demonstrates its practical application
potential in the field of wearable devices.

Keywords: wearable electronics; Ti3C2Tx; waterborne polyurethane; pressure sensor; proximity sensor

1. Introduction

With advancements in technology, flexible electronic devices have become a popular
topic in the field of electronics [1–3]. Flexible electronic devices are increasingly applied
across a wide range of fields, including healthcare [4], the aerospace industry, and the
military, due to their superior flexibility and adaptability [5–7]. By optimizing the prop-
erties of materials [8], the development of deep learning systems [9] further extends the
functionality and potential of flexible electronic devices, enabling them to meet ergonomic
demands [10,11] while providing a new direction for the development of future smart wear-
able technologies. For example, OU et al. successfully prepared a dual-network-structured
conductive hydrogel that can be used as a wearable strain sensor for real-time monitoring
of human motion [12]. Wang et al. prepared a silk nanofiber self-powered humidity sen-
sor that can be used for wireless monitoring systems and non-contact human-computer
interaction [13]. Among these, waterborne polyurethane (WPU)-based flexible sensing
materials have seen widespread application in wearable electronics, soft robotics, and
biomedicine in recent years [14–16]. Polyurethane is an artificial polymer material with

Polymers 2024, 16, 2623. https://doi.org/10.3390/polym16182623 https://www.mdpi.com/journal/polymers1
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extensive applications, offering characteristics such as controllable cost, good stability, and
adjustable performance compared to other polymer materials like polydimethylsiloxane,
polyethylene terephthalate, and polyacrylic acid, making it an ideal substrate for flexible
sensing devices. Therefore, the development of flexible sensing materials based on WPU is
currently a hot topic of research.

Conductive materials in WPU-based flexible composite sensing materials include
carbon-based conductive materials, conductive metals, and conductive polymers [17–19].
Yao et al. proposed a skin-like strain sensor that can be used in the fields of human
sound signal detection, human motion detection, and electronic skin of bionic robots using
multiwalled carbon nanotubes as the conductive material [20]. After compounding with
the WPU substrate, flexible sensing materials with excellent electrical conductivity and
mechanical properties can be prepared. However, the aforementioned conductive fillers
have some drawbacks, such as carbon-based fillers being susceptible to environmental
influences, leading to poor performance and short lifespans, and metal fillers, though
stable, are costly [21]. Moreover, despite extensive research on WPU-based flexible sensing
materials, their sensing functions and application scenarios remain relatively singular,
presenting numerous challenges in practical applications. Therefore, there is a need to
develop new multifunctional WPU-based flexible sensors to expand their applications to
the field of sensing and beyond. As a two-dimensional transition metal carbide, nitride, and
carbonitride, Ti3C2Tx exhibits exceptional electrical conductivity, a high specific surface
area, and excellent hydrophilicity, demonstrating significant potential for application in the
realm of sensing technology [22–24]. The surface of Ti3C2Tx is enriched with functional
groups such as -OH, =O, or -F, which not only facilitates its dispersion in common solvents
like ethanol and water but also renders the functionalization of the Ti3C2Tx surface more
accessible without markedly altering its conductivity [25]. The applications of Ti3C2Tx in
the field of sensors include strain, pressure, temperature, and gas sensors, as well as the
detection of various biological markers and environmental pollutants [26–28]. The high
electrical conductivity of Ti3C2Tx significantly accelerates the rate of electron transfer, and
the presence of surface functional groups aids in establishing stable electrode-to-target
material contact in electrochemical sensors [29]. However, there are several drawbacks
associated with the application of Ti3C2Tx in the field of sensors. Typically, the relatively
poor mechanical properties and high brittleness of Ti3C2Tx render it challenging to with-
stand a certain degree of processing deformation, thereby limiting the expansion of its
application domains.

Herein, WPU is selected as a toughening phase to fabricate a toughened Ti3C2Tx-WPU
composite film, thereby enhancing its mechanical processability and further expanding
its application in the field of wearable devices. Ti3C2Tx was compounded with WPU,
and a hierarchically structured Ti3C2Tx-WPU composite film was constructed through
evaporation-assisted self-assembly. The composite film retains the excellent electrical
conductivity of Ti3C2Tx and also possesses toughness. As a well-known elastomer, WPU in-
teracts with the soft polymer phase of Ti3C2Tx, promoting interlayer sliding of the Ti3C2Tx
nanosheets, thereby enhancing the toughness of the Ti3C2Tx-WPU composite film. Fur-
thermore, the Ti3C2Tx-WPU composite film has been applied to functional devices such
as contact pressure sensors and non-contact proximity sensors. Experimental results indi-
cate that the contact pressure sensor based on the Ti3C2Tx-WPU composite film exhibits
a sensitivity of up to 177 kPa−1 and a response time of only 50 ms, demonstrating its
capability to respond sensitively and rapidly to external pressure changes. In addition, the
Ti3C2Tx-WPU composite film has been applied to a non-contact proximity sensor, achiev-
ing a sensitivity of 321.4 mm−1, which signifies its ability to swiftly detect approaching
objects. The Ti3C2Tx-WPU composite film can be applied to soft and wearable devices,
demonstrating its potential for practical applications in the domain of wearable devices.
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2. Materials and Methods

2.1. Materials

Ti3AlC2 powder (200 mesh) was purchased from 11 Technology Co., Ltd. (Jilin, China).
Hydrochloric acid (HCl), dimethyl sulfoxide (DMSO), lithium fluoride (LiF), polyvinyl al-
cohol (PVA), glycerol, and sulfuric acid (H2SO4) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). WPU was purchased from Shenzhen Jitian Chemical
Co., Ltd. (Shenzhen, China).

2.2. Fabrication of the Ti3C2Tx Suspension

Typically, HCl, LiF, and Ti3AlC2 powders were first added into a polytetrafluoroethy-
lene beaker under stirring and further stirred. After repeatedly washing the resultant
mixture with deionized water, DMSO was added to the mixture by sonification (sonica-
tion time was 180 min, power 660 W, room temperature). The mixture was centrifuged
(10,000 rpm, 15 min) using a high-speed centrifuge to remove the supernatant and collect
the sediment. Finally, deionized water was added to the centrifugal sediment with shaking
to obtain the Ti3C2Tx suspension (5 mg mL−1).

2.3. Fabrication of Ti3C2Tx-WPU Composites

A pipette was used to remove 2 mL of the WPU and place it in a beaker. Subsequently,
20 mL of the Ti3C2Tx suspension was added to the beaker. Next, the mixture was stirred
with magnets on a magnetic mixer for 30 min (room temperature). When stirring was
complete, the mixed solution was poured from the beaker into a petri dish. The Ti3C2Tx-
WPU mixture was placed in an oven at 60 ◦C and dried for 18 h. At the end of drying,
the Ti3C2Tx-WPU composites were peeled off the dish (200 μm thickness) for subsequent
testing or application.

2.4. Fabrication of PVA-H2SO4 Hydrogel

First, 50 mL of H2SO4 (1 M) was placed in a beaker. Secondly, weigh 1 g of PVA was
weighed added to the H2SO4 solution, and the above step was repeated five times. That is,
a total of 5 g of PVA was added. After the fifth addition of PVA, another 50 mL of glycerol
was added. After the glycerol was completely dissolved, it was poured into a petri dish
and cooled to room temperature. Finally, three freeze-thaw cycles were are carried out to
obtain the PVA-H2SO4 hydrogel.

2.5. Fabrication of Pressure Sensors Based on the Ti3C2Tx-WPU Composite Film

First, both the PVA-H2SO4 hydrogel (5 mm thickness, thicknesses less than 5 mm are
not favorable for LRC bridge recognition and greater than 5 mm the capacitance rate of
change decreases, resulting in a loss of sensitivity) and the Ti3C2Tx-WPU composite film
were cut into 1 × 1 cm sizes. Second, utilizing the hydrogel’s adhesive properties, two
Ti3C2Tx-WPU composite films were pasted on the upper and lower surfaces to form a
double-electrode layer structure. Finally, fine copper foils were pasted onto the upper and
lower electrode surfaces.

2.6. Characterization and Measurements

The morphologies and microstructures of the materials were characterized using a
transmission electron microscope (TEM) (JEM-2100) and a scanning electron microscope
(SEM) (SU8000, JPN). The molecular compositions and phase structures were identified
using a Fourier transform infrared spectrometer (FTIR) (Thermo Fisher, Nicolet 6700, USA)
and an X-ray diffractometer (XRD) (Bruker Corporation, D8 advance, GER). The tensile
properties of the samples were measured using a universal testing machine (Instron, 3343).
The optical photos were captured by a digital camera (HUAWEI P40 Pro Plus). The electrical
conductivity was measured using a Four-probe Tester (Helpass Electronic Technologies,
Inc. HPS2526). The electrical signals of the pressure sensor were captured by a digital
bridge (Tonghui 28320).

3
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3. Results

3.1. Fabrication and Characterization of the Ti3C2Tx-WPU Composite Film

The process of fabricating a Ti3C2Tx-WPU composite film via an evaporation-assisted
self-assembly technique is depicted in Figure 1a. Initially, the selective etching of the Al
layer in the Ti3AlC2 MAX phase is conducted in a mixture of HCl/LiF, yielding Ti3C2Tx
flakes with high electrical conductivity. The synthesis of the Ti3C2Tx-WPU composite film
utilizes an easily processable aqueous solution. After thoroughly stirring the Ti3C2Tx flakes
and WPU, the mixture is poured into a petri dish for drying. Upon evaporation of the
water, a large-sized, flexible, and conductive thin film is formed, as shown in Figure 1a.
The functional groups of WPU, including the amino, carbamate, and carboxyl groups,
can form multiple hydrogen bonds with the terminal groups on the surface of Ti3C2Tx,
thereby enhancing the mechanical properties of the Ti3C2Tx-WPU composite film. The
microscopic analyses using SEM are conducted to observe the morphology of the Ti3C2Tx-
WPU composite film. In Figure 1b,c, the upper and lower surface SEM images of the
Ti3C2Tx-WPU composite film reveal a defect-free and uniform film. Figure 1d shows
the cross-sectional SEM image of the Ti3C2Tx-WPU composite film; the thickness of the
Ti3C2Tx-WPU composite film is about 8 μm. In order to further verify the composition of
Ti3C2Tx-WPU composite films, detailed XRD analysis is carried out for Ti3C2Tx, WPU, and
Ti3C2Tx-WPU composite films. As shown in Figure 1e, the analysis results show that the
(002) diffraction peak of Ti3C2Tx is sharp and well-defined, located at 2θ = 6.32◦. However,
after the successful recombination of Ti3C2Tx and WPU, it is found that the characteristic
peaks of Ti3C2Tx shifted significantly to the left to the position of 2θ = 5.24◦. The significant
shift indicates that the WPU molecule has been successfully inserted into the molecular
layer of Ti3C2Tx, resulting in a significant increase in the layer spacing [30]. The XRD
patterns of WPU are then observed. It is found that it does not show the typical crystalline
diffraction peak, but shows a broad peak at 2θ = 20◦ [31]. Interestingly, a similar peak
is also observed in the XRD pattern of the Ti3C2Tx-WPU composite film, occurring at
2θ = 20◦. These results strengthen the conclusion that Ti3C2Tx and WPU have successfully
compounded and formed a Ti3C2Tx-WPU composite film. To investigate the interactions
between Ti3C2Tx and WPU, FTIR spectroscopy is employed to characterize the chemical
structure [30,32–34]. Firstly, the FTIR spectrum of the WPU film is analyzed, as shown
in Figure 1f. A distinct absorption peak is observed at 2920 cm−1, which is attributed
to the stretching vibrations of the -CH groups within the WPU molecules. A series of
absorption peaks are identified in the range of 1000 to 1300 cm−1, corresponding to the
vibrations of the C-O-C bonds in the WPU molecules. Subsequently, the FTIR spectrum
of Ti3C2Tx has a significant absorption peak at 1630 cm−1 due to the -C=O groups. The
stretching vibrations of the Ti-O bonds appear at 700 cm−1, and the -OH absorption peak is
observed at 3436 cm−1. Finally, in the FTIR spectrum of the Ti3C2Tx-WPU composite film,
an absorption peak corresponding to the stretching vibrations of the -CH groups in WPU is
identified at 2920 cm−1. Similarly, absorption peaks consistent with the vibrations of the
C-O-C bonds in the WPU molecules are observed in the range of 1000 to 1300 cm−1. The
characteristic stretching vibrations of the -OH, -C=O, and Ti-O bonds in Ti3C2Tx are also
present at 3436 cm−1, 1630 cm−1, and 700 cm−1, respectively. Finally, mechanical tests are
conducted on the Ti3C2Tx-WPU composite film, WPU, and Ti3C2Tx. The stress-strain curves
are presented in Figure 1g. The Ti3C2Tx-WPU composite film can endure a maximum stress
of up to 12.12 MPa, a value significantly surpassing that of WPU (3.08 MPa). This indicates
that the integration of Ti3C2Tx has enhanced the maximum stress of WPU. Furthermore,
as depicted in Figure 1g, WPU exhibits a fracture strain of 200%, whereas Ti3C2Tx only
has a fracture strain of 1.27%, indicating that Ti3C2Tx is prone to fracturing under external
forces. The incorporation of WPU has significantly increased the maximum deformation of
the Ti3C2Tx-WPU composite film to 190%, demonstrating that the addition of WPU has
substantially elevated the deformability of Ti3C2Tx. Fracture toughness, a pivotal indicator
of mechanical capability, of the Ti3C2Tx-WPU composite film has demonstrated remarkable
performance. Its fracture toughness reaches an impressive 20.73 MJ m−3, vastly exceeding

4
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WPU (5.01 MJ m−3) and the Ti3C2Tx (0.16 MJ m−3). These results unequivocally illustrate
the exceptional performance of the Ti3C2Tx-WPU composite film in resisting fractures and
maintaining its structural integrity, thereby endowing it with enhanced reliability and
durability for practical applications.

Figure 1. Fabrication and characterization of Ti3C2Tx-WPU composite film. (a) Schematic showing
the fabrication process of the Ti3C2Tx-WPU composite film. (b–d) SEM images of the Ti3C2Tx-WPU
composite film. (e) XRD patterns, (f) FTIR spectra, and (g) strain-stress curves of the WPU, Ti3C2Tx,
and Ti3C2Tx-WPU composite films.

3.2. The Pressure Sensor Based on the Ti3C2Tx-WPU Composite Film

A capacitive pressure sensor with a sandwich structure is constructed using the
Ti3C2Tx-WPU composite film as the flexible electrode and H2SO4-PVA as the ionic gel, as
shown in Figure 2a. The sensing mechanism of the pressure sensor is as follows [35]. The
electrons in the Ti3C2Tx-WPU composite film and the oppositely charged ions in the H2SO4-
PVA ionic gel attract each other and accumulate at their contact interface to form an electric
double-layer (EDL) capacitance with high capacitance. The capacitance changes with the
change in the area of the interface formed between the ions and the electrons. When no
pressure is applied to its surface, the Ti3C2Tx-WPU composite film and H2SO4-PVA ionic
gel remain relatively loose. Ti3C2Tx-WPU composite film is in contact with the H2SO4-PVA
ionic gel only in a small area. Thus, the capacitance of the pressure sensor is small. The
capacitance of a pressure sensor is mainly related to its electrode/electrolyte contact area.
The larger the contact area, the higher the capacitance of the pressure sensor. After applying
pressure to the pressure sensor, the Ti3C2Tx-WPU composite film with a microstructure
comes into contact with the H2SO4-PVA ionic gel. Thus, more EDL capacitances appear
at the interface between the Ti3C2Tx-WPU composite film and H2SO4-PVA ionic gel. The
capacitance of the pressure sensor increases dramatically, resulting in high sensitivity. The
sensing performance of the pressure sensor at different pressures is shown in Figure 2b.
Sensitivity is defined as the ratio of the rate of capacitance change to pressure. ΔC/C0
of the pressure sensor increases with a gradual increase in pressure. The sensitivity of a

5
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pressure sensor is typically defined as SP = δ(ΔC/C0)/δP. In particular, the sensitivity is
as high as 177 kPa−1 in the pressure range of 0–1 kPa and 97 kPa−1 in the pressure range
of 1–4 kPa. Subsequently, the response of the pressure sensor to the dynamic pressure
signal is tested and shown in Figure 2c,d. It can be seen that the pressure sensor exhibits a
relatively stable and repeatable response to the same dynamic pressure. The rate of change
of capacitance increases with increasing pressure. The capacitance change under different
dynamic pressures is basically the same as the capacitance change under static pressures in
Figure 2d, indicating that the pressure sensor also has a stable sensing ability for dynamic
pressures. In addition, the response/recovery time and detection limit of the pressure
sensor are also evaluated and are presented in Figure 2e. Loading 1 Pa on the pressure
sensor can obtain a clear and stable response and recovery curve, demonstrating a low
detection limit. However, when the pressure is 1 Pa, the response and recovery times are
only 50 ms, showing a fast response/recovery time. To demonstrate the low detection
limit of the pressure sensor more intuitively, two interesting demonstrations are proposed.
First of all, the pressure sensor can detect the airflow generated by the ear wash ball. As
presented in Figure 2f, the capacitive signal quickly returns to the initial value when the
airflow disappears, which intuitively shows that the pressure sensor can respond quickly
and accurately to small pressures generated by the airflow. Secondly, objects with different
masses are placed on the pressure sensor in turn, and the capacitive signal of the pressure
sensor is recorded and shown in Figure 2g. It is found that the pressure sensor can quickly
respond to small pressures. Finally, the pressure sensor is subjected to a stability test at a
pressure of 4 kPa, as shown in Figure 2h. The capacitance change rate of the pressure sensor
drifts slightly in the stability test. In summary, the pressure sensor has a stable pressure
sensing performance with high sensitivity, wide sensing range, fast response time, and low
detection limit.

3.3. The Proximity Sensor Based on the Ti3C2Tx-WPU Composite Film

The mechanism of proximity sensors is mainly derived from the perturbation of the
fringing electric field in the parallel-plate capacitor. During the process, two types of
capacitances are defined: mutual capacitance (CM) between the upper and lower electrodes
and fringing capacitance (CF) [36]. As shown in Figure 3a, when the distance between the
approaching object and the proximity sensor decreases, a portion of the fringe electric field
is truncated and shunted to the ground, which reduces the strength of the electric field
associated with the capacitive electrodes and decreases the charge stored in the capacitor.
With further proximity, charge flows out of both electrodes, resulting in an increase in
CF and a decrease in CM [37]. Thus, the capacitance response of the proximity sensor
is more significant. We specify that a target object (Al block with a base area of 1 cm2)
approaches the proximity sensor from a distance of 100 mm from the upper surface of
the proximity sensor and decelerates and stops at a distance of approximately 0.1 mm.
The relationship between the ΔC/C0 and the proximity distance of the proximity sensor is
shown in Figure 3b. The capacitance response of the proximity sensor is up to 2000 in the
near range region (0–15 mm). The sensitivity of the proximity sensor is typically defined
as SD = δ(ΔC/C0)/δD, where D represents the vertical distance between the proximity
sensor and the object. The sensitivity is as high as 321.43 mm−1. As shown in Figure 3c, the
proximity sensor maintains a stable capacitance response at different distances, indicating
that the proximity sensor can clearly identify different response signals at different distances.
In Figure 3d, we plot the process of approaching and moving away from the proximity
sensor into two segments (the red curve represents the object proximity sensor and the blue
curve represents the object leaving the sensor) to facilitate the analysis of the hysteresis of
the proximity sensor. The capacitance response of the proximity sensor is nearly coincident
when the object is approaching and leaving, indicating that the proximity sensor has good
reversibility and minimal hysteresis. As shown in Figure 3e, the proximity sensor exhibits
a stable capacitance response when objects are approaching at different speeds. In addition,
we tested the response/recovery times of the proximity sensor, as shown in Figure 3f. The
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response/recovery time of the proximity sensor is only 76 ms, indicating that the proximity
sensor has a fast response ability. As can be seen in Figure 3g, the stability test of the
proximity sensor at the same frequency is performed for over 800 cycles at a distance of
100 mm. As can be seen in the magnified image, the capacitance amplitude fluctuates only
slightly over time. This shows that the proximity sensor has good stability.

Figure 2. The pressure sensor based on the Ti3C2Tx-WPU composite film. (a) Schematic diagram of
the sensing mechanism of the Ti3C2Tx-WPU composite film-based pressure sensor. (b) Sensitivity of
the pressure sensor. (c) Dynamic step test curve of the pressure sensor. (d) Static step test curve of the
pressure sensor. (e) Response and recovery curves of the pressure sensor. (f) The pressure sensor
responds to airflow. (g) The pressure sensor responds to objects with different masses. (h) Stability of
the pressure sensor.
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Figure 3. The proximity sensor based on the Ti3C2Tx-WPU composite film. (a) Schematic diagram of
the proximity sensing mechanism. (b) Distance-dependent capacitance response of the proximity
sensor with different distances of aluminum (Al) block. (c) The time-dependent change in the
capacitance of the proximity sensor at different distances between the Al block and the proximity
sensor. (d) The capacitance response of the proximity sensor during the approaching-leaving cycle is
within 100 mm. (e) The capacitance response of the proximity sensor during the approaching-leaving
cycle at different moving speeds. (f) The response/recovery time of the proximity sensor. (g) Stability
test of the proximity sensor over 800 cycles.

3.4. The Applications Based on the Ti3C2Tx-WPU Composite Film

The monitoring of vocal cord health is critically important for maintaining human
health. Unlike the bending motion of human joints, the vibration of the vocal cords is
much more insignificant. Therefore, monitoring with higher accuracy and sensitivity
sensors is required. Hence, the Ti3C2Tx-WPU composite film-based pressure sensors were
mounted on the skin of the larynx of a volunteer (Figure 4a), and the capacitance change
curve was used to monitor the vocal folds as they emitted the “Pressure”, “Film”, “Nano”,
“Sensor” and ”Water” vibrations during the pronunciation of words (Figure 4b). When
the volunteer spoke the word, the sensor immediately made a capacitance response to
vocal cord vibration. This shows that different words correspond to different capacitance
change curves. There are also differences in the capacitance change curves for multiple
pronunciations of the same word (Figure 4c), which are due to the different amplitudes of
vocal fold vibration during each pronunciation. To enable accurate recognition of word
pronunciation, a fully connected multilayer perceptron (MLP) neural network model with
five input layers, 100 hidden layers, and five output layers is used to classify the collected
word pronunciation data. The algorithmic model achieves high classification accuracy after
only 100 iterations, which proves its accuracy and feasibility (Figure 4e). In the end, the
accuracy of classifying and recognizing the pronunciation of the five words in the test set
is as high as 98.92%, which is slightly higher than the 98.66% accuracy of the training set
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(Figure 4f). The confusion matrix also demonstrates the excellent classification ability of the
constructed MLP neural network model for word pronunciation recognition (Figure 4g).

Figure 4. The application of pressure sensors based on the Ti3C2Tx-WPU composite film.
(a) The Ti3C2Tx-WPU composite film-based pressure sensors are used in audible sound detection.
(b) Capacitance rate of change curves for different word pronunciations. (c) Real-time capacitance
rate of change signals from different word pronunciations. (d) Model structure of neural network
algorithms. (e) Variation chart of loss and accuracy with the training cycle. (f) Accuracy comparison
between the train and test set. (g) Confusion matrix for recognizing five different word pronunciations.

Human hands can recognize the shapes and sizes of different objects by touching
and grasping them. However, the skin cannot distinguish the shape of an object without
touching it. By forming a 6 × 6 array of the Ti3C2Tx-WPU composite film-based pressure
sensors (Figure 5a), the shape and size of an object can be sensed as it approaches the sensing
array by detecting the capacitance response of each sensing unit, and thus exhibiting sensing
capabilities that exceed the human sense of touch. When a metal ball with a diameter of
40 mm approaches the sensing array, a spherical projection corresponding to the sensing
unit produces a different capacitive response, which is able to show the hemispherical in
a complete 3-dimensional contour map (Figure 5b). Three different metal shapes were
designed for the measurement: a cylinder, circular cone, and cube. The mapping image
of the metal cylinder is a cylinder with a circular base (Figure 5c), the metal circular cone
has a protruding vertex that produces a circular cone-like mapping image (Figure 5d), and
the metal cube mapping image is similar to that of the metal cylinder with a square base
(Figure 5e).
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Figure 5. The application of proximity sensor based on the Ti3C2Tx-WPU composite film. (a) The
optical image of a proximity sensing array consisting of 36 sensing units. Detect various shapes such
as (b) a sphere, (c) a cylinder, (d) a circular cone, and (e) a cube.

4. Conclusions

Herein, we introduce a novel Ti3C2Tx-WPU composite film that has been meticulously
engineered to exhibit enhanced mechanical processability and broadened applicability
within the domain of soft sensors. The incorporation of WPU as a toughening phase
within Ti3C2Tx is a strategic choice that imparts the composite with superior mechanical
robustness. The fabrication process of the Ti3C2Tx-WPU composite film is innovatively
executed through evaporation-assisted self-assembly, culminating in a hierarchically struc-
tured material. This method ensures that the composite retains the intrinsic electrical
conductivity of Ti3C2Tx, exceeding 100 S m−1, while also endowing it with remarkable
toughness, quantified at over 20 MJ m−3. The interaction between WPU and Ti3C2Tx is piv-
otal because it facilitates the interlayer sliding of Ti3C2Tx nanosheets, thereby augmenting
the toughness of the Ti3C2Tx-WPU composite film. The synergistic effect is a testament to
the material design, which leverages the inherent properties of WPU as a well-established
elastomer to enhance the mechanical integrity of the Ti3C2Tx-WPU composite film. The
practical utility of the Ti3C2Tx-WPU composite film is underscored by its successful ap-
plication in the development of functional devices, such as contact pressure sensors and
non-contact proximity sensors. When integrated with an ionic gel, these pressure sensors
harness the EDL effect, manifesting a comprehensive pressure sensing range from 0 to
4 kPa, coupled with high sensitivity (177 kPa−1), expedited response and recovery times
(50 ms), and an impressively low detection threshold (1 Pa). The efficacy of the pressure
sensor is exemplified by its capability to capture and discern vocal cord sounds with a high
degree of precision, achieving an accuracy rate of 98.9%. Additionally, the application of
the Ti3C2Tx-WPU composite film in a non-contact proximity sensor has demonstrated a
sensitivity of 321.4 mm−1, which underscores its proficiency in the rapid detection of the
proximity and shape of approaching objects. The material design and proof-of-concept
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demonstrations of the Ti3C2Tx-WPU composite film in various device components not only
validate its efficacy but also illuminate the prospective opportunities for its integration
into a spectrum of WPU-based soft sensors. The material design and proof-of-concept
demonstrations of Ti3C2Tx-WPU composite film in various device components highlight
the future opportunity in all WPU-based soft sensors.
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Abstract: Composites revolutionize material performance, fostering innovation and efficiency in
diverse sectors. Elastomer-based polymeric composites are crucial for applications requiring superior
mechanical strength and durability. Widely applied in automotives, aerospace, construction, and
consumer goods, they excel under extreme conditions. Composites based on recycled rubber, fortified
with reinforcing fillers, represent a sustainable material innovation by repurposing discarded rubber.
The integration of reinforcing agents enhances the strength and resilience of this composite, and
the recycled polymeric matrix offers an eco-friendly alternative to virgin elastomers, reducing their
environmental impact. Devulcanized rubber, with inherently lower mechanical properties than
virgin rubber, requires enhancement of its quality for reuse in a circular economy: considerable
amounts of recycled tire rubber can only be applied in new tires if the property profile comes close
to the one of the virgin rubber. To achieve this, model passenger car tire and whole tire rubber
granulates were transformed into elastomeric composites through optimized devulcanization and
blending with additional fillers like carbon black and silica–silane. These fillers were chosen as
they are commonly used in tire compounding, but they lose their reactivity during their service
life and the devulcanization process. Incorporation of 20% (w/w) additional filler enhanced the
strength of the devulcanizate composites by up to 15%. Additionally, increased silane concentration
significantly further improved the tensile strength, Payne effect, and dispersion by enhancing the
polymer–filler interaction through improved silanization. Higher silane concentrations reduced
elongation at break and increased crosslink density, as it leads to a stable filler–polymer network. The
optimal concentration of a silica–silane filler system for a devulcanizate was found to be 20% silica
with 3% silane, showing the best property profile.

Keywords: elastomer; devulcanizate; filler; composite; silane; silica; carbon black; sustainability; recycling

1. Introduction

The widespread use of elastomers across various applications raises environmental
concerns related to waste management. Effectively addressing this challenge requires
the efficient recycling and reuse of rubber [1]. However, a substantial obstacle to success-
ful recycling is the crosslinked nature of elastomeric products. Vulcanization involves
crosslinking polymer chains, creating a robust three-dimensional network. This alteration
renders elastomeric material insoluble and infusible, presenting a challenge for effective
recycling [2].
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Devulcanization, the reversion of the vulcanization process, stands out as a sustainable
advancement in elastomer recycling, distinguishing itself from conventional techniques
such as grinding or regeneration, the mere replasticization of vulcanized elastomers [3,4].
Unlike these methods, which impose limitations on both quality and quantity for applica-
tion, devulcanization introduces a more selective breakdown of the network. In contrast
to the random breakdown of polymer networks in regeneration, devulcanization focuses
on selectively dismantling crosslinks while preserving the polymer chains. This results
in a higher tensile strength compared to reclaimed rubber obtained through alternative
methods like grinding or regeneration [4–10].

Polymeric composites, particularly those involving elastomers, play a pivotal role in
various industries due to their unique properties and versatility. Elastomeric composites
show enhanced inherent qualities compared to their non-reinforced counterparts, providing
improved mechanical strength, durability, and resistance to wear and tear [11–14]. These
composites find extensive applications in automotive components, aerospace technology,
construction materials, and consumer goods. The ability of elastomeric composites to
withstand extreme temperatures, harsh chemicals, and dynamic stresses makes them indis-
pensable in engineering solutions. Their lightweight nature contributes to energy efficiency
in transportation, while their damping characteristics make them valuable for reducing
vibrations. In essence, the significance of polymeric composites, especially elastomeric
composites, lies in their capacity to revolutionize material performance across diverse
sectors, fostering innovation and efficiency [15–17].

Recycled elastomeric composites, enriched with reinforcing fillers, epitomize sus-
tainable material innovation. Harnessing the benefits of recycled rubber and integrating
reinforcing agents like carbon black or silica enhances a composite’s strength and resilience.
However, during the service life of a product and in the devulcanization process, fillers
lose a part of their reinforcing strength. A way to mitigate this effect is to add fillers to the
recycled rubber.

This sustainable solution not only repurposes discarded elastomers, but also contributes
to reduced environmental impact. Widely applicable in diverse industries, these recycled
elastomeric composites containing reinforcing fillers offer a sustainable alternative to fossil-
based materials, aligning with the growing emphasis on circular economy practices.

The utilization of devulcanized elastomers is hampered by their inferior properties
compared to virgin elastomers. To address this limitation, the study aimed to narrow
this gap by reinforcing the devulcanizate, transforming it into a composite based on an
elastomeric devulcanizate. Model passenger car and whole tire rubber granulate were
subjected to devulcanization through an optimized reference process. The quality of the
devulcanizates was subsequently enhanced via the incorporation of reinforcing fillers. This
investigation focuses on two key aspects: evaluating the influence of additional fillers on
the devulcanizate and examining the impact of a coupling agent forming a polymer-filler
bond on the devulcanizate composite properties.

2. Effect of Reinforcing Fillers on Devulcanizate Composites

In this study, both a model passenger car tire compound and whole tire (WT) rubber
granulates were subjected to devulcanization under optimized process conditions and
subsequently compounded using two different filler systems:

1. A highly dispersible silica (ULTRASIL®7000GR, Evonik Industries AG, Essen, Germany)
together with a bifunctional silane (TESPD, bis[3-(triethoxysilyl)propyl]-disulfide) as a
coupling agent between the filler and polymer was used. TESPD is a commonly used
coupling agent for silica reinforcement of rubber, as it is able to split at the disulfide
moiety. This results in two molecules comprising a 3-(triethoxysilyl)propyl] moiety,
which can each attach to the silica. The sulfur moiety couples to the polymer.
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2. A reinforcing-grade carbon black (N330).

These fillers were individually incorporated into the devulcanizate at four varying
concentrations, while maintaining a consistent revulcanization formulation. The primary
objective of this part of the study was to assess the impact of fillers on the resulting
devulcanizate composite, particularly in terms of mechanical properties as well as filler–
filler and filler–polymer interactions.

2.1. Material and Methods

This section provides detailed information regarding the preparation of the feed
materials, sampling plan, devulcanization, compounding with additional fillers, and the
characterization processes. An overview of the experimental process is given in Figure 1.

 

Figure 1. Experimental process of filler optimization for devulcanizate composites.

2.1.1. Model Compound Preparation

The formulation of a silica-filled model tire tread compound based on SBR/BR was
developed for utilization as an input material in the devulcanization procedure. The various
phases involved in the preparation of the model compound are described as follows.

Materials

The model tire tread formulation is given in Table 1.
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Table 1. Compounding formulation of the model tire tread compound.

Function Ingredient Trade Name Supplier Quantity (phr)

Polymer SSBR 1 Sprintan 4601 Trinseo (Wayne, PA, USA) 70
BR 2 CB 24 Arlanxeo (Hague, The Netherlands) 30

Filler system
Silica ULTRASIL® 7000 GR Evonik (Essen, Germany) 80

Silane Si 266® Evonik (Essen, Germany) 5.8 *

Activators
Zinc oxide Merck Zinc Oxide Sigma-Aldrich (St. Louis, MI, USA) 3
Stearic acid Merck Stearic Acid Sigma-Aldrich (St. Louis, MI, USA) 2

Plasticizer TDAE oil 3 Vivatec H&R (Houston, TX, USA) 25

Curatives
Sulphur Merck Sulphur Sigma-Aldrich (St. Louis, MI, USA) 1.5

Primary accelerator Santocure CBS Flexsys (Drive Akron, OH, USA) 1.7
Secondary accelerator Perkacit DPG Flexsys (Drive Akron, OH, USA) 2.5

1. Solution-polymerized styrene butadiene rubber; 2. Polybutadiene rubber; 3. Treated distillated aromatic extract.
* Silane amount was calculated according to the formula of Guy et al. [18].

Compounding

Compounding was carried out in two phases utilizing a 390 mL internal mixer (Model
350S) manufactured by Brabender GmbH & Co., Duisburg, Germany. In the initial stage,
mixing commenced with a fill factor of 70%, an initial temperature of 80 ◦C, and a rotor
speed set at 70 rpm. This initial mixing phase aimed to masticate the polymer and disperse
the filler effectively, and enable the integration of other compounding ingredients. As the
temperature rose, polymer viscosity decreased, while filler addition contributed to viscosity
elevation. To optimize the silica–silane interaction, a temperature of 145 ◦C, known as the
optimal reaction temperature, was chosen [19]. Consequently, adjustments were made
to the initial temperature and rotor speed of the internal mixer to attain and uphold the
desired temperature throughout the compounding process. The introduction of polymer,
filler, and other compounding ingredients within the internal mixer led to a temperature
rise from 80 ◦C to 145 ◦C due to high shear forces. Isothermal mixing and silanization
were carried out at 145 ◦C for 5 min via rotor speed adjustments. The details of the mixing
process are outlined in Table 2.

Table 2. Mixing process of the model tire tread compound.

Masterbatch (First) Step Final (Second) Step

Action Time [mm:ss] Action Time [mm:ss]

Polymer 00:00–00:30
Masterbatch -

Mastication 00:30–01:30
1
2 (Silica + silane) 01:30–02:00 Mixing 00:00–02:00Mixing 02:00–03:00

1
2 (Silica + silane) + additives 03:00–03:30

Curatives 02:00–02:30Mixing (140–150 ◦C) 03:30–04:30

Ram sweep 04:30–05:00 Mixing 02:30–09:00Mixing (target 145 ◦C) 05:00–09:00

Discharge and sheeting - Discharge -

The masterbatch, which resulted from the initial mixing step, was allowed to rest
at room temperature for one day before the final mixing process. Final mixing was con-
ducted using a laboratory-scale, two-roll mill with a diameter of 9 cm, manufactured by
Schwabenthan GmbH & Co., Berlin, Germany, and the curatives were incorporated at room
temperature. The specific procedure is mentioned in Table 2. Following the final mixing,
the compound was left to stand at room temperature for one day before the curing process.
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Curing

The optimal cure time was determined using an RPA Elite, manufactured by TA
Instruments, based in Delaware, OH, USA. Samples underwent curing at 160 ◦C following
the T95 specification. Compression molding was conducted using an automatic press
produced by Wickert Maschinenbau GmbH, Landau, Germany, employing molds sized at
either 200 mm × 200 mm × 4 mm or 80 mm × 80 mm × 2 mm. Post-curing, the vulcanized
sheets exhibited a tensile strength averaging around 16 ± 1 MPa, with an elongation at
break of approximately 310 ± 30%.

Chopping and Grinding

The vulcanized sheets were chopped using a bale cutter. Pre-treatment for cryogenic
grinding involved immersing the chopped samples in liquid nitrogen for 4–5 min to reach
a temperature below the glass transition point, followed by grinding at room temperature.
Grinding was executed utilizing a mechanical grinder manufactured by Fritsch, Germany,
equipped with a 0.7 mm mesh screen.

2.1.2. Preparation of WT Rubber Granulates

The WT rubber granulate used in this study was provided by Genan GmbH, Dorsten,
Germany, and used without any further alteration.

2.1.3. Swelling of Rubber Granulates

The ground model compound and WT rubber granulate underwent initial mixing with
processing oil (TDAE), followed by subsequent mixing with the DA at room temperature.
Each addition was followed by a one-day room temperature incubation period to allow
for swelling. The kinetic viscosity of the TDAE oil was measured at 331 mm2/s at 40 ◦C
and 18.4 mm2/s at 100 ◦C [20]. Due to the high viscosity of the TDAE oil, manual stirring
was employed to mix the rubber granulate with the oil. Vinyl silane with peroxide (VP)
was selected as the best DA based on the literature comparisons with sulphidic, amino,
and mercapto silanes; thus, VP was utilized in this study [2]. The oil-swollen sample
was subsequently re-swollen with VP and left for one day to allow for DA migration into
the particles.

2.1.4. Devulcanization of Rubber Granulates

The thermo-mechanical-chemical devulcanization process was conducted in a Plasto-
graph EC internal mixer manufactured by Brabender GmbH & Co., Duisburg, Germany,
featuring a mixing chamber volume of 50 cc; non-intermeshing, counter-rotating rotors;
and a telescopic ram. To prevent oxidation at elevated temperatures, the cavity was sealed
with paraffin wax to restrict air access. Devulcanization was carried out using the internal
mixer set at a temperature of 180 ◦C, a rotor speed of 150 RPM, and a fill factor of 80%.

The same two-roll mill utilized in Section “Compounding” was employed for milling
the devulcanized rubber at room temperature, employing a speed ratio of 1.25 and operat-
ing at 30 RPM. The nip gap was gradually reduced from 1 to 0.1 mm until the devulcanized
rubber formed a band.

2.1.5. Sampling Plan

The devulcanizates were prepared by using the optimum devulcanization conditions
based on an earlier study [2]. The two types of devulcanizate were compounded separately
with two filler systems with four different concentrations. The quantities of silane used as
coupling agent were calculated according to Guy’s formula [18]. Considering the surface
area of silica and functionality of the silane, 7.5% TESPT relative to the silica is sufficient
for silanization under standard processing conditions. The sampling details of the filler
optimization trials are given in Table 3.
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Table 3. Sampling plan for filler optimization trials.

Devulcanizate Abbreviations Silica + Silane (w/w %) Carbon Black (CB)

Model—VP M-VP 1. 10% Silica + 0.75% Silane 1. 10% CB

WT granulates—VP WT-VP
2. 20% Silica + 1.50% Silane 2. 20% CB
3. 30% Silica + 2.25% Silane 3. 30% CB
4. 40% Silica + 3.00% Silane 4. 40% CB

It is important to note that the feedstock, the model compound as well as the whole
tire granulate, already contain reinforcing fillers.

2.1.6. Filler Compounding

The fillers were compounded with the devulcanizate using a Brabender Plastograph
EC, Germany, with a 50 CC volume and 70% fill factor. The mixer was set to a temperature
of 70 ◦C, which was increased to around 130 ◦C for silica compounding. The silica–silane
compound was mixed for 3 min at an isothermally at 145 ◦C. For carbon black samples, the
initial set temperature was 70 ◦C, but during compounding the temperature increased to
around 120 ◦C; the compounding process, including mastication time, took a total of 6 min.

2.1.7. Revulcanization

The devulcanized rubber samples were compounded using the formulation shown in
Table 4 and was subsequently revulcanized.

Table 4. Revulcanization formulation.

Function Component Weight (%)

Base polymer Devulcanized rubber sample 100

Activators
Zinc oxide 4
Stearic acid 2

Curing aid Sulphur 2

Accelerator CBS 1

The compounded devulcanized rubber underwent testing using the RPA 2000 Elite
manufactured by TA Instruments, based in Delaware, USA at a temperature of 160 ◦C for a
duration of 30 min, following the ASTM D7750-12 standard [21], to ascertain the optimal
cure time. Sheets with a thickness of 2 mm were molded at 160 ◦C in accordance with the
T95 specification using an automatic compression molding machine produced by Wickert
Maschinenbau GmbH, Landau, Germany.

2.1.8. Characterization Process

The characterization process contains four parts:

Stress–Strain Analysis

The stress–strain properties of the revulcanized rubber were assessed using a Z010
tensile tester manufactured by Zwick Roell GmbH & Co., Ulm, Germany, following the
ASTM D412 standard [22]. Seven tensile dumbbells were tested for each sample, with the
highest and lowest results omitted. The average of the remaining five values, along with
error bars, are reported.

Dispersion

The macro-dispersion analysis of the silica within the compounded sample was con-
ducted using a Dispergrader (optical microscope equipped with software to measure
dispersion) manufactured by Alpha Technologies, based in the USA, under full-top light
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conditions at room temperature. Cylindrical samples measuring 25 cm in diameter and
12 mm in thickness were cut using a sharp knife, and the exposed cross-sections were
examined. The filler distribution within the devulcanizate composites was analyzed based
on the filler concentration.

Payne Effect

The Payne effect gives an indication of the micro-dispersion, the filler–filler interac-
tions on a small scale, in the compounds. The analysis of the silica-filled devulcanizate
composites was performed according to ASTM D8059-19 [23] in a rheometer manufactured
by TA Instruments, USA. To measure the Payne effect of cured samples, the samples were
revulcanized at 160 ◦C up to T95, and the Payne effect was measured at 60 ◦C in two strain
sweeps, from low to high strains (from 0.33% to 14.1%) and from high to low strains (from
14.1% to 0.33%), for each sample. The curves from both sweeps were plotted, and the
difference between the shear modulus at low strain and high strain of the low to high strain
sweep was reported as the Payne effect.

Abrasion Resistance

The abrasion resistance of the rubber compounds was determined by the weight loss
according to ASTM D5963 [24] on a rotary drum DIN abrasion tester manufactured by
Montech, Switzerland.

2.2. Results

In a polymeric matrix, the filler system can create either a physical or a chemical
interaction, depending on the type of filler: carbon fillers generate a physical interaction,
while a silica–silane system forms a chemical bond with the polymer. As the concentration
of filler increases, the mechanical strength of the elastomeric composite generally improves
up to a certain point. However, if the polymer concentration is insufficient to interact
with the further increased filler, it leads to a reduction in the overall mechanical properties
of the system. This phenomenon is seen in Figure 2: The tensile strength of the de- and
revulcanized elastomers increased with increasing filler concentration up to a certain level;
above that limit reversal took place. For the model compound, the tensile strength reached
around 10.3 MPa with 20% additional filler, and for WT granulate the maximum was around
9.7 MPa at 30% filler concentration. The samples filled with silica–silane demonstrated
slightly higher values in comparison to carbon black. However, the average values of
tensile strength follow a trend, which allows us to conclude that the silica-filled material
performed, in general, better. Comparing the original and 20% additionally silica-filled
model devulcanizate, a significant increase in tensile strength can be observed.

According to Figure 3, for both model compound and WT granulates, elongation
at break decreased gradually with increasing filler concentration. For WT granulates,
elongation at break was around 165% for the unfilled sample, and this was reduced to
118% for the 40% silica-filled samples and to 137% for the 40% carbon-black-filled samples.
For the model compound, elongation at break was around 116% for original samples,
which was reduced to 80% for 40% silica-filled samples and 83% for 40% carbon-black-
filled samples.

The dispersion analysis of the WT devulcanizate composites with increasing silica
concentration is shown in Figure 4. With the increase in added filler concentration, an
elevation in viscosity of the devulcanizate was observed, consequently leading to an
increase in shear forces during the mixing process. These higher shear forces contribute
to more effective mixing and, thus, enhance the dispersion of filler particles within the
devulcanized matrix.
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Figure 2. Filler optimization trials: tensile strength.

 

Figure 3. Filler optimization trials: elongation at break.
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WT devulcanizate—Unfilled WT devulcanizate + 10% Silica 

  
WT devulcanizate + 20% Silica WT devulcanizate + 30% Silica 

 

 

WT devulcanizate + 40% Silica 

Figure 4. Filler optimization trials: dispersion measured using optical microscopy.

Due to instrumental limitations (very high shear modulus), it was not possible to
measure the Payne effect of the 40% filled samples. The notation L-H stands for the strain
sweep from low to high, and H-L is the high to low sweep, as mentioned in the legend of
Figure 5. With increasing silica concentration, the Payne effect increased gradually, which
indicates higher filler interactions. Similarly, the difference between the shear modulus
values of the two sweeps at low strains also increased. This can be explained by a change
in the elastic behavior due to less matrix material with increasing concentrations of added
filler and a stiffer matrix, resulting in a delay of the recombination of the filler at higher
loadings, as shown in Table 5.
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Figure 5. Filler optimization trials: Payne effect of the silica-filled samples.

Table 5. Payne effect values for filler optimization trials.

Filler Type
Filler Quantity

(w/w %)

Low to High Strain Sweep: Shear
Modulus G’ (KPa)

High to Low Strain Sweep: Shear
Modulus G’ (KPa) Payne Effect

(KPa) #

Max Min Min Max

Unfilled - 1997 1212 1211 1987 785

Silica–silane
10 4867 2163 2147 4286 2704
20 10,131 3191 3146 7745 6940
30 18,392 5012 4875 12,512 13,380

Carbon black
10 6193 2369 2357 5465 3824
20 19,400 5794 5724 14,954 13,606
30 28,724 7878 7789 22,440 20,846

# Payne effect = difference between the maximum and minimum shear modulus of the low to high strain sweep.

The devulcanizates without additional filler exhibited a minimal Payne effect, sug-
gesting that the filler–filler interaction was already disrupted during devulcanization. The
strain sweep conducted from low to high resulted in breaking of the remaining filler–filler
network.

As shown in Figure 6 and Table 5, the carbon-black-filled samples showed the same
trend in shear modulus as the silica-filled samples. The shear modulus values were higher
for the carbon black samples compared to those of silica when compounded at the same
weight percentage. This discrepancy in shear modulus is attributed to the higher volume
of carbon black, as its density (1.8 g/cc) is lower than that of silica (2.5 g/cc). Consequently,
the carbon black samples exhibited a comparatively elevated shear modulus.

Typically, abrasion resistance is quantified in terms of volume loss, but due to the den-
sity variations in the devulcanizate resulting from WT granulates, the abrasion resistance
values were expressed in weight loss. The density of the model devulcanizate is constant
within the sample as the feed material was uniform. However, for the whole tire (WT)
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devulcanizate, variations in density were observed, attributed to the diverse origins of
granules from different tires and tire parts.

 

Figure 6. Filler optimization trials: Payne effect of the carbon-black-filled samples.

According to Figure 7, the abrasion resistance of the sample with 10% additional
carbon black was similar to the wear of the sample without any additional filler. With
further increasing additional filler concentration, abrasion resistance decreased gradually,
resulting in higher losses.

 

Figure 7. Filler optimization trials: abrasion.
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2.3. Discussion

The model compound for devulcanization contained 80 phr silica, a commonly used
filler concentration; therefore, it does not have much capacity for a further filler loading.
With increasing additional filler decreasing polymer content, the filler–polymer interaction
was reduced due to insufficient polymer. The limit for this sample was 20%: above
this additional filler loading, the tensile strength decreased for the model devulcanizates.
WT rubber devulcanizates were also filled with additional silica or carbon black, and
they showed a maximum tensile strength for 30% additional filler loading. Above this
concentration the trend reversed. Compared to the model devulcanizate, higher elongation
at break values were observed for the WT devulcanizates, probably due to the presence of
natural rubber and carbon black in the feedstock.

With increasing filler concentration, the macro-dispersion, as measured using optical
microscopy, improved due to increasing shear forces during blending of the compound
with the additional filler.

During the Payne effect measurement within the first sweep, the shear modulus
decreases with increasing strain, which indicates the breakdown of the filler network.
During the second sweep from the high to low strain, the recombination of the filler
network takes place resulting in an increase in shear modulus. With increasing filler
concentration, the mobility of the filler in the matrix reduced, indicating less recombination
for higher filler loadings. In the case of inadequate dispersion of fillers, the abrasion index
is adversely affected leading to increased material loss during abrasion resistance testing.

The primary objective of these experiments was enhancing the mechanical strength
of the devulcanizate composite through the inclusion of reinforcing fillers; this part of the
study did not assess the network breakdown and miscibility analysis.

2.4. Conclusions

Compounding of around 20% of additional filler can improve the tensile strength of
the devulcanizate composites by up to 15%. In addition to the filler cost, a sacrifice in
elongation at break and abrasion resistance was noticed.

In comparison to samples filled with silica, those filled with carbon black did exhibit
significant improvements in mechanical or viscoelastic properties. Therefore, further
optimization on the silica–silane filler system was performed in order to elaborate the best
filler-coupling agent ratio. In addition, silica is a widely used in passenger car tires due to
the enhancement in fuel efficiency of a vehicle.

3. Effect of Silanes on Devulcanizate Composite Properties

In this investigation, the silane concentration relative to the silica concentration was
varied. In general, a fixed ratio of silica to silane is used; however, in the devulcanizate,
carbon black as well as silica were already present in the feed material. Carbon black might
interfere with the silanization of the additional filler by adsorbing and, thus, deactivating
the silane, and the originally contained silica might become activated and, Thus, consume
some of the added silane.

The devulcanizate was compounded with additional silica and varying amounts of
silane. Highly dispersible silica (ULTRASIL® 7000GR) and TESPD were compounded in
six different combinations, keeping the same revulcanizate formulation.

3.1. Experimental Process

The preparation of the feed devulcanizate, sampling plan, and characterization pro-
cesses are described in this section and illustrated in Figure 8.
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Figure 8. Experimental flowchart for silanization reactions on devulcanizates and devulcanizate
composites.

3.1.1. Preparation of WT Devulcanizate

Preparation of the WT granulates was performed according to the same procedure
described in Sections 2.1.2–2.1.4 and 2.1.6.

The mixing curve, illustrated in Figure 9, shows the mastication of the devulcanizate
for 1 min, addition of silica for 1 min, ram cleaning and replacement of overflown silica
for 30–45 s, and finally the silanization reaction during isothermal mixing for 220 to 250 s,
depending on the time needed for returning escaped silica into the mixing chamber [19].

 

Figure 9. Compounding curve for the silanization reaction.

3.1.2. Sampling for Silanization Trials

A total of 20% silica with 1.5% silane was reported as the optimal filler concentration
in Section 2.3; the quantity of silane coupling agent was calculated according to Guy
et al. [18]. To evaluate the effect of silanization, samples without silica and silane were used
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as references, and the silane concentration was varied while keeping the silica concentration
constant. The sample without additional silica but with additional silane was tested to
assess the reactivation of silica present in the feed material in the devulcanizate composite.
The sampling details of the silanization trials are given in Table 6.

Table 6. Sampling plan of silanization trials.

Sample
Compounding Details

Silica (w/w%) Silane (w/w%)

1 0 0

2 0 1.5

3 20 0

4 20 1.5

5 20 3.0

6 20 4.5
Feed material: WT granulates; temperature: 180 ◦C; residence time: 6 min; shear rate: 150 RPM; fill factor: 80%;
VP concentration: 5%.

All samples were devulcanized while maintaining the same procedure as described
in Section 2.1.4. They were revulcanized using the same formulation mentioned in
Section 2.1.7.

3.1.3. Characterization Process

The characterization process consists of six parts:
Stress–Strain Properties in Tensile Mode—Described in Section “Stress–Strain Analysis”.
Filler Interaction by Payne Effect Analysis—Described in Section “Stress–Strain Analysis”.

Degree of Network Breakdown by the Horikx Verbruggen Plot

The evaluation of crosslink density, as outlined in ASTM D 6814-02 [25], employs
the equilibrium volume swelling method and the Flory–Rehner equation [26]. Initially,
samples undergo extraction in acetone to eliminate polar components, followed by drying.
Subsequently, extraction with tetrahydrofuran removes non-polar parts. The percentage of
network breakdown was calculated using Equation (1) [27,28]:

Network breakdown percentage(%) =
Vc1 − Vc2

Vc2
. (1)

In this equation, Vc1 and Vc2 represent the crosslink densities of the samples before
and after devulcanization, respectively [26–28]. It is worth noting that the crosslink density
determined using the Flory–Rehner equation may not reflect the true value in a filled
compound. To ascertain the precise crosslink density, the Kraus correction was employed.

Vactual =
Vapparent

1 + k × Φ
(2)

Φ =
Weight fraction of the filler × density of the compound × Wb

Density of the filler × Wa
(3)

Here, Vapparent represents the measured crosslink density as determined using the
Flory–Rehner equation, while Vactual denotes the actual crosslink density after adjustment
for the filler. K stands as a constant specific to the filler employed, Φ signifies the volume
fraction of the filler in the specimen, Wb indicates the weight of the specimen prior to
extraction, and Wa represents the weight of the specimen post-extraction of all soluble
components, including the polymer sol fraction, oil, and soluble chemical residues [27,28].
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The thresholds for random scission and crosslink scission were determined by as-
sessing the sol content of the feed material utilizing the Horikx–Verbruggen method [28].
By plotting the sol fraction and network breakdown values of the devulcanizates on a
graph, the nature of network breakdown can be inferred. For each data point of network
breakdown versus sol content, the average outcome of five samples was computed.

In Figure 10, the highlighted green zone represents the desired range for the devul-
canized rubber, aiming for the optimal balance between the minimal sol fraction and
maximum devulcanization percentage. Attaining higher values necessitates the breaking of
monosulphidic bonds, which correlates with an increased degree of random scission. Ad-
ditionally, it is important to note that bound rubber cannot be dissolved, thereby restricting
the sol content.

 

Figure 10. Sol content versus network breakdown percentage for random and crosslink scission
according to the Horikx–Verbruggen plot [2].

Homogeneity Evaluation by White Rubber Analysis

Following the devulcanization process, residual undevulcanized particle cores may
persist within the devulcanizate. While devulcanized polymer chains exhibit homogenous
miscibility with compatible polymers or compounds, undevulcanized particle cores do
not share the same property. Consequently, it becomes crucial to evaluate the quantity,
dimensions, and overall area of these undevulcanized particle cores. To facilitate this
analysis, the white rubber analysis (WRA) method was devised.

In this quantitative analytical approach, the devulcanizate was blended with a bright-
white, polybutadiene-based compound incorporating titanium dioxide as a colorant. The
selection of a white colorant was deliberate, enhancing the contrast between the background
and devulcanizate, thus facilitating the quantitative characterization process. Samples were
prepared by incorporating 10% devulcanizate into this white rubber compound, resulting
in a gray compound where any remaining undevulcanized particles were discernible as
brownish spots. Digital analysis of the particles and their size distribution was conducted
using a VHX 5000 digital microscope manufactured by Keyence.

Processability of the Rubber in Terms of Viscosity

The viscosities samples were determined using an MV 2000 VS viscometer supplied
by Alpha Technologies GmbH, Bellingham, WA, USA, following the guidelines specified
in the ASTM D1646-19a standard [29]. In this testing procedure, a large rotor (ML) with a
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diameter of 38.1 mm was employed, and the test temperature was maintained at 100 ◦C. A
fixed sample weight of 20 g was pre-heated for one minute, and the viscosity, recorded in
Mooney units (MU), was obtained after another 4 min duration.

Scanning Electron Microscopy (SEM)

SEM analysis was performed using a TableTop SEM PhenomXL manufactured by Ther-
moFisher, Waltham, MA, USA. The cross-section and fracture surfaces of all the samples
were analyzed to evaluate the dispersion of the fillers with variable silane concentrations.
The experimental conditions were kept the same for all measurements: voltage: 5 kV, beam
intensity: image, detector: BSD full, vacuum: low (60 Pa), averaging: high, and scan size:
3840 × 2400.

3.2. Results and Discussion

Figure 11 displays the stress–strain characteristics. The sample without additional
silica and silane exhibited the lowest tensile strength and the highest elongation at break.
When only 1.5% silane was added, no significant increase in tensile strength was noticed
but a slight reduction in elongation at break was noticed. In the case of the additionally
filled samples, the silica concentration remained constant at 20% (w/w), while the silane
concentration was varied from no silane to 4.5% (w/w); the commonly used concentration
is 1.5% (w/w). In this series, the tensile strength improved up to a silane concentration of
3%, beyond which no further enhancement was observed. Elongation at break gradually
decreased as the silane concentration increased due to the formation of an additional filler–
polymer and polymer–polymer network during the revulcanization process. This trend
was expected, as stronger materials, in general, show reduced strain.

 

Figure 11. Silanization trials: stress–strain properties.

Figure 12 presents a comparative analysis of the Payne effect for not filled and silica-
filled samples with varying silane concentrations. The strain sweep curves represented
by dotted lines depict the sweep from low to high strain, during which the filler network
is broken, leading to a decrease in shear modulus. Conversely, the solid curves represent
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the high to low strain sweep, during which recombination of the filler network occurs,
resulting in an increase in the shear modulus.

 

Figure 12. Silanization trials: Payne effect.

For the samples without additional silica (blue and violet), both sweeps show low
shear moduli (Table 7), indicating effective dispersion of the filler. Upon the addition of
silica, in the difference between the shear moduli in the first sweep of low to high strain,
the Payne effect increased. This indicates stronger and more frequent interactions between
the fillers. This is a commonly seen effect: as the number of silica particles increases,
their distance decreases and filler–filler interaction becomes more probable. As the silane
concentration increased, the Payne effect gradually decreased, indicating better dispersion
of the filler with less filler–filler interactions: with increasing silane concentration, the
degree of silanization increases; see Table 7. This increases the compatibility of the silica
with the rather apolar polymers and, thus, enhances the filler–polymer interaction.

Table 7. Silanization trial: Payne effect data—shear modus.

Sample Details

Low to High Strain Sweep: Shear
Modulus G’ (KPa)

High to Low Strain Sweep: Shear
Modulus G’ (KPa) Payne Effect #

(KPa)
Max Min Max Min

0% Silica + 0% Silane 1997 1212 1211 1987 785
0% Silica + 1.5% Silane 2297 1512 1511 2287 785
20% Silica + 0% Silane 9290 2747 2674 6317 6543

20% Silica + 1.5% Silane 6308 2073 2056 4898 4235
20% Silica + 3% Silane 5612 1953 1937 4469 3659

20% Silica + 4.5% Silane 4752 1675 1658 3776 3077
# Payne effect = difference between the maximum and minimum shear modulus of the low to high strain sweep.

The Payne effect curves are a product of four variable effects, as illustrated in Figure 13:
filler–filler interaction, filler–polymer interaction, polymer network, and the hydrodynamic
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effect. For samples without additional silica but containing a certain amount of silica from
the original compounding, the only parameter that changes is the filler–polymer interaction:
filler–polymer bonds might be broken in the mixing process these samples undergo. The
other three parameters remain constant in this case. Conversely, in samples filled with
additional silica, an increase in silane concentration results in an increase in filler–polymer
interaction and a gradual decrease in filler–filler interaction due to the compatibilization
and coupling of the silica by the silane. The polymer–polymer network remains unchanged.
There might be a slight reduction in the hydrodynamic effect due to the addition of an
excess of liquid silane, which did not react with silica.

 

Figure 13. Silanization trials: schematic of different components of the Payne effect.

Based on the findings from the Payne effect data, no reduction was observed when
silane was introduced to the samples that were not additionally filled. The consistent Payne
effect values indicate the absence of silica reactivation: If silane had reacted with silica, a
lower Payne effect would have been anticipated. The lack of any alteration in the Payne
effect values confirms the absence of silica reactivation.

Figure 14 illustrates a comparative analysis of the viscosities of the samples with and
without additional silica and different silane concentrations. The viscosity of the samples
without additional silica was observed to be in the range of 75 MU to 78 MU. Upon adding
20% (w/w) silica, the viscosity increased to approximately 115 MU. The viscosity gradually
decreased with increasing silane concentration, reaching around 110 MU. As the silica
concentration was constant, an excess of silane contributed to the plasticization effect.

Figure 15 depicts a comparative Horikx–Verbruggen analysis of samples with and
without additional silica with varying silane concentrations. The red line represents the
limit of random scission, while the dotted green line represents the limit of crosslink
scission. The average values of five samples are plotted in terms of network breakdown
and sol content. All samples underwent the same devulcanization process, followed by
separate compounding with silica and silane.
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Figure 14. Silanization trials: viscosity.

 

Figure 15. Silanization trials: network breakdown.
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The unfilled samples exhibited a network breakdown ranging from 70% to 75%. Upon
the addition of 20% (w/w) silica, when the silane concentration was varied from 0% to
4.5%, the network breakdown percentage decreased from 55% to 45%. The variation in
network breakdown was attributed to the increase in silane concentration, as this resulted
in an additional polymer–filler network, which counterbalances the reduction in crosslink
density in the devulcanization process. Though a Krauss correction for the presence of
fillers was performed, the reduction in network breakdown percentage could be due to
the fact that the additional 20% silica forms a different type of reinforcement for which
the Krauss correction has limited applicability. With increasing silane concentration, the
interaction between the filler and the polymer improved due to the silanization reaction,
leading to an additional network and, consequently, lower net network breakdown.

According to Figure 16, samples without silica exhibited a total number of visible
undevulcanized particles in the range of 1290–1300. However, with the addition of 20%
(w/w) silica together with varying amounts of silane, the total number of visible particles
decreased to approximately 920–960. The presence of silica in the additionally filled
composite samples led to a decrease in the total number of immiscible particles compared
to not-filled devulcanizate, as shown in Figure 17. Due to the contribution of additional
silica, the relative volume of undevulcanized particles was reduced, resulting in a lower
number of visible particles.

 

Figure 16. Silanization trials: white rubber analysis.
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Figure 17. Schematic diagram of white rubber analysis: white rubber samples containing vulcanizates
with and without additional silica.

According to the observations in Figure 18, an increase in silane concentration resulted
in improved dispersion of silica: Figure 18C,D showed comparatively poor dispersion
compared to Figure 18E,F, which correlates with the Payne effect values.

Based on the findings in Figure 19, in which fracture surfaces are illustrated, the mate-
rial exhibited smoother fracture surfaces as the silane concentration increased compared
to no-silane samples. With increasing silane concentration, the silica dispersion became
more homogeneous. Fractures are generated from defective spots; therefore, a more homo-
geneous and uniform distribution will cause less defects, leading to a smoother fracture
surface and resulting in better tensile properties, as seen in Figure 11.

 
 

(A) 0% Silica + 0% Silane (B) 0% Silica + 1.5% Silane  

Figure 18. Cont.
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(C) 20% Silica + 0% Silane (D) 20% Silica + 1.5% Silane 

  
(E) 20% Silica + 3% Silane (F) 20% Silica + 4.5% Silane 

Figure 18. Silanization trials: macro-dispersion (cross section analysis by SEM).

  
(A) 0% Silica + 0% Silane (B) 0% Silica + 1.5% Silane 

Figure 19. Cont.
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(C) 20% Silica + 0% Silane (D) 20% Silica + 1.5% Silane 

  
(E) 20% Silica + 3% Silane (F) 20% Silica + 4.5% Silane 

Figure 19. Silanization trials: fracture surface analysis via SEM.

3.3. Conclusions

With additional 20% (w/w) silica and increasing silane concentration, the tensile
strength, Payne effect, and dispersion improved due to better polymer–filler interactions
following a higher degree of silanization. With increasing silane concentration, elongation
at break and net network breakdown were reduced due an increase in crosslink density
by the formation of short, stable filler–polymer bonds during the silanization reaction.
Viscosity was reduced due to the plasticization effect of silanes.

A total of 20% (w/w) silica with 3% (w/w) silane showed the best properties in terms
of mechanical strength; beyond this concentration, no further improvement was noticed.
This can be considered as the optimum concentration for the addition of a silica–silane filler
system to the devulcanizate composite.

This high-quality devulcanized composite can be partially integrated into new high-
performance rubber products, such as tires and conveyor belts. It can also be used to create
lower tensile strength products like road underpads and acoustic protection materials,
which can be made entirely from the devulcanized composite.
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Abstract: In this study, we successfully realized the hydrolytic ring-opening co-polymerization of ε-
caprolactam (CPL) and lysine derivative. A novel antibacterial modified polyamide 6 with a branched
structure was obtained after the quaternization of the co-polymers. The co-polymers exhibited a
significant increase in zero shear viscosity, melt index and storage modulus at the low frequency
region. The quaternized co-polymers displayed thermal properties different from pure PA6 and good
mechanical (tensile) properties. The antibacterial activity of the quaternized co-polymers depends on
the quaternary ammonium groups’ incorporated content. At 6.2 mol% incorporation of quaternary
ammonium groups, the strong antibacterial activity has been introduced to the co-polymers. As
the quaternary ammonium groups approached 10.1 mol%, the antibacterial polymers demonstrated
nearly complete killing of Staphylococcus aureus (Gram positive) and Escherichia coli (Gram negative).
The above research results provided a new approach for the study of high-performance nylon.

Keywords: antibacterial PA6; branched PA6; hydrolysis open-ring polymerization; thermal proper-
ties; rheological properties; mechanical properties; antibacterial activity

1. Introduction

Polyamide 6 (PA6), also known as Nylon 6, is a kind of versatile polymer with a
wide range of applications. It is primarily used in fibers (80–90%), engineering plastics,
adhesives, and packing materials [1–4]. Since first obtained, PA6 as well as its monomer
ε-caprolactam (CPL) has resulted in remarkable development in the synthesis technology,
with PA6 now accounting for over 80% of the total nylon production [5]. Given the
continuous expansion of PA6 production capacity and the growing demand for high-
performance materials, the functional modification of PA6 has become a key development
focus. Especially in recent years, the COVID-19 pandemic has heightened public awareness
of hygiene and health, making the study of antibacterial materials a current research hot
spot [6,7]. With biocompatibility, excellent mechanical properties and high resistance
to organic solvents, oils, and bodily fluids, PA6 is suitable for the materials of medical
equipment [8,9]. However, it is inherently non-antibacterial. Thus, the development of
antibacterial PA6 through the incorporation of functional components is crucial.
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Antibacterial PA6 can be prepared via modification techniques and post-treatment
techniques [10]. Adding antibacterial agents during the polymerization or spinning process
is considered the main method of modification techniques, while coating or impregnating
PA6 with antibacterial components is involved in post-treatment techniques. Antibac-
terial PA6 prepared through modification techniques exhibits long-lasting antibacterial
effects, but the other properties of the polymer may be impacted with the introduction of
antibacterial components.

Erem et al. [11] prepared antibacterial PA6 fibers with different silver nanoparticle
(AgNP) contents using the melt intercalation method. Antibacterial activity tests showed
that the fibers exhibited high bactericidal rates against Staphylococcus aureus (Gram positive)
and Klebsiella pneumoniae (Gram negative), and the bactericidal rates against both were
enhanced with the increasing silver content. However, the partial aggregation of AgNP
components led to the generation of defects in PA6, resulting in a decrease in the tensile
properties of antibacterial PA6 fibers prepared by this method. In addition, the high thermal
conductivity of AgNP components accelerate the cooling of the polymer melt, resulting
in a decrease in the crystallinity. Buchenska et al. [12] grafted acrylic acid (AA) onto
PA6 and combined antibiotics with the introduced carboxyl groups to create antibacterial
PA6 fibers, which demonstrated good antibacterial properties against both Gram-positive
and Gram-negative bacteria. Shi et al. [13] grafted chitosan onto PA6 molecular chains
under the initiation of potassium persulfate. Although the grafting rate was low (1.58
mol%), the grafted PA6 showed a bactericidal rate of 89% against Gram Staphylococcus
aureus and over 90% against Escherichia coli and Candida albicans. In addition, there was no
significant decrease in the bactericidal rate of the modified antibacterial PA6 against the
aforementioned bacteria after 50 washes. Zhang et al. [14] employed co-irradiation to graft
poly(methacrylic acid-2-(dimethylamino) ethyl ester) (PDMAEMA) onto PA66, followed
by protonation and anion exchange, resulting in antibacterial PA66 fibers. These fibers
exhibited strong antibacterial efficacy against Candida albicans and Staphylococcus aureus,
with a slight decrease in mechanical properties. Lian et al. [15] obtained the co-polymer
of CPL and dimethyl-protected cyclic lysine (DMCL) mediated by t-BuP4, followed by
quaternization with 1-bromoethane. When the quaternized ammonium groups content
reached 17 mol%, the product exhibited a 99% bactericidal rate against Staphylococcus aureus
and Escherichia coli, albeit with some reduction in thermal and mechanical properties.

Based on the above research results, the introduction of antibacterial groups may have
an impact on the thermal and mechanical properties of polymers. However, the above
two properties play an important role in the processing and use of polymers. Therefore,
it is necessary to prepare an antibacterial polymer with excellent thermal and mechanical
properties. In the previous research of our research group, a branched co-polymer was
synthesized by introducing α-Amino-ε-caprolactam (ACL) into the CPL polymerization
process [16]. When the amount of ACL added was appropriate, the thermal properties of
the co-polymer had little change compared to pure PA6, and the tensile properties were
significantly improved, and the rheological properties showed obvious change. In addition,
our research group has previously achieved hydrolytic ring-opening co-polymerization of
CPL and DMCL. Based on the above achievements, ACL was introduced to prepare a co-
polymer with a branched chain structure during the co-polymerization of CPL and DMCL
(Figure 1a), and the resulting product was subjected to rheological properties and tensile
properties tests. Then the co-polymer underwent quaternization with 1-Bromohexane
(Figure 1b). The thermal properties as well as the antibacterial activities against Staphylo-
coccus aureus and Escherichia coli of the co-polymer were tested.
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Figure 1. The main reaction of this system.

2. Materials and Methods

2.1. Materials

The CPL used in this study was supplied by Baling Petrochemical Company, SINOPEC
(Yueyang, China). ACL as well as DMCL was synthesized in our earlier work. Sulfuric acid
and 2,2,2-Trifluoroethanol was purchased from Acros (Fukuoka, Japan). 1-Bromohexane
provided by Innochem (Beijing, China) was used to be the quaternization reagent in
our research.

2.2. Co-Polymerization

The reactant mixture consisted of CPL, DMCL and ACL, with the initiator, deionized
water, and these were added to a reactor. Vacuuming was applied to remove the O2
component in the reactor and then N2 gas was inflated to form the N2 atmosphere. The pre-
polymerization was carried out at 225 ◦C, lasting for 1 h, followed by 6 h polymerization at
250 ◦C under pressure. Then, the reactant mixture was co-polymerized under atmospheric
pressure for 1 h, followed by another 2 h reaction below −0.05 MPa. The obtained co-
polymers were discharged and cut into pellets. The residual monomers and low molecular
weight polymers contained in theco-polymers pellets were removed through the water
bath extraction at 90 ◦C.

2.3. Quaternization of the Co-Polymers

The mixed liquid consisted of the co-polymers 2,2,2-Trifluoroethanol solution and the
quaternized reagent 1-romohexane and was kept at 70 ◦C for a 24 h reaction. Then the
solvent and unreacted quaternized reagent were removed through the rotary evaporation.
The quaternized co-polymer samples were obtained after stoving.

2.4. Characterization and Test of Properties

The capillary viscometer was used to determine the relative viscosity (ηr), intrinsic
viscosity ([η]), and viscosity-average molecular weight (MW) of the co-polymers. The
co-polymers were dissolved in a 96 wt% sulfuric acid solution (solute:solvent, 1 g:100 mL).
The time it took for the solvent (t0) and the co-polymers solution (t) to pass through the
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capillary at 25 ◦C was measured. The above-mentioned feature can be calculated through
the following equations.

Relative viscosity (ηr) =
t
t0

Specific viscosity (ηsp) = ηr − 1

Intrinsic viscosity ([η]) =

√
2( ηsp − lnηr)

c
the Mw can be obtained through the Mark–Houwink equation:

[η] = k [Mw]a.

The Mark–Houwink constants for PA6 in a 25 ◦C, 96% sulfuric acid solution are as
follows [17]:

k = 6.3 × 10−4 a = 0.764

The structures of the co-polymers were investigated by 1H NMR (AVANCE NEO
500 M, Bruker, Billerica, MA, USA), using formic acid/trifluoroacetic acid-d (1:1, v:v) as
the solvent. To check the rheological properties of co-polymers, a rotational rheometer
(P25CSL, HAAKE MARS, Waltham, MA, USA) was used. The samples were prepared by
injection molding at 240 ◦C in a mold with a 20 mm diameter and 1 mm thickness. Complex
viscosity (η), storage modulus (G′) and loss modulus (G′ ′) of the co-polymers were tested
through a frequency sweep ranging from 0.1 to 500 rad/s under oscillatory mode with a
strain of 1%. The melt index was tested by the melt index instrument (MI40, GOETTFRT,
Essen, Germany). The test temperature was 230 ◦C, and the load was 2.16 kg. The mass of
the sample passing through the capillary column for a certain period of time was recorded.

The thermal properties of the co-polymers were determined by differential scanning
calorimetry (DSC3, METLER TOLEDO, Zurich, Switzerland) and thermal gravimetric
analysis (RT-800, METLER TOLEDO, Zurich, Switzerland) under N2 atmosphere. In DSC,
the samples were first heated from 25 ◦C to 300 ◦C to remove the thermal history, with the
rate of 10 ◦C/min. Then, the samples were cooled to 25 ◦C and heated to 300 ◦C again at
the sample rate. The degree of crystallinity (Xc) can be obtained by the following equation.

Xc = ΔHm/ΔH0 × 100%

where ΔHm is the specific enthalpy of melting, and ΔH0 is the enthalpy of melting with
100% crystalline PA6 (188 J/g) [18].

The tensile mechanical properties were checked by the universal tensile machine
(CMT2000, MTS/SANS, Eden Prairie, MN, USA) according to ASTM D638 [19] with the
strain rate of 10 mm/min. All tested co-polymer samples were dried for 24 h in a desiccator
under vacuum.

2.5. Antimicrobial Activities Test of Co-Polymers after Quaternization

The surface antibacterial activities of quaternized co-polymers were tested according
to GB/T31402-2015 [20]. Culture medium, liquid culture medium, and test samples were
prepared before the test as well as the activation of Staphylococcus aureus (Gram positive)
and Escherichia coli (Gram negative). The activated two types of bacteria were inoculated
onto liquid culture medium, followed by incubation at 36 ◦C for 24 h, and then, the bacterial
suspension can be obtained after diluting. An appropriate amount of bacterial suspension
was added onto the surface of PA6 samples and the quaternized co-polymers samples to be
tested. Then the bacterial suspension was covered with polypropylene film and squeezed
evenly. After a 24 h incubation at 36 ◦C, the bacterial suspension was retrieved. Then it was
applied to the surface of the culture dish after dilution, followed by incubation at 36 ◦C
for 24 h. The number of colonies in the culture dish was calculated by the plate counting

41



Polymers 2024, 16, 1997

method. The antibacterial activities were determined by comparing the number of colonies
in the PA6 samples and the quaternized co-polymers samples.

3. Results

3.1. The Reaction Mechanism of Co-Polymerization

The reaction mechanism of our co-polymerization system is similar to the synthesis
of PA6 via hydrolytic ring-opening polymerization of CPL. Under high temperature and
with water existence, the amide bonds of the monomers (CPL and DMCL) break, resulting
in the formation of 6-aminocaproic acid and linear DMCL (Figure 2a,b). Low molecular
weight co-polymers are generated through poly-condensation between linear monomers
(Figure 2c). The terminal amino groups of the low weight co-polymers attack the protonated
ACL, which leads the branching agent added to the co-polymers chain (Figure 2d). The
incorporation of ACL contributes to the two chain growth sites in the co-polymers. The
two amino groups in a co-polymer chain can attack the protonated monomers, through
which the growth of the main chain and the side chain can be realized (Figure 2e). A kind
of branched co-polymer is obtained through the above reaction steps.

Figure 2. The reaction mechanism of CPL and ACL: (a) The ring-opening of CPL. (b) The ring-
opening of DMCL. (c) The poly-condensation of linear monomers. (d) The incorporation of two chain
growth sites. (e) The growth of the main chain and the side chain.

3.2. The Structure Characterization of the Co-Polymers

The structure of the co-polymers and the quaternized co-polymers were determined
by 1H NMR. The structural formula and 1H NMR spectrum of the co-polymers are shown
in Figure 3a, with the chemical shifts of H atoms as follows: δ4.67 (l, branching site); δ4.18
(a, dimethylamino site); δ3.48, 2.68, 1.42–1.75 (main chain and side chain); δ3.12 and δ3.05 (f,
methyl H). The structural formula and 1H NMR spectrum of the quaternized co-polymers
are given in Figure 3b, with the chemical shifts of H atoms as follows: δ4.67 (l, branching
site); δ4.07 (a, dimethylamino site); δ3.48, 2.68, 1.42–1.75 (main chain, side chain and
quaternized groups); δ3.25 and δ3.18 (f, methyl H); δ3.33 and δ0.82 (quaternized groups).
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Figure 3. The 1H NMR of the co-polymers (a) and the quaternized co-polymers (b).

3.3. Monomer Conversion, Configuration and Incorporation of the Co-Polymers

The co-polymers obtained under different feed ratios are shown in Figure 4a–c. When
the proportion of DMCL in the feed was below 22 mol%, the co-polymers can be drawn
and pelletized after extrusion. The PA6 pellets, shown in Figure 4a, indicated that the melt
strength of the co-polymers was sufficiently high to maintain continuity during drawing.
When the DMCL content in the feed was 30 mol%, the melt strength of the co-polymers
failed to meet the requirements for drawing and pelletizing, and the pellets were obtained
by simple crushing (Figure 4b). When the DMCL content in the feed reached 50 mol%, the
co-polymers obtained after cooling exhibited properties similar to elastomers, suggesting
that the co-polymers had converted to an amorphous state (Figure 4c). When the DMCL
content in the feed reached 70 mol%, the co-polymer appeared as a gel rather than a
solid at room temperature, and it had a certain solubility in hot water. Table 1 shows
that with a constant feed amount of ACL, the relative viscosity and molecular weight of
the co-polymers decreased with the increase in the DMCL proportion in the feed. This
corresponded with the aforementioned morphological changes of the co-polymers. The
monomers in the feed cannot be completely co-polymerized into the molecular chain. As
shown in Table 1, there was little change in the conversion of ACL and CPL, while the
conversion of DMCL was significantly affected by its content in the feed. It is due to the
notably lower polymerization activity of DMCL compared to CPL, that the polymerization
rate is influenced by the reactivity and monomers concentration. When the concentration of
DMCL was low, its polymerization rate was considerably smaller than that of CPL, leaving
a substantial amount of un-polymerized DMCL at the end of the reaction. In the feed ratio
shown in entry 11, the proportion of DMCL to CPL in the co-polymer molecular chains
approaches 1:1, indicating that the sample was just like an alternating co-polymer.
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Figure 4. (a–c) The co-polymers with the feed shown in entry 2, 5 and 7 in Table 1, respectively.
(d) The quaternized co-polymer with the feed shown in entry 5 in Table 1. (e) The samples after
molding. (f) The co-polymers solution.

Table 1. Monomer conversion and incorporation of the co-polymers.

Entry
Feed

ACL/DMCL/CPL
ηr Mw

Conversion(%)
ACL/DMCL/CPL

Incorporation
ACL/DMCL/CPL

1 0/0/100 2.63 17010 0/91.2 -
2 1/4/95 2.51 15850 35.7/33.4/92.1 0.4/1.6/98
3 1/8/91 2.49 15640 35.3/36.2/91.1 0.4/3.4/96.2
4 1/13/86 2.42 14910 35.9/41.2/91.2 0.5/7.4/92.1
5 1/22/77 2.20 12610 34.8/47.3/90.9 0.4/12.8/86.8
6 1/30/69 1.98 10290 33.7/54.1/90.2 0.4/20.7/78.9
7 1/50/49 1.89 9340 34.1/63.2/91.4 0.4/37.4/62.2
8 1/70/29 1.42 4410 33.1/75.1/90.2 0.3/49.9/49.8

3.4. Rheological Properties Test of Co-Polymers with Different ACL Feed

It has been proven that the rheological properties of polymers are closely related to
the molecular chain structure [21]. During the co-polymerization process, incorporating
different amounts of ACL can generate different amounts of branched chains, thereby
altering the rheological properties of the co-polymers. In this section, co-polymers with
different ACL feed content were prepared while keeping the DMCL feed content constant.
The feed ratio and rheological characteristic parameters of the co-polymers are shown in
Table 2. Figure 5 exhibits the complex viscosity (η) of co-polymers with different AACL
feed melt as a function of angular frequency (ω). The Newtonian liquid behavior was
observed through the η-ω curve of linear P(DMCL-co-CPL). A Newtonian plateau of
low viscosity appeared at low frequency. As the ACL was incorporated, the complex
viscosity of the melt increased substantially higher than that of linear P(DMCL-co-CPL).
Meanwhile, the Newtonian plateau of these samples disappeared, and the strong shear-
thinning behavior was observed. As the incorporated DMCL increased, the shear thinning
behavior became more obvious. The above phenomenon was caused by the formation
of the branched structure and the entanglement effect of molecular chains. According
to the mechanism of co-polymerization mentioned in Figure 2, the generation of the
branched structure was formed with the incorporation of ACL, followed by the intensified
entanglement effect between molecular chains. The movement of the chain was hindered
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by the increasing entanglement effect, which contributed to shearing and deformation
not being instantaneous, manifested externally as the increase in melt viscosity at low
frequency and exhibiting non-Newtonian fluid behavior [22]. The zero-shear viscosity
is the complex viscosity of the melt when the shear rate tends to zero and the system
approaches an equilibrium state. It can be calculated through the simple Carreau equation
with the Cox–Merz rule [23]

η(γ)/η0 = (1 + (γτn)2)(n−1)/2

where η0 is the zero-shear viscosity, γ is the shear rate, τn is the characteristic time, and
n is a parameter. It is notable in Table 2 that as the is ACL incorporated, the zero-shear
viscosity increased more than 50 times. For linear chain polymers, the increase in Mw can
also enhance the zero-shear viscosity. The 3.4 power-law is used to describe the relationship
of zero shear viscosity and Mw [24]. However, the increase in molecular weight of Sample 1
and Sample 2 can only result in a five-fold increase in the zero-shear viscosity, assuming
that they follow the 3.4 power-law. For Sample 3, the zero-shear viscosity increased as well
as a decreasing Mw, which was unable to follow the law. The above phenomena indicate
that changes in molecular weight are not the main factor affecting zero-shear viscosity.
The huge increase in zero-shear viscosity can be also explained with the generation of
gel structures after chemical cross-linking [22]. Cross-linked polymers can only swell
in a solution without dissolving. Furthermore, as thermosetting materials, cross-linked
polymers cannot be hot worked after molding [25]. However, the co-polymers we obtained
can easily dissolve in 2,2,2-Trifluoroethanol (Figure 4f) and be transformed into a test
sample through a molding injection (Figure 4e). Thus, we believed that there are no
cross-linked structures in our co-polymers.

Table 2. Rheological properties of the co-polymers with different ACL feed.

Entry
Feed

ACL/DMCL/CPL
ηr Mw

Zero Shear Viscosity
(Pa·s)

Melt Index

1 0/13/87 2.31 13780 405 71.4
2 0.5/13/86.5 2.40 14470 20542 251
3 1/13/86 2.42 14910 31454 279
4 2/13/85 2.38 14510 49523 386

Figure 5. The complex viscosity of the co-polymers.
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It can be also observed that as the ACL was incorporated, the melt index exhibits
an increase. During the testing process of the melt index, the shear rate is high and the
entanglement between the molecular chains is released, leading to the disappearance
of the effect of the viscosity increase caused by branched chains disappearance. As the
amount of ACL incorporated increases, the branched chain content increases, and the
hydrogen bonds between the co-polymer molecular chains are disrupted. The macroscopic
manifestation is that the resistance to internal flow of the co-polymer melt is weakened,
the flow performance of the co-polymer improves, and the melt index increases. This is
consistent with the variation pattern of the complex viscosity of the co-polymers at high
frequency in Figure 5.

Figure 6a,b show the variation of storage modulus (G′) and loss modulus (G′ ′) with the
angular frequency (ω), respectively. The storage modulus is the elastic, solid-like behavior,
while the loss modulus is the viscous response [26]. The melt of linear polymers exhibits
typical terminal behaviors at the low frequency region. The G′–ω curve and G′ ′–ω are
close to straight lines, whose slopes are 2 and 1, respectively, in logarithmic coordinates [27].
The G′–ω curve of P(DMCL-co-CPL) exhibited like a straight line with a slope close to 2
in the low-frequency region, agrees with the terminal behaviors. As the introduction of
ACL, the G′–ω curve deviated significantly from the terminal behavior. More branched
chains strengthened the entanglement of the molecular chains, with enhancement of the
solid-like behavior of the co-polymer melt and prolongation of the relaxation time. At
the low frequency region, the decrease in G′ with ω is not significant. Meanwhile, the
enhancement of solid-like behavior means that the energy stored in the melt increases
during an alternating stress cycle, corresponding to a nearly 1000-fold increase in the
storage modulus of ACL-incorporated co-polymers over P(DMCL-co-CPL) at the low
frequency region.

Figure 6. The storage modulus (a) and loss modulus (b) of the co-polymers.

3.5. Mechanical Properties of the Co-Polymers

The mechanical properties of the PA6 and the co-polymers(Entry 3–5 in Table 1) are
shown in Figure 7. Linear DMCL/CPL co-polymers with the same content of DMCL
(Sample A-C) were the control. Samples A-C have the same DMCL incorporated as Enrty
3–5, respectively. The linear co-polymers exhibit a significant decrease in tensile strength
compared to pure PA6; this is because the introduction of DMCL significantly reduces
the crystallinity of the polymer. For the co-polymers of Entry 3 and Entry 4, despite the
reduction of crystallinity, the tensile strength was improved with the ACL incorporated
because the molecular weight as well as the branches had increased, and more chain
entanglement was proceeded. During the tensile process, each entanglement site of the
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chain needs to be disentangled after reaching the yield, resulting in an increase in the
total stress required, which is reflected in the enhancement of tensile strength. For the
co-polymer of Entry 5, due to a significant decrease in crystallinity, its tensile strength is
lower than PA6.

Figure 7. The mechanical properties of the PA6 and co-polymers.

3.6. Quaternization of the Co-Polymers

The solid co-polymers (Entry 2–7 in Table 1) were quaternized by reacting with 1-
bromohexane, and the quaternized products were sequentially named as Samples 1–6.
The quaternization rate was determined by the 1H NMR, and the content of quaternary
ammonium groups incorporated was calculated, as shown in Table 3. It can be seen that in
the quaternization reaction of the co-polymer with 1-bromobutane, the quaternization rate
remained around 80%.

Table 3. Quaternization rate and quaternary ammonium group content.

Sample
Feed

ACL/DMCL/CPL
Incorporation

DMCL Content
Quaternization

Rate (%)

Quaternary
Ammonium Groups

Incorporated
(%)

1 1/4/95 1.6 80.2 1.3
2 1/8/91 3.4 80.9 2.7
3 1/15/84 7.4 81.9 6.2
4 1/22/77 12.8 79.7 10.1
5 1/30/69 20.7 81.2 16.8
6 1/50/49 37.4 80.1 30.2

3.7. Thermal Properties Test of Co-Polymers with Different Quaternary Ammonium
Groups Incorporated

Figure 8a shows the DSC scanning curve obtained from the second heat progress of
PA6 and Samples 1–6 with different incorporated quaternary ammonium groups. The
thermal properties parameters are shown in Table 4. PA6 exhibited a sharp melting peak at
221.2 ◦C. As the quaternary ammonium groups incorporated increased, the melting peak
became wide and moved to a low-temperature area, which was reflected in polymer prop-
erties as a decrease in melting point and crystallinity. When the incorporated quaternary
ammonium groups reached 16.8 mol% (Sample 5), the melting peak became particularly
wide, and the glass transition temperature was observed on the curve. At the highest
level of quaternary ammonium group incorporation (30.2 mol%, Sample 6), the melting
peak disappeared, which meant that the co-polymer was amorphous and there was no
crystallization. Short-branched chains, formed during the branching process, as well as the
quaternary ammonium groups affects, the arrangement of the main chain and long branch
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chains, hindering their formation of ordered and regular structures [27]. As the main
chain gradually forms an ordered arrangement, the areas where short chains gather form
amorphous regions. The appearance of amorphous regions affects the overall structural
regularity of the polymer, leading to a decrease in its melting point and crystallinity. Com-
pared to pure PA6, the thermal stability of co-polymers decreases. All of the co-monomers,
branched chains, and quaternary ammonium groups had an impact on the regularity of the
molecular chains, disrupting the regularity, resulting in abatement in hydrogen bonding
and intermolecular forces, leading to the decrease in thermal stability [28].

 

Figure 8. (a) DSC scanning curve and (b) TG curve of PA6 and Samples 1–6.

Table 4. The thermal properties of PA6 and Samples 1–6.

The
Polymer

Quaternary Ammonium
Groups Incorporated (%)

Melting
Point (◦C)

Crystallinity
(%)

Initial Thermal
Degradation

Temperature (◦C)

Maximum-Rate Thermal
Degradation

Temperature (◦C)

PA6 0 221.2 27.38 424.4 458.1
Sample 1 1.3 211.4 25.59 414.2 456.2
Sample 2 2.7 209.8 24.26 401.2 453.1
Sample 3 6.2 201.4 22.32 398.4 451.9
Sample 4 10.1 189.2 20.19 382.2 450.7
Sample 5 16.8 168.4 18.20 361.1 449.2
Sample 6 30.2 - - 283.4 398.6

3.8. Antibacterial Activities Test of Co-Polymers

Quaternized co-polymers with crystallinity and capable of being molded into sample
pieces were selected for the antibacterial activities test. The results are shown in Figure 9.
The small yellow or white dots on the culture dish represent the surviving bacterial colonies.
Due to the absence of antibacterial activities, the bacterial content in the bacterial suspen-
sion did not decrease after a 24 h culture on the PA6 sample piece. Therefore, when the
bacterial suspension is recovered, diluted, and transferred to a culture dish for another 24 h,
dense colonies of bacteria can be obviously seen. It has been proved that long chain PA6 con-
taining quaternary ammonium groups has antibacterial activities. Quaternary ammonium
groups have a positive charge, while bacterial cell membranes composed of phospholipid
bilayers have a negative charge. When the two come into contact, the quaternary amine
groups will adsorb onto the bacterial cell membrane due to the electrostatic interactions, in-
hibiting bacterial growth and division. In addition, the long chains of aliphatic polyamides
have good compatibility with phospholipids. Long molecular chains can penetrate the
cell membrane, destroy the cell membrane skeleton, and cause bacterial cell membrane
rupture [29]. After the bacterial suspension underwent a 24 h culture on the piece of
the co-polymer with 6.2 mol% quaternary ammonium group incorporation (Sample 3), a
significant decrease in colonies appeared on the culture dish. The antibacterial rate of this
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co-polymer sample against Staphylococcus aureus and Escherichia coli was calculated by the
plate counting method to be around 85%. When the incorporated quaternary ammonium
groups reached 10.1 mol% (Sample 4 and 5), the antibacterial rate of the co-polymer sample
against the above two bacteria reached 99.9%, indicating that the co-polymer demonstrated
nearly complete killing of Staphylococcus aureus and Escherichia coli.

Figure 9. The results of antimicrobial activities test.

4. Conclusions

In this study, we successfully synthesized an antibacterial branched PA6 with CPL,
ACL and DMCL via hydrolytic ring-opening co-polymerization, followed by the quater-
nization with 1-Bromohexane. The met index (MFR), zero-shear rate viscosity and storage
modulus at the low frequency region of the co-polymers have a remarkable increase as
well as the shear thinning phenomenon becoming more obvious. The melting point, degree
of crystallinity and thermal stability of the quaternized co-polymers decreases with the
increase in functional monomers incorporated. The quaternized co-polymers with 6.2 mol%
quaternary ammonium groups incorporated (Sample 3) exhibit excellent antimicrobial
activities against Staphylococcus aureus (Gram positive) and Escherichia coli (Gram negative)
and when the quaternary ammonium groups incorporated reach 10.1% (Sample 4), the
co-polymers demonstrate complete killing of the two above bacterium. This research
provides a new method for the preparation of high performance modified PA6.
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Abstract: Solar energy, as a clean and renewable energy source, holds significant promise for ad-
dressing water shortages. Utilizing solar energy for water evaporation is seen as an effective solution
in this regard. While many existing interfacial photothermal water evaporation systems rely on
nanoparticles or graphene as photothermal or support materials, this study introduced polydopamine
(PDA) as a photothermal material due to its environmental friendliness and excellent photon ab-
sorption characteristics that closely match the solar spectrum. Polystyrene (PS) was also introduced
as a support material for its porous structure and density similar to water, enabling it to float on
water. The resulting PS-PDA composite porous structure solar evaporator exhibited a photothermal
conversion efficiency comparable to nanoparticles (over 75%), yet with lower production costs and
minimal environmental impact. This innovative approach offers a scalable solution for water-scarce
regions, providing a cost-effective and efficient means to address water scarcity. The use of PDA
and PS in this context highlights the potential for utilizing common materials in novel ways to meet
pressing environmental challenges.

Keywords: polydopamine; polystyrene; photothermal materials; porous structure; NaCl template
method; solar-driven interfacial water evaporation

1. Introduction

The global water shortage issue is rapidly escalating, impacting approximately one-
third of the world’s population. This crisis has emerged as one of the most pressing
challenges of the 21st century. The lack of access to safe and clean water not only affects
human health but also poses significant challenges to agriculture, industry, and ecosys-
tems [1–4]. Solar-driven water evaporation—the extraction of vapor from liquid water
using solar energy—provides the basis for the development of freshwater production.
Traditional solar water evaporation systems use their surfaces or cavities to absorb solar
radiation and then transfer heat to the water. This method produces a large amount of
energy loss due to the influence of thermal radiation and convection, and the photothermal
conversion efficiency is not high.

To this end, an interfacial evaporation system floating on the water was proposed,
which can lock thermal energy at the interface to minimize heat loss and improve conver-
sion efficiency [5,6]. The materials that make up the interfacial evaporation system should
have excellent photothermal conversion properties and good water transmission properties.
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In recent years, interfacial evaporation materials with different structural designs and
excellent properties have been proposed, including porous graphene oxide [7,8], gold,
aluminum, copper, silicon, and nanoparticles such as manganese dioxide, titanium dioxide,
molybdenum disulfide, iron oxide, cobalt oxide, copper sulfide, and so on [9–19]. How-
ever, these are non-biodegradable photothermal materials and support materials. Once
performance degradations occur, they will not only affect the photothermal conversion
efficiency but also have certain impacts on the environment. The extent of the impact of
these materials currently used in large quantities on interface evaporator systems entering
the environment remains a matter of uncertainty and requires further discussion [20,21].
On this basis, the choice of interface evaporator material must take into account not only
the photothermal conversion efficiency and water transport properties but also the envi-
ronmental impact of the material itself.

Polydopamine (PDA) is a black biopolymer formed by the oxidative self-polymerization
of dopamine (DA) and can be used as a coating to adhere to a variety of materials and
as a platform for surface reactions [22]. PDA has good photothermal properties and
can absorb the vast majority of photon energy in the solar spectrum and convert it into
heat [23,24]. Moreover, PDA has good biodegradability [25] and PDA is harmless in mam-
malian cells [26–28]. Therefore, PDA can be used as a multifunctional surface treatment ma-
terial with huge application prospects in biology, energy, and industry [29–31].Polystyrene
(PS) is a widely used thermoplastic polymer known for its cost-effectiveness, stable physical
and chemical properties, and excellent biocompatibility [32,33]. Its recyclability further
adds to its appeal, making it a primary material in everyday packaging, disposable con-
tainers, and insulation products [34,35]. One of its key advantages is its compatibility with
PDA, making it an optimal support material for PDA loading [36–39]. Its compatibility and
versatility make PS a compelling choice as a support material in various studies.

In this study, we investigated the composite formation of PS with PDA at varying
concentrations. Based on the composite strategy, we developed a novel PS-PDA com-
posite porous structure solar-driven interfacial water evaporator. The design exhibited
outstanding water vapor collection efficiency under specific solar irradiation intensities.
Additionally, the PS-PDA composite porous structure solar evaporator demonstrated low
raw material costs and a simple, environmentally friendly preparation process, which
shows significant potential for large-scale production and utilization. The characteristics of
low cost and high-water vapor collection efficiency make the PS-PDA evaporator a promis-
ing solution for water-scarce regions. This advancement not only provides a sustainable
method for water evaporation but also addresses the global challenge of water scarcity in a
practical and scalable manner.

2. Materials and Methods

2.1. Materials and Characterization

In this study, dopamine hydrochloride (DA·HCl, 98%, TCI Chemicals, Shanghai,
China), PS (98%, Aladdin’s reagent, Shanghai, China), sodium chloride (NaCl, AR, Al-
addin’s reagent, Shanghai, China), toluene (AR, Aladdin’s reagent, Shanghai, China),
ethanol (AR, Beijing Chemical Factory, Beijing, China) and ammonia (28%, AR, Bei-
jing Chemical Plant, Beijing, China) were used. All materials were used directly with-
out processing.

A scanning electron microscope (SEM, Hitachi SU8000, Tokyo, Japan) was employed
to photograph the samples. Absorbance or reflectance of PS-PDA was tested using UV–VIS–
NIR diffuse reflection spectroscopy (DRS, Hitachi, U-3010, Tokyo, Japan). The water contact
angle was measured using an OCA 15Pro instrument (Dataphysics, Stuttgart, Germany),
and an infrared thermal imager (FLIR E40, Wilsonville, OR, USA) was used for measuring
the temperature of the object.
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2.2. Synthesis of PDA Nanoparticles

PDA nanoparticles were synthesized following previous literature reports [27,40,41].
The specific synthesis method is as follows.

A mixed solution of 180 mL deionized water and 80 mL ethanol was prepared, to
which 5 mL of 28–30% ammonia water was added, and the mixed solution was stirred at
room temperature for 10 min.

Subsequently, 1 g of DA·HCl was dissolved in 20 mL of deionized water and added
dropwise to the mixed solution above; after stirring for 30 min, the mixture was then left at
room temperature for 24 h to allow for the polymerization of DA.

The PDA nanoparticles were obtained by centrifuging the reaction mixture at 8000 rpm
multiple times, washing the precipitate with water, and freeze-drying.

2.3. Fabrication of PS-PDA Material

The production of the PS-PDA composite porous structure solar evaporator for photo-
evaporation of water was modified based on the literature [42]. It was divided into three
steps as shown in Figure 1. The first step was to make a toluene solution of PS-PDA(PS-
PDA/PhMe), which was prepared for later use by placing 1.32 g of PS, 4 mL of toluene,
and 1, 3, 5, or 7% PDA nanoparticles in a small glass bottle and stirring for 24 h. The
reason for choosing toluene is that it is a common organic solvent in the laboratory and
has good solubility and low toxicity. The second step was to fabricate a PS-PDA gel. First,
200-mesh NaCl was ground to a Teflon template with a depth of 0.5 mm and placed in an
atmosphere of saturated NaCl solution to solidify. The above PS-PDA/PhMe solution with
different PDA concentrations was then dropwise added to the hardened NaCl template
and placed in a toluene atmosphere for percolation until no bubbles escaped. The third
step was curing and demolding. After scraping off the liquid on the surface with a scraper,
the PS-PDA gel on the NaCl template was sprinkled with NaCl particles and put in a fume
hood to solidify in the air. This step aims to create more porous channels in the surface.
The cured PS-PDA was then de-molded, ultrasonically treated, and soaked in deionized
water for 24 h to remove NaCl. For PS-PDA materials prepared with this template method,
the surface formed on the air interface side is named the top and the surface formed on the
Teflon interface side is named the bottom. The PS template followed the same preparation
method, except that the PDA was not added.

Figure 1. Schematic diagram of the preparation of PS-PDA composite porous structure material.
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2.4. Solar-Driven Interfacial Water Evaporation Measurements

Solar-driven interfacial water evaporation measurements were conducted indoors
and outdoors. In the case of indoors, a solar simulator composed of a xenon light source
(Beijing Zhongjiao Jinyuan Technology Corporation CEL-S500, Beijing, China) was used,
surrounded by thermal insulation glass to avoid heat loss. A 3 cm × 3 cm × 10 cm sample
stage was placed in the center on which the solar water evaporator was placed. The weight
of the lost water was measured by a precision balance (Mettler Toledo ME204, Zurich,
Switzerland) placed under the sample stage. Before testing, a solar standard cell (Oriel
Newport/VLSI 91150V, Newport, RI, USA) was used for solar intensity calibration. While
testing, the solar water evaporator of the PS-PDA material was placed and floated on the
water in a quartz cup. The water evaporated from the interface of the solar evaporator due
to the heat generated by the xenon. When the evaporation time reached 15 min, it was
considered to be balanced. In the case of outdoors, the measurements were carried out
in sunlight. Our outdoor experiments took place in Beijing during the summer, with an
average maximum weather temperature of 36 ◦C throughout the week. We conducted the
tests in the afternoon when the sun was at its strongest.

3. Results

3.1. Morphology of PS-PDA Materials

Figure 2 shows the photos and SEM images of the prepared PS-PDA materials. The
actual photos of the PS-PDA composite porous structure materials with different PDA
contents are shown in Figure 2A. As the PDA content increases, the color of the PS-PDA
material gradually deepens. Figure 2B is an SEM image of a PS support material. It can be
seen from the picture that the PS has a highly open porous structure. The average aperture
of the PS measured using the Nano Measurer software (V1.2.0) is 76 μm. Figure 2C shows
an SEM image of the PDA particles. The PDA particles are spherical, with an average
diameter of approximately 300 nm measured using Nano Measurer software. Figure 2D
shows the SEM image of the PS-PDA with 5% PDA doped. It can be observed that the PDA
particles (dotted) were loaded into the PS support material. Based on these morphology
studies, it can be estimated that highly dense PDA particles can be accommodated in the
pores of PS, and the porous nature of PS also facilitates the transmission of water from the
liquid to the evaporation surface, greatly improving the water transmission efficiency.

 

Figure 2. (A) The actual photos of the PS-PDA composite porous structure materials with different
PDA contents. SEM images of (B) PS, (C) PDA, and (D) PS-PDA with 5% PDA doped.

3.2. Wettability of PS-PDA Materials

We tested the wettability of the PS-PDA material with 5% PDA doped; the results
are listed in Figure 3. As shown in Figure 3A, the evaporator can self-float well at the
air–water interface. One of the reasons for choosing PS as the support material is that
the density of PS is close to that of water. This property will help the evaporator float
on the water, maximizing the surface exposed to sunlight. Figure 3B shows the water
contact angle test results of PS and PS-PDA materials. The water contact angle of 108◦
indicates that PS is a hydrophobic material. The picture below shows that PS loaded
with 5% PDA particles has a decreased water contact angle of 82◦, indicating that the
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surface of PS-PDA is more hydrophilic. Because the loaded PDA particles have exposed
hydrophilic polar groups such as amines and hydroxyl groups [43], which increases the
number of hydrophilic sites on the PS-PDA surface and improves the surface wettability,
the PS-PDA evaporator has a stronger ability to transport water to the heat-absorbing
surface. Moreover, the enhanced surface hydrophilicity of the PS-PDA evaporator can
promote the adsorption of pollutants in water, indicating its potential as a material for water
pollutant treatment. These findings highlight the multifaceted capabilities and promising
applications of the PS-PDA composite material in water treatment and solar evaporation
systems. The composite’s ability to adsorb pollutants, coupled with its potential for use in
solar evaporation systems, underscores its versatility and potential impact in addressing
water treatment challenges [12].

Figure 3. (A) Picture of the PS-PDA composite evaporator floating on the water. (B) Water contact
angle test: the picture above shows the water droplet (4 μL) on PS and the picture below shows the
water droplet (4 μL) on PS-PDA.

3.3. Light Absorption Property of PS-PDA Materials

The UV–VIS–NIR DRS spectra of PS-PDA material with 5% PDA doped are shown in
Figure 4. Figure 4A shows the spectra of the dry and wet PS-PDA materials. The reflectivity
of the wet PS-PDA significantly decreased, indicating that the material had better solar light
absorption performance in water. As shown in Figure 4B, the wet PS-PDA had a relatively
low reflectivity (R); since the PS-PDA material had almost no transmitted light (T), the
absorption rate A can be calculated using the formula A = 1 – T − R [44]. The calculated
average absorption value over the entire solar spectral range reached 90%, indicating that
the wet PS-PDA material has excellent solar light absorption performance and is therefore
a candidate material for solar water evaporation applications.
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Figure 4. (A) UV–VIS–NIR DRS spectra of dry and wet PS-PDA membranes. (B) UV–VIS–NIR DRS
spectra of wet PS-PDA membrane.

3.4. Water Evaporation Test under Simulated Solar Radiation Indoors

Figure 5A shows the photothermal conversion water vapor collection test device, in
which the enlarged part is a top-view photo. The device was surrounded by insulated
glass and equipped with a sample stage that could measure weight. This device simulated
sunlight evaporating water and reflected the quality of the evaporation by measuring the
amount of water reduced in the cup. Figure 5B represents the infrared imaging images of the
photothermal conversion water vapor collection test device after 15 min of simulated solar
irradiation, The cross head represents the highest temperature position in the diagram. The
left image shows the temperature of the PS-PDA material and the maximum temperature
has exceeded 150 ◦C. The right image depicts the temperature of the test water, with the
highest recorded temperature being approximately 38.4 ◦C. The infrared imaging images
indicate that the heat was focused within the material rather than in the water. This is due
to the good photothermal properties of the PDA, which absorbs most of the photons of the
solar spectrum and converts them into thermal energy [23,24]. During the photothermal
conversion water vapor collection test, PS-PDA materials containing varying amounts of
PDA were tested with their top and bottom surfaces facing the simulated sun to avoid
uneven distribution of PDA. The results are shown in Figure 5C. For PS-PDA doped with
1% to 7% PDA, as the doped PDA concentration increased, the water evaporation rate first
increased and then decreased. The evaporation rate peaked at 5% PDA doping. Because
PDA has favorable photo-thermal characteristics, the water evaporation rate increases with
the increase in PDA content. However, once the PDA content exceeds a certain level, the
PDA will absorb too much light and heat, thus preventing the heat from reaching the water
layer below. As a result, the water layer lacks the necessary heat from the light source to
reach the required temperature for evaporation, leading to a decrease in the evaporation.

The water vapor collection efficiency can be calculated by the following commonly
used formula in this field [6,44]:

η =
mHLV

Ei
(1)

In this equation, m is the mass of water that decreases per unit time and unit area, HLV
is the evaporation enthalpy, and Ei is the light intensity.

According to the given formula, the water vapor collection efficiency of PS-PDA with
PDA content ranging from 1% to 7% has been calculated and is illustrated in Table 1 and
Figure 5D. Remarkably, for PS-PDA with 5% PDA doping, the efficiency under one sun
has exceeded 75%, higher than that of metal nanoparticles and graphene oxide. These
efficiencies highlight the competitive performance of PS-PDA photothermal materials,
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showcasing the potential of PDA-PDA materials in solar-driven applications for water
treatment and evaporation systems. This is because PDA has an absorption spectrum that
closely matches the solar spectrum, and the porous nature of PS-PDA helps water transport
from the liquid to the surface for evaporation.

Figure 5. Water evaporation test under simulated solar radiation indoors. (A) Physical diagram
of the photothermal conversion water vapor collection test device. (B) Infrared imaging of the
photothermal conversion water vapor collection test device, where the left is for the PS-PDA material
and the right is for the water. (C) Photothermal conversion water vapor collection test results of
PS-PDA evaporators with different proportions of PDA doped. (D) Water vapor collection efficiency
of PS-PDA with different proportions of PDA doped.

Table 1. Evaporation efficiency of PS-PDA doped with different PDA concentrations.

Group 1-Top 1-Bottom 3-Top 3-Bottom 5-Top 5-Bottom 7-Top 7-Bottom

Efficiency 53% 53% 59% 54% 77% 78% 69% 63%

3.5. Solar-Driven Interfacial Water Evaporation Test Outdoors

To explore the practical application possibilities of the PS-PDA evaporators, we further
performed water vapor collection tests on the 5% PDA-doped PS-PDA interface evaporator
under outdoor solar radiation, as shown in Figure 6A. For comparison, contrast tests were
conducted under indoor conditions of 25 ◦C and 52% air humidity, as well as outdoor
conditions of 36 ◦C and 56% air humidity. The results are plotted in Figure 6B. During the
indoor test, the mass of the test water decreased from 80 g to 79.76 g. The relatively weak
indoor sunlight led to a lower photon energy absorption by the PS-PDA interface evapora-
tor. In contrast, during the outdoor testing, the mass of the test water decreased from 79.8 g
to 78.44 g. The efficiency observed in the outdoor test is in close agreement with the results
of other photothermal conversion water vapor harvesting devices. These findings support
the practical applicability of the PS-PDA evaporators in real-world settings.
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Figure 6. Outdoor test of water vapor collection. (A) Schematic diagram of the outdoor photother-
mal conversion water vapor collection test device. (B) Comparison of indoor and outdoor water
vapor collection.

4. Conclusions

In this study, we present a novel solar evaporator design with exceptional perfor-
mance metrics, including high photothermal conversion efficiency, cost-effectiveness, and
environment-friendly. The solar evaporator is a PS-PDA composite porous structure pre-
pared through a NaCl template method. The absorption spectrum of PDA particles closely
matches the photon absorption characteristics of the solar spectrum, while PS’s porous
structure and density that are similar to water enable its self-floating manner. This com-
posite porous structure exhibits not only high photothermal conversion efficiency but also
efficient water transmission. Our study demonstrates that a 5% PDA doping level in PS
achieves the optimal water vapor collection efficiency, surpassing 75%. One of the key
advantages of this solar evaporator is its use of readily available and environmentally
friendly materials. The raw materials, including food-grade PS and biomass-derived PDA,
are common and inexpensive. Additionally, the preparation process is simple and scalable,
making it suitable for large-scale applications. Overall, the PS-PDA solar evaporator rep-
resents a significant advancement in solar evaporation technology, offering a sustainable
solution for water-scarce regions. Its high efficiency, low cost, and eco-friendly nature make
it a promising candidate for addressing the global water crisis.
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Abstract: The polymer liner of the hydrogen storage cylinder was studied to investigate better
hydrogen storage capacity in Type-IV cylinders. Molecular dynamics methods were used to simulate
the adsorption and diffusion processes of hydrogen in a graphene-filled polyamide 6 (PA6) system.
The solubility and diffusion characteristics of hydrogen in PA6 systems filled with different filler
ratios (3 wt%, 4 wt%, 5 wt%, 6 wt%, and 7 wt%) were studied under working pressures (0.1 MPa,
35 MPa, 52 MPa, and 70 MPa). The effects of filler ratio, temperature, and pressure on hydrogen
diffusion were analyzed. The results show that at atmospheric pressure when the graphene content
reaches 5 wt%, its permeability coefficient is as low as 2.44 × 10−13 cm3·cm/(cm2·s·Pa), which is
a 54.6% reduction compared to PA6. At 358 K and 70 MPa, the diffusion coefficient of the 5 wt%
graphene/PA6 composite system is 138% higher than that at 298 K and 70 MPa. With increasing
pressure, the diffusion coefficients of all materials generally decrease linearly. Among them, pure
PA6 has the largest diffusion coefficient, while the 4 wt% graphene/PA6 composite system has the
smallest diffusion coefficient. Additionally, the impact of FFV (free volume fraction) on the barrier
properties of the material was studied, and the movement trajectory of H2 in the composite system
was analyzed.

Keywords: polyamide 6; graphene; hydrogen diffusion; molecular dynamics; free volume

1. Introduction

Hydrogen is a crucial component of global decarbonization strategies due to its
carbon-free, efficient, and renewable nature. It will play a central role in the ongoing
development and successful transition of traditional energy systems, effectively mitigating
the negative impacts of carbon dioxide emissions, such as global warming [1,2]. In the
transportation sector, hydrogen fuel cell vehicles (HFCVs) have been extensively researched.
Many companies, including Toyota, Honda, and Hyundai, are dedicated to developing
high-performance hydrogen fuel cell vehicles [3].

Hydrogen, as fuel for hydrogen fuel cell vehicles, is typically compressed and stored
in pressure vessels, which is currently the mainstream technology for onboard hydrogen
storage. Among these, Type III and Type IV pressure vessels are the most widely used [4,5].
Compared to Type III hydrogen storage cylinders with metal liners, Type IV hydrogen
storage cylinders use polymer liners [6], including high-density polyethylene (HDPE),
polyamide (PA), polyethylene terephthalate (PET), and various polyether materials. These
Type IV cylinders offer numerous advantages, such as high hydrogen storage density,
lightweight, corrosion resistance, and fatigue resistance [7,8].
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Polyamide (PA6) has gradually become a potential choice for Type IV hydrogen
storage vessel liners due to its strong molecular polarity and hydrogen bonding interac-
tions [9,10]. However, Type IV hydrogen storage vessels face challenges where the polymer
liner directly contacts hydrogen while being bonded to an external fiber-wound layer. In
high-pressure hydrogen environments, hydrogen permeates into the material, diffuses
to the plastic-composite interface, and creates internal pressure. Upon depressurization,
hydrogen escapes from the material to the exterior, creating a pressure differential at the
interface, which leads to liner deformation and bulging [11,12]. Understanding the hy-
drogen transport properties of polymers under harsh operating conditions (233–358 K,
0–87 MPa) is crucial [13,14]. Some researchers have studied polymer permeability to hydro-
gen, focusing on external conditions (including temperature [15,16] and pressure [17,18]),
gas-material interactions [19,20], material properties (including crystallinity [21–23], poly-
mer molecular weight [20,24], filler structure [23,25,26], filler content [23,27,28]), and others.
However, further research is needed to understand the hydrogen permeation characteristics
of PA6 fully.

Using the Einstein relation [29], the molecular dynamics (MD) software Materials
Studio (2019) is employed to simulate the structure-property relationships and study the
diffusion coefficients of small gas molecules in polymer material models. This method
effectively predicts the hydrogen permeability of polymer liners in hydrogen storage
cylinders [20,30]. Wu [31] investigated the adsorption and diffusion processes of hydro-
gen in PA6 systems filled with modified montmorillonite (OMMT) under different filler
contents (3–7%), temperatures (288–328 K), and pressures (0–60 MPa). The results indi-
cated that at a filler content of 5%, the material’s permeability coefficient was less than
2 × 10−13 cm3·cm/(cm2·s·Pa). Additionally, as the pressure increased, the permeability
coefficient of the modified material first decreased and then increased. Su [14] compre-
hensively explored the dissolution and diffusion behavior of H2 in PA6 under service
conditions (233–358 K, 0–87 MPa), finding that the diffusion coefficient and permeability
coefficient were positively correlated with temperature, while the solubility coefficient was
also positively correlated with temperature. MURARU [28] evaluated the gas permeability
of PSF-cnt-g membranes and compared them with three other membranes (PSF, PSF-cnt,
and PSF-g), discovering that the addition of carbon nanotubes and graphene to polysulfone
membranes significantly increased the diffusion coefficients of gases such as CH4, CO2,
H2, N2, and O2. Yi [23] studied the diffusion of gases, including hydrogen and its isotopes,
at room temperature and pressure, noting that the diffusion decreased with increasing
polystyrene molecular weight. Zhang [32] analyzed the diffusion characteristics of hydro-
gen in HDPE under temperature (room temperature to 80 ◦C) and pressure (2.5–10 MPa)
conditions. The results showed that when the temperature increased from 30 ◦C to 80 ◦C,
hydrogen’s solubility, diffusion coefficient, and permeability coefficient in HDPE increased
by 18.7%, 92.9%, and 129.0%, respectively. Fang [12] simulated the diffusion and adsorption
processes of hydrogen molecules in polyethylene (PE) and PA6 at temperatures ranging
from 263 K to 353 K. The results indicated that under the same conditions, the solubility,
diffusion, and permeability coefficients of hydrogen in PE were higher than those in PA6,
suggesting that PA6 has better hydrogen barrier properties than PE. Hu [33] studied the
diffusion characteristics and local structure of a mixed system composed of CH4, CO2, SO2,
and H2O, finding that higher temperatures and lower pressures favored gas diffusion.

Previous studies have shown that the diffusion characteristics of polymers are re-
lated to additives, different temperatures, and pressures. Although the aforementioned
simulations focus on gas diffusion in various polymers under different temperatures and
pressures, the impact of graphene-modified PA6 on H2 diffusion at extreme tempera-
tures (233 K–358 K) and operating pressures of gas cylinders (0.1–70 MPa) has not been
systematically investigated.

Materials Studio (2019) was used in this study to construct a molecular model of a
composite material with PA6 as the polymer liner and graphene as the nanofiller. Analyzing
the permeation behavior of H2 in modified PA6 materials from a microscopic perspective
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to elucidate the characteristics and mechanisms of hydrogen permeation seems to be a very
interesting endeavor. This approach can provide a method for evaluating the performance
of liner materials for Type IV hydrogen storage cylinders. Our research aims to offer more
evidence for the selection of liner materials for hydrogen storage cylinders.

2. Model and Simulation Methods

2.1. Establishment of Modified Liner Models

The MD simulation study utilized amorphous unit cells to construct polymer liners.
Single-chain structures were built using the Builder module, and monomer structures
were constructed using the Sketch toolbar, establishing 60 repeated units to form ran-
dom single-chain molecules of PA6. The AC module was employed to generate models
of five different systems, each containing 20 H2 molecules and identical PA6 chains of
8 repeated units [28,31,34]. Hydrogen positions were randomly distributed to investigate
their diffusion within the liner models.

In the composite model systems, graphene, initially composed of single sheets contain-
ing 48 carbon atoms, was introduced. Subsequently, the graphene mass fraction was varied
by gradually increasing the number of graphene sheets to achieve mass fractions of 3 wt%,
4 wt%, 5 wt%, 6 wt%, and 7 wt%. The unit cell dimensions for different mass fractions
were approximately 44.06 Å, 44.11 Å, 44.06 Å, 44.32 Å, and 44.40 Å, with identical lattice
dimensions in the a, b, and c directions for all unit cells. Figure 1 illustrates the structures
of PA6 chains and graphene. Figure 2 depicts the construction of mixed models of PA6
chains and graphene using the random copolymer option.

Figure 1. (a) PA6 repeating unit (gray atoms—carbon, white atoms—hydrogen, red atoms—oxygen,
blue atoms—nitrogen). (b) Graphene sheet.

Figure 2. Model of graphene-modified PA6 (yellow atom-graphene sheet).

In the composite model systems, graphene, initially composed of single sheets contain-
ing 48 carbon atoms, was introduced. Subsequently, the graphene mass fraction was varied
by gradually increasing the number of graphene sheets to achieve mass fractions of 3 wt%,
4 wt%, 5 wt%, 6 wt%, and 7 wt%. The unit cell dimensions for different mass fractions
were approximately 44.06 Å, 44.11 Å, 44.06 Å, 44.32 Å, and 44.40 Å, with identical lattice
dimensions in the a, b, and c directions for all unit cells. Figure 1 illustrates the structures
of PA6 chains and graphene. Figure 2 depicts the construction of mixed models of PA6
chains and graphene using the random copolymer option.
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2.2. Simulation Method

The initial models underwent geometric optimization using the Smart method with en-
ergy minimization applied to all monomers and models to eliminate local non-equilibrium
states. The maximum iteration step was set to 5 × 104 to achieve stability across all models.
Subsequently, a cyclic annealing process was applied to the polymer material models to
obtain more realistic polymer structures. According to the simulated annealing method,
starting from 300 K and ramping up to a midpoint temperature of 600 K, a total of 30 an-
nealing cycles were conducted. This thermal annealing reduced internal stresses in the
modified liner models and nearly eliminated any structurally unreasonable configurations
generated during optimization.

The optimized models were subjected to molecular dynamics (MD) simulations using
the COMPASS II force field [35]. The simulations were conducted in the NVT [12,14,20]
ensemble at an initial temperature of 298 K for a relaxation period of 1 ns. The MD
simulations aimed to stabilize the energy and density of the entire system. During MD
simulations, the Andersen temperature control method and Berendsen pressure control
were applied to maintain the models’ constant temperature [36–38]. The Group-Based [39]
method was utilized to calculate non-bonded interactions and Coulomb forces. Integration
of the equations of motion was performed with a time step of 1 fs for all simulations [38–41].

Figure 3 illustrates the change in total energy during the dynamic processing. Over
time, the total energy of the system stabilizes, oscillating within a narrow range around
a fixed value. This indicates that the models have achieved full relaxation and obtained
stable structures.

 
Figure 3. Total energy changes in the PA6 model during dynamic treatment.

2.3. Model Reliability Verification

Taking PA6 as an example, it exhibits a fully amorphous structure. Figure 4 depicts
the density variations observed throughout the relaxation process. It can be observed that
the final density of PA6 is 1.095 g/cm3. Comparing this with the actual density of 1.13
g/cm3 for PA6 in an amorphous state, the relative error is calculated to be 3.1%, indicating
the validity of the models proposed in this study.
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Figure 4. The density of PA6 during the relaxation process (Conditions: 298 K and 0.1 MPa).

The solubility coefficients of H2 in the six systems were obtained using adsorption
isotherms within the pressure range of 0.01 kPa to 10,000 kPa. According to the Chinese
National Standard (GB/T 42612-2023) [42], Type IV hydrogen storage cylinders operate
at a maximum working pressure of 70 MPa, with a working temperature range not lower
than −40 ◦C and not higher than 85 ◦C. Exceeding this temperature range can cause
irreversible damage to the carbon fibers in the gas cylinder. Therefore, diffusion analysis
was conducted at three temperatures: 233 K, 298 K, and 358 K. Therefore, to determine the
diffusion coefficients under different conditions, pressures of half the maximum working
pressure of Type IV hydrogen storage cylinders (35 MPa) and an intermediate value of
52.5 MPa (between 35 MPa and 70 MPa) were selected. The model was subjected to
four different pressures (0.1 MPa, 35 MPa, 52.5 MPa, and 70 MPa). One ns molecular
dynamics simulations were performed under the NPT ensemble for six different systems.
The mean square displacement (MSD) curves of hydrogen molecules were calculated, and
the diffusion coefficients of H2 were obtained.

3. Theoretical Basis of Permeability

3.1. Adsorption Concentration

The determination of the solubility coefficient (S) of gas molecules in polymers can be
achieved through the application of adsorption isotherms. Under constant temperature
conditions, adsorption isotherms are derived based on the concentration corresponding
to different solubilities. Henry’s law applies to systems with the smallest solubility and
can be used to explain the dissolution process of small gas molecules such as hydrogen in
polymers [41,43]. This relationship is expressed in Equation (1). It is noteworthy that when
the fugacity approaches zero, the solubility coefficient can be determined as the limiting
slope of the adsorption isotherm, as shown in Equation (2).

C = KDP + CH
bP

1 + bP
(1)

S = lim
P→0

C
P

= KD + CH P (2)
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where KD is the Henry constant, CH is the Langmuir capacity parameter, b is the Langmuir
parameter, P is the pressure, and C is the adsorption of gas molecules.

3.2. Diffusion Coefficient

The diffusion coefficient (D) describes the Brownian motion of particles under concen-
tration gradient conditions. It represents the dynamic characteristics of interaction between
permeable gas molecules and polymers. The diffusion coefficient D can be determined by
analyzing the MSD of molecular motion. In MD simulations, the correlation between MSD
and molecular motion time is established by tracking the motion trajectory of permeating
molecule centers. Subsequently, the diffusion coefficient is calculated using the Einstein
formula [24], as shown in Equation (3):

D =
1

6N
lim
t→∞

d
dt

〈
N

∑
i
[ri(t)− ri(0)]

2

〉
=

a
6

(3)

where D is the diffusion coefficient, ri(t) and ri(0) are the position vectors of molecule
i at times t and 0, respectively. N represents the total number of gas particles, and〈
[ri(t)− ri(0)]

2
〉

denotes the ensemble average of the MSD of gas molecules. Gas molecules
collide within a small pocket of free volume, jumping from one confined region to another;
the repeated jumps of molecules constitute diffusion, which is characterized by the MSD,
and a represents the gradient of the MSD curve obtained from molecular simulations.

3.3. Permeability Coefficient

The “dissolution-diffusion” theory can describe the permeation process of gas molecules
in polymers. Gas molecules dissolve from the surface into the polymer and diffuse from
one side of the polymer to the other. Finally, gas molecules desorb and escape from the
polymer [44]. Therefore, the permeation process of H2 in polymers can be divided into
dissolution and diffusion processes. The permeability coefficient [45] is the product of the
solubility and diffusion coefficients, as shown in Equation (4).

P = S × D (4)

where P is permeability coefficient, cm3·cm/(cm2·s·Pa), S is the solubility coefficient,
cm3·cm−3·Pa−1, and D is the diffusion coefficient, cm2/s.

3.4. Free Volume

To obtain the free fraction volume (FFV) of the polymer [12,31,46], an analysis of the
five models was conducted using the Atom V volume and Surface tools. The Connolly
surface of the system was calculated based on the known van der Waals radius of hydrogen
atoms, with a Connolly radius of 1.4 Å, to determine the system’s FFV.

4. Results and Discussion

4.1. Effect of Filler Ratio on Permeation Coefficient

Figures 5 and 6 illustrate the isothermal adsorption curves and MSD curves of H2 in
various graphene/PA6 systems under conditions of 298 K and 0.1 MPa. The simulated
data were fitted, and solubility coefficient S and diffusion coefficient D were calculated
using Equations (2) and (3), respectively. Permeability coefficient P was then derived using
Equation (4), and the calculated results are presented in Table 1.
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Figure 5. Isothermal Adsorption Curves of H2 in Different Systems at 298 K.

 
Figure 6. MSD Curves of H2 in Different Systems (Conditions: 298 K and 0.1 MPa).

Table 1. Dissolution, diffusion coefficients, and permeability coefficients of H2 in different mate-
rial systems.

Material System
Solubility

(cm3·cm−3·Pa−1)

Diffusion
Coefficient

(cm2/s)

Permeation
Coefficient

(cm3·cm/(cm2·s·Pa))

PA6 1.32 × 10−6 1.785 × 10−6 2.356 × 10−12

3%graphene/PA6 3.33 × 10−7 9.34 × 10−7 3.11 × 10−13

4%graphene/PA6 3.22 × 10−7 9.19 × 10−7 2.95 × 10−13

5%graphene/PA6 3.02 × 10−7 8.09 × 10−7 2.44 × 10−13

6%graphene/PA6 3.02 × 10−7 8.56 × 10−7 2.58 × 10−13

7%graphene/PA6 3.28 × 10−7 8.99 × 10−7 2.95 × 10−13
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Based on Figure 5, it is evident that the adsorption concentration of H2 in the polymer
shows an approximately linear relationship with pressure. Additionally, PA6 exhibits
the highest adsorption concentration. Combined with Table 2, it is observed that the
solubility coefficient varies with the addition of graphene in different graphene/PA6
composite systems. When the graphene content reaches 6 wt%, the adsorption of H2
decreases to its minimum, with a solubility coefficient of 3.01 × 10−7 cm3·cm−3·Pa−1,
representing a reduction of 77.2% compared to pure PA6. The solubility coefficient reflects
the thermodynamic interactions between gas molecules and polymer chains. According
to the free volume theory, permeating gas molecules generally occupy less dense regions
within the polymer, known as free volume, through physical adsorption. With the addition
of graphene filler, interactions between the filler and PA6 chains restrict the mobility
of polymer chains, thereby reducing the formation of free volume within the system.
Consequently, the available area for gas adsorption within the material decreases, impacting
its permeability to leaking gases.

Table 2. Diffusion coefficients D (cm2/s) of six systems at different test temperatures under 70 MPa.

Material System PA6 3 wt% 4 wt% 5 wt% 6 wt% 7 wt%

233 K 3.14 × 10−7 2.89 × 10−7 1.97 × 10−7 3.05 × 10−7 3.33 × 10−7 3.35 × 10−7

298 K 7.35 × 10−7 6.9 × 10−7 6.09 × 10−7 5.28 × 10−7 6.32 × 10−7 7.10 × 10−7

358 K 2.28 × 10−6 1.02 × 10−6 1.08 × 10−6 1.26 × 10−6 1.36 × 10−6 1.34 × 10−6

At a content of 3 wt%, the solubility coefficient reaches its maximum at
3.33 × 10−7 cm3·cm−3·Pa−1, which is not significantly different from the solubility co-
efficient of the 6 wt% graphene/PA6 composite system. This suggests that when the
graphene mass fraction exceeds 3 wt%, the solubility coefficient is not the primary factor
influencing the permeation performance of H2 in the composite system. This finding is
consistent with the results reported by Zheng [47].

Figure 6 shows that the MSD curve exhibits a linear relationship with time. Before
Einstein diffusion, anomalous diffusion may occur due to structural reasons within the
system. It is essential to characterize the system diffusion properties to verify if the system
has undergone normal diffusion.

The verification can be conducted by examining the slope of the logarithmic plot of
MSD against time [48,49]. Figure 7 depicts the logarithmic plot log(MSD) vs. log(t) for
determining diffusion coefficients using the Einstein relationship. Here, the log(MSD) vs.
log(t) curve primarily assesses whether H2 molecules in the graphene/PA6 composite
systems transition from anomalous diffusion (K < 1) to normal diffusion (K > 1). It is
observed that H2 undergoes this transition in various graphene/PA6 composite systems
with different filler ratios, allowing for the calculation of diffusion coefficients using the
Einstein relationship.

The diffusion coefficient reflects the dynamic interactions between gas molecules
and polymer chains. Figure 6 and Table 1 demonstrate that the introduction of graphene
reduces the diffusion coefficients of H2 in all systems. As the proportion of graphene
increases, the diffusion coefficients initially decrease and then increase, which affects the
permeability of the materials. Specifically, when graphene reaches 5 wt%, the composite
system exhibits the lowest diffusion coefficient, leading to the minimum permeability. At
this composition, the permeability of the 5 wt% graphene/PA6 composite for H2 is as
low as 2.44 × 10−13 cm3·cm/(cm2·s·Pa), indicating optimal barrier properties under these
conditions. Compared to pure PA6, the permeability of the 5 wt% graphene/PA6 composite
is reduced by 54.6%. The reasons behind these results may be attributed to several factors.
Firstly, the introduction of a small amount of filler disrupts the continuity of “pores” within
the system to some extent, forming barriers (or “walls”). When H2 molecules move within
the polymer matrix, they encounter these graphene filler barriers, increasing the energy
required for diffusion and complicating the diffusion pathways. This restriction limits the
diffusion of H2 molecules. Secondly, the presence of graphene reduces the free volume
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within the system. However, when the filler content is too high (e.g., 6 wt%), the randomly
arranged graphene interacts with the polymer to form new “pores,” increasing the internal
free volume and consequently increasing the diffusion coefficient of H2 molecules.

 

 

  

 

 

  

Figure 7. Logarithmic Plot of H2 MSD vs. Simulation Time at 298 K and 0.1 MPa: (a) PA6, (b) 3 wt%,
(c) 4 wt%, (d) 5 wt%, (e) 6 wt%, and (f) 7 wt%.

4.2. Impact of Temperature Diffusion Coefficients

Figure 8 and Table 2 present the diffusion coefficients of six systems at three different
temperatures (233 K, 298 K, and 358 K). The results indicate that at 358 K and 70 MPa
pressure, PA6 exhibits the highest diffusion coefficient of 2.28 × 10−6 cm2/s. As shown in
Figure 8, the diffusion coefficient of PA6 increases correspondingly with temperature. This
phenomenon can be attributed to the energy required for hydrogen molecules to overcome
inter-molecular interactions within the polymer matrix during their diffusion. At higher
temperatures, the kinetic energy of polymer chains increases, facilitating greater mobility
of hydrogen molecules within the polymer structure [10,50]. Therefore, the diffusion
coefficient increases with temperature.

It is important to emphasize that Dong [8] experimentally measured the diffusion coef-
ficient of PA6 at 358 K and 87.5 MPa to be 2.36 × 10−6 cm2/s. Therefore, we specifically ana-
lyzed the diffusion coefficient of PA6 under these conditions, resulting in 2.11 × 10−6 cm2/s.
By comparing these two values, we found the error within 10.6%. In the context of gas
diffusion coefficients at the small magnitude of 10−7, errors within 20% are generally
considered reasonable. Considering the crystallinity of PA6, these findings demonstrate
that molecular dynamics simulations can effectively approximate the hydrogen barrier
properties of the material. This also validates the reliability of the research methods and
molecular dynamics simulation techniques used in this study.

Figure 8 and Table 2 show that the diffusion coefficients of all systems increase with
temperature at 358 K compared to 233 K and 298 K. Specifically, the diffusion coefficient
of 3 wt% graphene/PA6 at 358 K is 1.02 × 10−6 cm2/s, which is 48% higher than at
298 K. Similarly, the diffusion coefficients of 4 wt% to 7 wt% graphene/PA6 increase
by approximately 77%, 138%, 115%, and 89%, respectively, at 358 K compared to 298 K.
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This illustrates the significant influence of temperature on the diffusion coefficients of the
materials, a phenomenon supported by previous studies [41,42].

 

Figure 8. Diffusion coefficients of six systems at different temperatures.

4.3. Effect of Pressure on Diffusion Coefficients

Figure 5 demonstrates that at constant temperature, the adsorption of H2 in the
materials is approximately proportional to pressure. The solubility of H2 in the materials
shows almost no change with pressure; thus, pressure variations have minimal impact
on the materials’ solubility coefficient. Gas solubility is considered constant at different
pressures because pressure does not affect the thermodynamic properties of gas molecules
and polymers. Dong [8] analyzed the influence of different test temperatures and pressures
on the solubility coefficient of PA6, noting a complex interaction between temperature
and gas activity capacity affecting H2 solubility in PA6. This results in limited effects
of test temperature and pressure on the solubility coefficient. Fujiwara [50] conducted
permeability coefficient experiments on HDPE under pressures ranging from 10 to 90 MPa,
indicating that solubility coefficients do not significantly depend on pressure; changes in
permeability coefficients are primarily diffusion-controlled.

Figure 9 illustrates the MSD curves of six material systems at 298 K under different
pressures. It can be observed that as the pressure increases, the slope of the curves gradually
decreases, indicating a significant influence of pressure on the diffusion characteristics
of the materials. Figure 10 shows the calculated diffusion coefficients under different
pressures, demonstrating a substantial impact of pressure on the diffusion of H2 within the
systems. As pressure increases, the diffusion coefficients of all materials generally decrease
linearly. Specifically, pure PA6 exhibits the highest diffusion coefficient, while the 4 wt%
graphene/PA6 composite system shows the lowest diffusion coefficient.

Table 3 presents the permeability coefficients of different systems at 298 K under
various pressures. It can be observed that within the same system, permeability decreases
with increasing pressure. At 0.1 MPa pressure, the permeability of 5 wt% graphene/PA6 is
the lowest, at 2.44 × 10−13 cm3·cm/(cm2·s·Pa). At pressures above 35 MPa, the permeability
of the 4 wt% graphene/PA6 is the lowest, with values of 2.15 × 10−13 cm3·cm/(cm2·s·Pa),
2.00 × 10−13 cm3·cm/(cm2·s·Pa), and 1.96 × 10−13 cm3·cm/(cm2·s·Pa), respectively. This is
consistent with Dong et al.’s analysis of PA6 hydrogen permeation behavior under different
pressures [8], which indicated a decreasing trend in permeability coefficient with increasing
experimental pressure.
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Figure 9. MSD Curves of Different Graphene Content Systems at 298 K: (a) PA6, (b) 3 wt%, (c) 4 wt%,
(d) 5 wt%, (e) 6 wt%, and (f) 7 wt%.

Figure 10. Diffusion Coefficients of 6 Systems at 298 K under Different Pressures.

Table 3. Permeability Coefficients of 6 Systems at 298 K under Different Pressures (cm3·cm/(cm2·s·Pa)).

PA6 3 wt% 4 wt% 5 wt% 6 wt% 7 wt%

0.1 MPa 2.35 × 10−12 3.11 × 10−13 2.74 × 10−13 2.44 × 10−13 2.58 × 10−13 2.95 × 10−13

35 MPa 1.44 × 10−12 2.54 × 10−13 2.15 × 10−13 2.34 × 10−13 2.41 × 10−13 2.88 × 10−13

52.5 MPa 1.39 × 10−12 2.56 × 10−13 2.00 × 10−13 2.05 × 10−13 2.15 × 10−13 2.42 × 10−13

70 MPa 9.70 × 10−13 2.29 × 10−13 1.96 × 10−13 2.04 × 10−13 1.90 × 10−13 2.33 × 10−13
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For non-soluble gases like H2, the permeability coefficient decreases with increasing
test pressure [51]. This phenomenon is attributed to the compression of the polymer and
the compaction of voids as the test pressure rises [20,51]. Consequently, the reduction in
free volume within the material more significantly hinders the diffusion of H2 molecules,
decreasing the hydrogen permeability coefficient. Fumitoshi et al. [52] observed that
under high-pressure hydrogen environments, the crystallinity of polymer materials is
further enhanced, which impedes hydrogen diffusion. Therefore, as experimental pressure
increases, the diffusion coefficient of the material decreases.

4.4. Analysis of H2 Diffusion Mechanism in Graphene/PA6 Composite Systems

Distribution of Free Volume:
The formula is as follows (5):

FFV =
V − Vo

V
=

Vf

V
(5)

In the equation, V represents the volume of the polymer unit cell, Vo denotes the
volume occupied by the polymer within the unit cell, and Vf signifies the free volume
within the polymer unit cell.

According to Fox and Flory’s [53] free volume theory, the volume of a polymer can be
divided into the occupied volume by polymer chains and the free volume not occupied
by polymer chains. Hydrogen molecules (H2) can only diffuse within the free volume of
the polymer. Changes in the free volume provide more space for H2 diffusion within the
polymer, thereby affecting the diffusion coefficient. This study employed the hard probe
method to investigate the free volume of graphene/PA6 composite systems at different
proportions. The probe radius corresponds to the van der Waals radius of H2 (1.40 Å),
representing the spatial extent of H2 diffusion within the polymer. The distribution of free
volume for various graphene/PA6 composite systems at 298 K and 0.1 MPa is illustrated
in Figure 11, where the blue regions indicate the distribution of free volume within the
composite materials.

Figure 11. FFV of Different Systems at 298 K and 0.1 MPa: (a) PA6, (b) 3 wt%, (c) 4 wt%, (d) 5 wt%,
(e) 6 wt%, and (f) 7 wt% (Blue area: free volume distribution of the composite).
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It can be observed that the blue area representing the FFV is the largest for pure
PA6. Upon adding the 3 wt% graphene, the blue area decreases and then fluctuates with
increasing graphene content. The FFV initially decreases and then increases, reaching a
minimum when the graphene content is 4 wt%. However, when graphene content exceeds
5%, the blue area begins to increase again. These results indicate that the addition of
graphene restricts the movement of polymer chains within PA6, thereby disrupting the
continuity of “voids” within PA6 to some extent and reducing the polymer’s FFV. This
limitation consequently restricts H2 diffusion within the polymer matrix, enhancing the gas
barrier properties of the polymer. As graphene content continues to increase, new “voids”
form between the filler and PA6, resulting in an increase in free volume. This provides
additional channels for gas diffusion, deteriorating the barrier properties and consequently
increasing the diffusion coefficient while reducing the barrier performance.

Figure 12 shows the FFV calculated from simulation results to further analyze the
impact of free volume fraction (FFV). Figure 12a depicts the FFV of different composite
systems at 298 K and 0.1 MPa. The trend aligns with the distribution of the blue regions in
Figure 11.

Figure 12. (a) FFV for different filler contents at 298 K and 0.1 MPa; (b) FFV of 4% Graphene/PA6 at
four different pressure conditions.

Figure 12b illustrates the FFV of 4% graphene/PA6 under four different pressure
conditions. It is evident from the figure that the FFV decreases gradually with increasing
pressure. This phenomenon arises because pressure reduces the distance between molecules
in the composite material, thereby slightly diminishing the size and number of pores within
the system.

The trajectories of H2 in various graphene/PA6 systems were studied at 298 K and
0.1 MPa to investigate the motion of H2 molecules within polymers. Figure 13a illus-
trates that H2 diffusion in the PA6 system follows a “hop and jump” mechanism, where
H2 molecules move between adjacent pores in a relatively short time. Over time, H2
molecules move from their initial positions, increasing overall displacement. Upon adding
3% graphene, Figure 13b shows that H2 molecules in the graphene/PA6 composite exhibit
a distinct “hop and vibration” motion, indicating that the presence of graphene effectively
hinders gas molecules. When hydrogen molecules encounter graphene during their motion,
they cannot pass through directly, thus deviating from their original diffusion path; instead,
they hop back and forth within the free volume. In Figure 13b, blue ellipse represent
hopping, while red circle indicate vibration.
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Figure 13. Trajectories of H2 in different systems at 298 K and 0.01 MPa: (a) PA6, (b) 3 wt%, (c) 4 wt%,
(d) 5 wt%, (e) 6 wt%, and (f) 7 wt% (blue ellipse: hopping, red circle: vibration).

With the increase of graphene content, the vibration of H2 molecules within the
polymer decreases, and there is a noticeable increase in hopping frequency, as shown in
Figure 13d. Moreover, as the graphene content reaches 6 wt% and 7 wt%, the movement
trajectory of H2 exhibits a pattern of “forward hopping” + “backward hopping”, with the
backward hopping displacements being larger.

The movement trajectories of H2 in the 4 wt% graphene/PA6 system under different
pressures are shown in Figure 14. When the pressure reaches 35 MPa, a distinct pattern of
forward “hopping” + backward “hopping” trajectories is observed, indicating that pressure
enhances molecular motion while also affecting the distribution of free volume. As the
pressure further increases to 70 MPa, the available space for hydrogen molecule movement
decreases. Although pressure promotes molecular motion, the polymer chains become
more distorted during movement. The more intense the local segment movements, the
greater the probability of molecular transitions. Consequently, H2 molecules exhibit longer
and more frequent hopping displacements.

Figure 14. Displacement of H2 in 5% graphene/PA6 at different pressures: (a) 35 MPa, (b) 52.5 MPa
and (c) 70 MPa.
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5. Conclusions

Using molecular dynamics (MD) simulations, the dissolution, diffusion, and permeability
characteristics of H2 in PA6 were studied across varying graphene contents (3 wt%–7 wt%),
temperatures (233 K–358 K), and pressures ranging from 0.1 to 70 MPa. The following
conclusions were drawn from this study.

(1) The addition of graphene restricts the movement of polymer chains and disrupts the
continuity of “pores” within the polymer. When H2 moves within the polymer composite
system, it influences the formation of free volume to a certain extent. Compared to pure
PA6, under conditions of 0.1 MPa and 298 K, the permeability coefficient of the 5 wt%
graphene/PA6 composite system decreases by 54.6%.

(2) Temperature has no significant effect on the solubility coefficient of graphene-
added composite systems. The diffusion coefficients of materials in each system increase
with rising temperature, and the increase in diffusion coefficient becomes more pronounced
at higher temperatures. The permeability coefficients of each system decrease with in-
creasing pressure, and within the same system, the permeability coefficient decreases as
pressure increases.

(3) Additionally, the FFV and movement trajectories of H2 in each system were studied.
FFV directly influences the diffusion coefficients of materials: the larger the FFV, the larger
the diffusion coefficient. H2 diffusion in graphene/PA6 composite systems follows a
“vibration + leap” mechanism. In the 3 wt% graphene/PA6 composite system, H2 exhibits
noticeable vibration. In the 7 wt% graphene/PA6 composite system, H2 displays both
significant “forward leaps” and “backward leaps”. With increasing pressure, H2 in the 4
wt% graphene/PA6 system shows longer leap distances and higher frequencies.
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Abstract: The development of hydroxyapatite (HAp) and polyether ether ketone (PEEK) biocompos-
ites has been extensively studied for bone repair applications due to the synergistic properties of the
involved materials. In this study, we aimed to develop HAp/PEEK biocomposites using high-energy
ball milling, with HAp concentrations (20%, 40%, and 60% w/v) in PEEK, to evaluate their physico-
chemical, mechanical, cytotoxicity, and antimicrobial properties for potential applications in Tissue
Engineering (TE). The biocomposites were characterized by structure, morphology, apparent porosity,
diametral compression strength, cytotoxicity, and antimicrobial activity. The study results demon-
strated that the HAp/PEEK biocomposites were successfully synthesized. The C2 biocomposite,
containing 40% HAp, stood out due to the optimal distribution of HAp particles in the PEEK matrix,
resulting in higher compression strength (246 MPa) and a homogeneous microstructure. It exhibited
antimicrobial activity against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli, with
no cytotoxicity observed. These properties make the C2 biocomposite promising for regenerative
medicine applications, combining mechanical strength, bioactivity, and biocompatibility.

Keywords: biomaterials; hydroxyapatite; PEEK; high-energy ball milling; bone repair; mechanical
properties; cytotoxicity

1. Introduction

According to the Global Burden of Diseases, Injuries, and Risk Factors Study, there
were 178 million (95% uncertainty interval, 162–196) new fractures globally in 2019, repre-
senting a 33.4% increase since 1990, with 455 million prevalent cases of acute or long-term
symptoms from a fracture [1]. In Brazil, injuries or other conditions caused by external
factors have been among the top five leading causes of hospital admissions. It is important
to note that among the morbidities categorized in the “injuries due to external causes”
chapter of the eleventh revision of the International Classification of Diseases (ICD-11),
bone fractures are the most frequent hospitalization cases, accounting for 43.1% of the
total [2].

AO Trauma International and the Orthopaedic Trauma Association (AO/OTA) indi-
cate that the repair process is complex, involving multiple stages that begin with immediate
reactions to injury, including damage to soft tissues, blood vessel rupture, and bone necro-
sis, all co-occurring. The hematoma response triggers the release of inflammatory cells,
activates osteoclasts and mesenchymal stem cells, and stimulates chondrocytes to form
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a rich, soft callus. Cycles of osteoblast and osteoclast activity subsequently restore bone
morphology and mechanical properties [3–5].

The global orthopedic implants market is expected to reach over $64 billion by 2025,
driven by factors such as an aging population, increased sports injuries, and the growth
of minimally invasive surgeries [6]. Although orthopedic implants made from metals,
ceramics, and synthetic polymers have been successful, each material class has limitations
that impact long-term performance [7]. Metals are rigid and durable but can corrode and
cause adverse tissue reactions over time [8]. Ceramics have high compressive strength but
are brittle and prone to fractures. On the other hand, polymers better match the rigidity
of bone but lack robustness and bioactivity [9]. This has driven the research into new
biomaterials that can overcome the deficiencies of current implants. Choosing an implant
to restore structural integrity is crucial for treatment, as it can avoid trauma to the donor
site, reduce patient pain, and lower the overall treatment cost, providing a new strategy for
the clinical repair of bone defects [10,11].

Bone substitutes should be biocompatible, bioresorbable, osteoconductive, osteoin-
tegrative, non-immunogenic, and non-inflammatory. Additionally, various technological
strategies can be applied for the “customization” of treatment and effectiveness in bone
regeneration, as these materials can enhance the irregularity of tissue defects and reduce
inflammation and infection in the application area [12–15]. For example, a study conducted
by Safavi et al. [16] evaluated the osteogenic activity of NiTi orthopedic implants through
HAp-Nb2O5. composite coatings. The results demonstrated that the incorporation of HAp-
Nb2O5 reinforcement particles leads to a significant increase in adhesion, proliferation, and
osteogenic activity of SAOS-2 cells (osteosarcoma). In this context, hydroxyapatite (HAp)
(Ca10(PO4)6 (OH)2) has such characteristics, and additionally, its biological application is
due to its chemical similarity to the inorganic components of human bones and teeth, being
the main component in the form of calcium apatite [14]. This bioceramic calcium phosphate
can be obtained from natural and synthetic sources and is hydrophilic and stable even at
high temperatures [17]. However, it has some disadvantages when used in isolation, as
it is highly brittle, with low tensile strength (18 MPa) and high compressive strength (917
MPa), making it insufficient to promote vascularization and osteoinductivity [18].

Thus, combining bioactive inorganic phases with polymers can produce composites
with tailored biological and mechanical properties [19]. For example, in a study conducted
by Ma et al. [20] using a composition and injection molding technique, they assessed the
bioactivity of a polyether ether ketone (PEEK) biocomposite with HAp. The in vitro bioac-
tivity evaluation demonstrated cellular attachment and proliferation of MC3T3-E1 cells
(pre-osteoblast cell type) on the material’s surface, showing enhanced spreading efficiency.
Additionally, this composite induced the formation of an apatite layer, and the attracted
osteoblasts proliferated and differentiated to produce collagen and protein, which mineral-
ized to form a new bone interface. Another study conducted by Qiu et al. [21] examined the
osteointegration and antimicrobial properties of PEEK implants by applying a double-layer
coating of amorphous magnesium phosphate (AMP) and HAp, where the PEEK was sul-
fonated using an ultrasonic method and the AMP/HAp was processed using microwave
technology. The results demonstrated that surface modification conferred antibacterial
properties, highlighting the potential of these composite coatings in preventing infections.

It is important to note that PEEK has been approved by the U.S. Food and Drug
Administration (FDA) as an implant material since the 1980s [22]. It belongs to a family of
high-temperature thermoplastic polymers, semicrystalline with chemical stability and an
elastic modulus around 3.6 GPa, close to bone tissue [23]. Despite its high macromolecular
rigidity, its planar conformation allows the polymer chains to be organized into crystalline
and amorphous domains [24]. Biocomposites made from this polymer or surface modifica-
tions have been prepared using various methodologies such as direct injection molding,
three-dimensional (3D) printing technology [25], sol–gel processing [26], plasma spray-
ing [27,28], and physical or chemical vapor deposition [21]. However, they have limitations
such as multi-step preparation processes and high costs. Additionally, the high cost of
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implant-grade raw materials, such as PEEK, can lead companies to face large-scale process
reproducibility challenges. Therefore, alternative methods to achieve higher productiv-
ity in the production of these implants should be considered, as the level of crystallinity
and crystalline morphology can influence the physical properties of PEEK-containing
composites [29].

Thus, high-energy ball milling can ensure optimized processing through a single-step
methodology, such as physical mixing, allowing for high reproducibility. Moreover, it
can lead to a more uniform distribution of HAp particles within the PEEK matrix, and
this homogeneity is essential for achieving consistent mechanical and biological proper-
ties throughout the material. Therefore, this study aimed to evaluate the properties of
HAp/PEEK biocomposites formed by high-energy milling.

2. Materials and Methods

2.1. Materials

The biocomposites, a significant advancement in materials science, were produced us-
ing the following materials: Victrex® polyether ether ketone (PEEK) under the commercial
code Vicote 702. Hydroxyapatite (HAp) was synthesized by precipitation at the Laboratory
of Ceramic Materials Synthesis (LabSMaC, Campina Grande, Brazil), and acetone was 99%.

2.2. Synthesis of Biocomposites by High-Energy Ball Milling

The synthesis of HAp followed the methodology proposed by Saeri et al.; Baran-
dehfard et al.; and Sarkar et al. [30–32], using the precipitation method with a phospho-
rus/calcium ratio of 1.67. Initially, solutions of calcium hydroxide (Ca(OH)2) and phospho-
ric acid (H3PO4) were prepared at 2 M. The calcium hydroxide solution was subjected to
constant stirring for 30 min in an IKA® RH essential KT/C mixer/heater until it reached a
temperature of 80 ◦C. After this, the H3PO4 solution was added dropwise while stirring
at 100 rpm. The solution was left in an oven at 110 ◦C for 24 h. The product was sifted
through an ABNT 100 mesh sieve (150 μm). The produced material was then characterized
and used to prepare the biocomposite formulations.

The addition of HAp to PEEK, based on the mass/volume ratio, was carried out in
proportions of 20% (C1), 40% (C2), and 60% (C3). The proportions of HAp were determined
based on bone composition, which has approximately 70% inorganic phase [33]. A ball mill
was used to mill a PEEK/HAp composite using alumina balls as the grinding medium.
The ratio between the weight of the grinding balls and the weight of the material was
optimized to maximize milling efficiency and ensure a homogeneous material distribution.
A jar with a total volume of 225 mL was used, and alumina balls with a diameter of 5 mm
were added. The total mass of the balls used was 270 g. In addition to the alumina balls,
23.33 g of PEEK/HAp composite powder was added to the jar. This configuration provides
enough space for the balls to move during the milling process, promoting effective impacts
and adequate milling of the PEEK/HAp powder. The milling time was set to 18 h, allowing
the material to be sufficiently processed and ensuring uniformity without causing excessive
milling. The rotation speed was adjusted to 120 rpm, which is ideal for avoiding material
segregation and ensuring efficient mixing. Figure 1 shows the production flowchart of
PEEK/HAp biocomposites.
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Figure 1. Manufacturing process of the biocomposites.

2.3. Characterization
2.3.1. X-ray Diffraction (XRD)

The phases present and crystallinity were determined from X-ray diffraction (XRD)
data using a BRUKER diffractometer (Bruker, Billerica, MA, USA), model D2 Phaser, with
copper radiation (CuKα1 = 1.54056 Å) at 40 kV and 30 mA. The scanning was performed
in the range of 10◦ ≤ 2θ ≤ 80◦, with a speed of 0.016◦/min and a time of 5 s.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The spectra obtained in the Fourier Transform Infrared (FTIR) region were recorded
using a BRUKER VERTEX 70 FT-IR (Bruker, Billerica, MA, USA), model 660-IR, between
4000 and 500 cm−1, with a resolution of 4 cm−1 and 32 scans.

2.3.3. Scanning Electron Microscopy (SEM/EDS)

The morphology and the presence of clusters were analyzed using Scanning Electron
Microscopy (SEM) with a VEGA 4, TESCAN (TESCAN, Brun, Czech Republic), operating
between 10 and 15 mA, using a magnification of 5000×. The samples were gold-coated.
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2.3.4. Apparent Porosity Determination

For the apparent porosity (PA) test, samples with a thickness of 3.94 mm and a diameter
of 22.6 mm were used. The evident porosity test was based on Archimedes’ principle.
The samples were prepared and dried at 345 ◦C for 30 min to obtain the dry weight (Ps).
Subsequently, they were immersed in 20 mL of distilled water for 24 h, and the immersed
weight (Pi) and the wet weight (Pu) were measured.

2.3.5. Compressive Strength Mechanical Testing

This was performed using an INSTRON 5582 universal testing machine (INSTRON,
São Paulo, Brazil), with a load of 10 N and a speed of 1.3 mm/min (ASTM D 695-23) [34],
with one grip fixed and the other mobile. Three samples were tested for each batch,
with tests conducted at room temperature between 20 and 25 ◦C. The average values and
standard deviations were calculated based on the three samples from each group.

2.3.6. Cytotoxicity Testing

Cytotoxicity was assessed using the Agar Diffusion method, according to ISO 10993-
5:2009 [35], and adapted by Pina et al. and Wanderley et al. [36,37]. This method assesses
the effects of the material on cells by using an agar layer that allows the diffusion of chemical
substances from the sample to the cell layer [38,39]. The L929 fibroblast cell line (ATCC
NCTC clone 929, Rio de Janeiro Cell Bank, Rio de Janeiro, Brazil) was cultured in RPMI
1640 medium (Gibco—Invitrogen Corporation, Grand Island, NE, USA) and incubated in a
humidified incubator at 37 ◦C and 5% CO2 until 80% confluence was reached. Subsequently,
trypsinization with 0.25% trypsin (Gibco®, Life Technologies, Carlsbad, CA, USA) and cell
counting was performed using an automated cell counter Interwoven—Thermo Fisher
(Waltham, MA, USA). Suspensions of 1.0 × 105 cells/mL were distributed into 6-well plates,
with 4 mL added to each well, and incubated under the same conditions described above
for 24 h. Upon reaching uniform 80% confluence in the plates, a detailed examination
was conducted using a microscope, the culture medium was aspirated, and 1 mL/well of
medium prepared with MEM 2X concentrated (Gibco®—Invitrogen Corporation, Grand
Island, NE, USA) and 1.8% agar solution with 0.01% neutral red (Sigma–Aldrich, St. Louis,
MI, USA) was added. This was kept in the dark at room temperature for 10 minutes to
solidify. Test samples of 1 cm2 were placed in the center of the agar surfaces, along with
positive (latex sheet) and negative (high-density polyethylene—HDPE) controls in triplicate.
The plates were wrapped in aluminum foil and incubated upside down for 24 h in a humid
chamber at 37 ◦C and 5% CO2. In the end, following the guidelines of ISO 10993-5:2009,
the areas of discoloration around the sample were measured, and an inverted microscope
Nikon Eclipse TS100 (Minato, Tokyo, Japan) was used to analyze cell lysis, with images
recorded after 24 h of incubation. The discolored areas and lysis were graded according to
the ISO 10993-5:2009 guidelines, as shown in Table 1, as follows: 0 = no detectable cell lysis;
1 = less than 20% cell lysis; 2 = 20–40% cell lysis; 3 = 40–60% cell lysis; 4 = 60–80% cell lysis;
5 = more than 80% cell lysis.

Table 1. Degree of cytotoxicity.

Degree Cytotoxicity Description of the Cytotoxicity Zone

0 Absence Absence of bleaching around or under the sample.
1 Light Bleaching zone limited to the area under the sample
2 Soft Sample bleaching zone size less than 0.45 cm.
3 Moderate Sample bleaching zone size less than 0.45 cm to 1.0 cm.

4 Severe Size of the sample bleaching zone greater than 1.0 cm, but
not involving the entire plate.
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2.3.7. Determination of Antimicrobial Activity from the Minimum Inhibitory
Concentration (MIC)
Preparation of Bacterial Suspension and Inoculum Standardization

To determine antimicrobial activity based on the minimum inhibitory concentration
(MIC), microbial strains from the American Type Culture Collection (ATCC) were used:
S. aureus (ATCC 25923), P. aeruginosa (ATCC 27853), and E. coli (ATCC 25922). These strains
were maintained at the Drug Development and Testing Laboratory of UEPB (Labdem-
UEPB), stored in brain–heart infusion broth (BHIB) (DIFCO®) and 20% (v/v) glycerol. The
inoculum was standardized according to Clinical Laboratory Standards Institute (CLSI)
M07 guidelines, using a Mueller Hinton broth (MHB) (DIFCO®) culture incubated for 24 h
at 35 ± 2 ◦C. The inoculum was standardized to achieve a concentration corresponding
to a MacFarland 0.5 scale in MHB, and for the assays, the initial inocula were diluted to a
concentration of 2.0 to 8.0 × 105 CFU/mL [40].

Broth Microdilution Method for Minimum Inhibitory Concentration Determination

The minimum inhibitory concentrations (MICs) were determined in 96-well microdilu-
tion plates following the methodologies outlined by the Clinical and Laboratory Standards
Institute M07 and M27 (CLSI, 2018). To this end, 190 μL of Mueller Hinton broth was added
to each well of sterile round-bottom plates, and then 10% (w/v) of the PEEK/HAp C2 pow-
der from the test compounds was added. Serial dilutions of the composite were performed
to obtain final concentrations ranging from 100 × 103 μg/mL to 390.62 μg/mL. Each well
received 10 μL of a bacterial suspension with a final concentration of 1.5 × 108 CFU/mL.
After treatment, the plates were incubated at 35 ± 2 ◦C for 24 h. The positive and negative
controls involved bacterial suspension combined with broth and only the culture medium.
Antibiotics such as ciprofloxacin hydrochloride (CIPRO), oxacillin (OXA), and ceftazidime
(CFT) were used as positive controls at a concentration of 200 μg/mL. After the incubation
period, 20 μL of 2% triphenyl tetrazolium chloride (TTC) in sterilized water was added,
and after 1 hour of incubation, visual readings were performed.

3. Results and Discussion

Figure 2 presents the X-ray diffractograms of HAp, PEEK, and the composites with
varying HAp contents. In Figure 2, it can be observed that calcium HAp was successfully
obtained using the precipitation method, as evidenced by the presence of characteristic
peaks corresponding to the crystal planes (2 1 3), (2 2 2), (3 1 0), (2 0 2), (1 1 2), (2 1
1), (2 1 0), and (0 0 4) at approximately 26◦, 31.8◦, 33◦, 40◦, 46◦, and 50◦, respectively.
This behavior was also reported by Li et al. [41], who studied the 3D printing of PEEK
biocomposites with Ca10(OH)(PO4)3 for bone implants. For PEEK, as shown in Figure 2b, a
broadband with four peaks corresponding to the diffraction planes (110), (111), (200), and
(211) was observed at around 18.8◦, 21◦, 22.6◦, and 28.7◦, respectively. This is typical of a
semicrystalline polymer. These characteristics were also reported by Asante et al. [42], who
studied sulfonated carbon fiber-reinforced PEEK at room temperature with HAp coating.

The diffractograms in Figure 2c–e show that the biocomposites were formed by adding
20%, 40%, and 60% HAp to PEEK, respectively. It can be noted that the addition of HAp
did not significantly alter the characteristics of the PEEK matrix, as the main diffraction
peaks characteristic of both HAp and PEEK are displayed. This behavior demonstrates that
the HAp/PEEK biocomposite was successfully synthesized. Such characteristics were also
reported by Ma et al., Qi et al., and Yusong et al. [20,43,44], when evaluating the bioactivity
of a HAp-incorporated PEEK biocomposite.

Figure 3 illustrates the FTIR spectra of HAp, PEEK, and the biocomposites, as a
function of HAp content, in the range of 4000–500 cm−1.
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Figure 2. X-ray diffractograms: (a) HAp, (b) PEEK, (c) C1, (d) C2, and (e) C3.

When analyzing the FTIR spectrum of HAp, characteristic bands for HAp functional
groups are observed around 1026 cm−1 and 1094 cm−1, corresponding to the asymmetric
stretching vibration of the PO4

3− group, and another at 960 cm−1, associated to the sym-
metric stretching vibrations of PO4

3−. A band at 871 cm−1 is attributed to the stretching
vibrations of CO3

2−, indicating the presence of carbonate ions in phosphate units (type B
substitution). Absorption bands appearing at 3569.59 cm−1and 632.53 cm−1 correspond
to the stretching and bending vibrations of structural OH. These characteristic absorption
bands of HAp are consistent with results obtained by Xu et al., Nascimento et al., and
Tabrizi et al. [45–47].
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Figure 3. Infrared spectra: (a) HAp, (b) PEEK, (c) C1, (d) C2, and (e) C3.

The FTIR spectrum of PEEK showed absorption bands for aromatic CH groups at 671,
766, 830, and 929 cm−1, suggesting angular deformation of the aromatic CH group. Bands
at 1011, 1159, 1170, and 1213 cm−1 correspond to asymmetric stretching of the C-O group.
Axial deformation bands at 1278, 1305, and 1488 cm−1 are associated with the C=C group,
related to the aromatic ether C-O group. Bands at 1594 and 1645 cm−1 correspond to the
primary and secondary stretching of the carbonyl C=O group, respectively. These bands
were also reported by [48], who studied the characterization of the chemo-mechanical
properties of polyether ether ketone (PEEK).

From the FTIR spectra of the HAp/PEEK biocomposites (Figure 3c–e), a band at
1000 cm−1 was observed, corresponding to the asymmetric stretching deformation of the
PO4

3 group. The bands at 671, 766, 830, and 929 cm−1 are associated with PEEK, suggesting
angular deformation of the aromatic CH group. Bands at 1011, 1159, 1170, and 1213 cm−1

indicate asymmetric stretching of the C-O group. Bands at 1594 and 1645 cm−1 correspond
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to the primary and secondary stretching of the carbonyl C=O group, respectively. The
results indicate that HAp is incorporated into the PEEK chain, which is essential for
enhancing the functional behavior of the biocomposite.

Figure 4 shows the scanning electron microscopy (SEM) micrographs, EDS spectra,
and EDS mapping of HAp, PEEK, and the biocomposites, at a magnification of 5000×.
Figure 4a demonstrates that the HAp sample consists of irregular, rounded aggregates with
a broad distribution. This morphology is typical of HAp synthesized by coprecipitation, as
also reported by Afshar et al. [49]. According to Ponciano et al. [50], this synthesis route
produces nanometric particles that enhance bone tissue bonding, cell proliferation, and
better dispersion. The EDS spectrum confirmed the predominant presence of calcium and
phosphate, the main elements in the chemical composition of HAp.

In Figure 4b, it can be seen that PEEK exhibits a morphology of rounded grains with a
dense and spherical structure, characteristic of PEEK, as also reported by Manzoor et al. [51].
EDS mapping showed a homogeneous distribution of carbon and oxygen elements, while
the EDS spectrum highlighted the prominent peaks of these two elements, confirming the
predominant chemical composition of PEEK.

Regarding the HAp/PEEK biocomposites, the presence of distributed granules was
observed, indicating that the increased amount of HAp favored more significant densifica-
tion and interaction of the HAp particles, which tend to form agglomerates due to Van der
Waals forces and hydrogen bonding [52]. In Figure 4e, the HAp particles are distributed
heterogeneously on the surface, with a discrete increase in particle agglomerates of var-
ious sizes and shapes dispersed on the PEEK surface. In Figure 4d, the HAp particles
are dispersed uniformly within the PEEK matrix. The addition of HAp makes the PEEK
surface more hydrophilic, which can facilitate cell adhesion to the surface of an implant
and, consequently, promote bone growth [20].

Figure 4. Cont.
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Figure 4. SEM images with chemical mapping by EDS, for: (a) HAp, (b) PEEK, (c) C1, (d) C2, and
(e) C3.

Figure 5 illustrates the apparent porosity of the HAp/PEEK biocomposites with
different HAp concentrations. It can be observed that all biocomposites exhibited an
apparent porosity ranging from 0.10 to 0.16%.

When analyzing the porosity of the samples, it is noteworthy that the apparent poros-
ity of the C3 biocomposite was higher than that of the C1 and C2 biocomposites. An
increase in apparent porosity was observed for each of the biocomposites obtained with the
incorporation of HAp. This behavior was expected due to the increased amount of HAp
in PEEK. This phenomenon was also reported by Li et al. [53], who studied PEEK-based
biocomposites for orthopedics. HAp, when processed at high concentrations, can hinder
the complete sintering of grains. This occurs because the material’s density may limit
the diffusion of calcium and phosphate ions between particles. Sintering can result in a
network of interconnected microchannels and pores, which increase the material’s porosity.
HAp granules may agglomerate during the molding process, creating voids between them.
These voids remain as pores after sintering, contributing to the total porosity of the material.

87



Polymers 2024, 16, 2520

Figure 5. Histogram of apparent porosity of the C1, C2, and C3 biocomposites.

According to Bastan et al. [54], the PEEK particles spread over the substrate and
acted as a continuous matrix due to the applied heating temperature (above the melting
point). The PEEK matrix can maintain mechanical integrity while the HAp particles
provide in vitro bioactivity to the composite coating. Previous studies have shown that
porous surfaces can provide a larger surface area and enhance blood supply and oxygen
delivery within bone tissues [55–58]. Additionally, HAp can promote bone cell growth and
regeneration, improve adhesion between bone tissue and the implant, and regulate the rate
and direction of bone remodeling [53,58].

Understanding the density and porosity of HAp/PEEK biocomposites is extremely
important because the more significant the chemical, physical, and structural similarity
between the prosthesis and bone tissue, the lower the likelihood of future issues with
the implant. The porous surface is essential in a bone repair biomaterial, as it aids in
new bone formation and neovascularization, produces more excellent wettability, and
promotes the diffusion of biological fluids. This facilitates adherence and enhances cellular
activity, characteristics that are essential in grafts. According to Dorozhkin [33], porous
structures increase the surface area, improving space for cell attachment and favoring
chemical bonding with the adjacent tissue. Additionally, porosity regulates bioactivity as it
directly affects structural permeability, which controls the initial rate of tissue regeneration
and influences mechanical properties.

Properly combining raw materials and processing techniques makes it possible to
obtain biocomposites with high structural uniformity and mechanical strength values that
make them suitable for various applications, including bone repair. Figure 6 illustrates the
compressive stress vs deformation curves of the HAp/PEEK biocomposites with different
HAp concentrations.

PEEK and hydroxyapatite-based biocomposites have shown characteristic behavior
of semicrystalline materials in their compression strength curves, as observed in Figure 6.
Despite its macromolecular rigidity, PEEK exhibits considerable deformation and can
withstand significant levels of plastic deformation in both stress and compression. These
materials are influenced by parameters such as temperature, test speed, and crystallinity,
which can affect the penetration of HAp particles and consequently influence the morphol-
ogy of the biocomposites, impacting their mechanical properties.
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Figure 6. Compression strength curves as a function of extension for the biocomposites: (a) C1, (b) C2,
and (c) C3.

The results of the compression tests indicate that the mechanical strength of the
biocomposites does not follow a linear response as the concentration of HAp increases
in PEEK. For example, the C2 biocomposite exhibited an average compressive strength
of 246 MPa ± 0.9, significantly higher than the other samples (C1: 34 MPa ± 0.8 and
C3: 96 MPa ± 0.7). This behavior can be attributed to the uniform and well-dispersed
distribution of HAp within the PEEK matrix, as previously observed in the EDS results.
This confirmed the homogeneity of the constituent mixture in the C2 sample, resulting in
higher compressive strength. On the other hand, SEM revealed areas of porosity and HAp
particle aggregation in the C3 biocomposite. These defects act as weak points under load,
leading to a decline in mechanical properties. In a study conducted by Zheng et al., it was
demonstrated that an excess of HAp reduced the mechanical properties of the HAp/PEEK
composite [58].

The results suggest that a well-refined and homogeneous microstructure, with good
interfacial adhesion between PEEK and HAp, is essential for achieving a composite with
excellent mechanical performance. The C2 biocomposite exhibited higher mechanical
strength, which is attractive for biomaterial applications requiring compressive stress. Ac-
cording to Silva [59], materials for bone repair should demonstrate the strength to withstand
mechanical forces while regenerating. However, this strength does not necessarily need to
be equivalent to that of bone, as over time, there is a significant increase in compression,
ranging from 10 to 30 MPa, due to the growth of bone tissue in vivo.
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The agar diffusion test was chosen to analyze the cytotoxicity of the HAp/PEEK
biocomposites. This method involves evaluating the effects of the samples through an
agar layer, which protects the cells from mechanical damage and allows the diffusion of
substances from polymeric samples. The discoloration index was obtained by averaging
the halo measurements in four sample quadrants, starting from its edge, as presented in
Table 2. The positive control had an index of three; the average discoloration zone was
0.88 cm, with a moderate cytotoxicity level. The negative control, as expected, did not
cause cell lysis and was classified as non-cytotoxic. The HAp/PEEK sample tested by the
agar diffusion method did not show halo formation, a result similar to the negative control.
This result indicates the absence of cytotoxicity, as shown in Table 2.

Table 2. Results of the agar diffusion test on HAp/PEEK biocomposites.

Tested Material
Degree

Discoloration
Cell Lysis Interpretation

Positive control 3 4 Moderate cytotoxicity
Negative control 0 0 Non-cytotoxic

white 0 0 Non-cytotoxic
C1 0 0 Non-cytotoxic
C2 0 0 Non-cytotoxic
C3 0 0 Non-cytotoxic

The images obtained from inverted digital microscopy were recorded after scanning
the wells, prioritizing the sample’s contour to verify the occurrence of cell lysis. The images
presented in Figure 7 were qualitatively evaluated for the presence or absence of cell
lysis, and the results were compared with the positive and negative controls. The positive
control (Figure 7a) caused complete clearing, clearly reflecting cell lysis under and around
the sample, confirming the cytotoxic nature indicated in Table 2. On the other hand, the
negative and white controls (Figure 7b,c), as well as the samples (HAp/PEEK) (Figure 7d–f),
exhibited a vital fibroblastic cell layer, where the uptake of neutral red dye occurred after
24 h of incubation. This indicates the absence of cytotoxicity in the tested (HAp/PEEK)
samples and their viability for biological use in general biomaterial applications. The blank
well (Figure 7c) should be treated as a parameter to observe the uptake of neutral red dye
by living cells.

These results indicate that the HAp/PEEK samples were not toxic to the cells, mak-
ing them viable for biomaterial applications, especially in regenerative medicine. These
findings are consistent with reports in the literature that evaluated the cytotoxicity of
HAp/PEEK [60]. Therefore, these biocomposites have promising potential for biomedical
applications, considering their biocompatibility and safety of the tested cells.

The HAp/PEEK (C2—40/60%) biocomposite showed better mechanical behavior,
which favors its application as a high-performance biomaterial. Therefore, it is essential
to consider that exposed orthopedic wounds are highly susceptible to bacterial infection,
the primary cause of implant surgery failure. Thus, implants with antimicrobial activity
can help prevent infections at the site [61]. Given this, the antimicrobial activity of the
HAp/PEEK (C2—40/60%) biocomposite was evaluated, and the results are presented in
Table 3. According to the results, the biocomposite C2 demonstrated antibacterial activity,
with minimum inhibitory concentration (MIC) against S. aureus, P. aeruginosa, and E. coli.
The bactericidal effect of the biocomposite C2 was observed at twice the MIC concentration.
It is important to note that isolated PEEK has low antimicrobial properties, which limits its
application [62]. Thus, several strategies have been employed to enhance the antimicrobial
activity of PEEK, such as surface modification or combining it with other materials [63]. In
this regard, using coating materials like hydroxyapatite (HAp) is considered to improve
the antibacterial properties of the implant material [64], as previously verified by the EDS
results, which confirmed the homogeneity of the constituent mixture in this biocomposite.
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Figure 7. Images obtained by inverted digital microscopy at 100× magnification of the L929 cell
line in the discoloration zones around the samples in the agar diffusion test: (a) positive control,
(b) negative control, (c) blank, (d) C1, (e) C2, and (f) C3.

Table 3. MIC/MBC of Biocomposite C2.

Microrganisms
MIC/MBC (μg.mL−1)

C2 CIPRO OXA CFT

S. aureus ATCC (25923) 1562.5/3125 200 200 -
P. aeruginosa ATCC (27853) 1562.5/3125 200 - 200

E. coli ATCC (25922) 390.62/781.25 200 - 200
ATCC—American Type Culture Collection; MIC—Minimum Inhibitory Concentration; MBC—Minimum Bacteri-
cidal Concentration; CIPRO—Ciprofloxacin Hydrochloride; OXA—Oxacillin; CFT—Ceftazidime.

The study conducted by Wang et al. [65] demonstrated that bacterial biofilms
formed and reached a thickness of about 90 μm with live bacteria visible on the surface
of isolated PEEK. In contrast, bacterial cells were killed on the surface of the PEEK/
nanofluorohydroxyapatite biocomposite, suggesting the antimicrobial activity of this com-
posite. This bioceramic material affects both Gram-positive and Gram-negative bacteria
due to its ability to penetrate bacterial cell walls through electrostatic interaction with the
cell wall [66]. Additionally, other studies have shown activity through the production
of reactive oxygen species (OH−, H2O2 e O2

−2) that can disrupt bacterial membranes,
abrasive surface ordering due to surface effects, and aggregates that may contribute to
mechanical damage to the bacterial cell membrane [67].

4. Conclusions

The synthesis of hydroxyapatite (HAp) and polyether ether ketone (PEEK) biocom-
posites using high-energy ball milling has proven to be a promising approach for creating
materials for bone regeneration. The incorporation of HAp into PEEK resulted in signifi-
cant changes in the material’s morphology, particularly regarding porosity and mechanical
strength. Among the analyzed biocomposites, C2, with 40% HAp, stood out for its effective
antibacterial activity against S. aureus, P. aeruginosa, and E. coli, showing notable minimum
inhibitory concentration (MIC) and bactericidal effect at concentrations above the MIC.
Additionally, cytotoxicity tests revealed that C2 is non-toxic to cells, confirming its viability
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in biomaterials and safety in contact with biological tissues. The developed system offers
significant potential for various medical applications, especially in bone restoration, due to
its well-balanced combination of mechanical and biological properties.
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Abstract: Film-forming agents are key ingredients in achieving long-lasting and effective sun pro-
tection by sunscreens. However, studies on the synergistic effects of film-forming agents with
different properties as well as the interaction between film-forming agents and powders are scarce,
restricting the development of sunscreens with strong ultraviolet (UV)-shielding effects. Herein,
we innovatively adopt polysiloxane-15 as the soft film, trimethylsiloxysilicate as the hard film, and
vinyl dimethicone/methicone silsesquioxane crosspolymer as the functional powder to construct a
co-assembled sunscreen film, and we investigate the property-enhancing effects of the sunscreen film
as well as the interaction between the silicone polymer-based film-forming agents and functional
powder therein. The results show that structural similarity is essential to generating film-forming
agent–powder interactions, which primarily enhance the Si−O bond binding energy, thereby enhanc-
ing the lasting protection effect of sunscreens. In addition, the inter-component interaction of the
co-assembled sunscreen film inhibits the agglomeration of sunscreen paste to facilitate the formation
of a homogeneous film, endowing the sunscreen with excellent UV protection abilities, with the sun
protection factor (SPF) and protection factor of UVA (PFA) values increased by 61.58 and 43.84%,
respectively. This work offers novel insights into the optimization of film-forming agent properties
and the development of durable and efficient sunscreens.

Keywords: sunscreen; film-forming agent; polymer composites; ultraviolet protection

1. Introduction

The increased ultraviolet (UV) intensity caused by continuous destruction of the
ozone layer has led to a series of problems, such as accelerated melanin synthesis, collagen
degradation, and increased skin sensitivity [1–5], which has motivated consumers to
increase their awareness of sun protection and development of the sunscreen market [6–11].
It is generally accepted that sunscreen products with high sun protection factor (SPF)
provide better UV shielding [12–14], but this does not mean that a high level of protection
can be achieved on a long-lasting basis. For instance, external friction and perspiration
can disrupt the distribution of sunscreen agents, which in turn reduces the effectiveness
of sunscreens [15–19]. Moreover, the film-forming behavior of the sunscreen film can also
alter the distribution of sunscreen agents, thereby directly affecting the sun protection value
of the sunscreen [20,21]. Therefore, an effective strategy urgently needs to be developed to
enhance the long-lasting and efficient UV-shielding effect of sunscreens.

The sunscreen film is mainly shaped by the film-forming agent in the formula, and
many studies have confirmed that the sunscreen film is the key component in achieving
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durable and efficient sun protection by sunscreen [22–31]. For example, Infante et al. found
that the addition of film-forming agent PEG-75 lanolin was able to achieve better sun
protection without increasing the amount of UV filters, and in vivo tests showed that the
SPF value of a sample containing the film-forming agent was increased by 53.2% compared
with a blank sample, which confirmed the sun protection enhancement by the film-forming
agent [23]. Keshavarzi et al. evaluated the sweat resistance of sunscreens by varying the
concentration of hydrophobic film-forming agents, which showed that medium levels of
film-forming agents inhibited the redistribution of sunscreens when encountered with
sweat and higher levels of film-forming agents reduced the amount of sunscreen washed off
by sweat [26]. Although numerous efforts have been devoted to the study of film-forming
agents, focusing only on a single component, the synergistic effects of film-forming agents
with different properties are rarely investigated, especially the intrinsic interaction between
film-forming agents and other components, resulting in limited long-lasting exertion of
strong UV-shielding effects when applied in sunscreen formulations. The development of
composite sunscreen films with excellent film-forming properties is required to meet the
growing consumer demand for sunscreens.

Herein, we adopted a co-assembly strategy to combine rigid trimethylsiloxysilicate
and flexible polysiloxane-15 film-forming agents to achieve a balance of film-forming
strength and toughness, and we innovatively screened the specific functional powder vinyl
dimethicone/methicone silsesquioxane crosspolymer (VDSC) to further reinforce the sun-
screen film. The anti-stretching, anti-migration, anti-friction, sunscreen enhancement, and
water resistance properties of different formulations were compared and tested. In addition,
a combination of testing and characterization was employed to analyze the mechanisms of
action of the film-forming agents and powder in the co-assembled sunscreen film.

2. Materials and Methods

2.1. Materials

All reagents were purchased from raw material vendors and used directly without
further purification. The ingredients used in the experiment are listed according to the
International Nomenclature of Cosmetic Ingredients: water (Wahaha, Hangzhou, China);
propanediol (Meijingrong Chemistry, Suzhou, China); 1,2-hexanediol (Shinsung Materials,
Seoul, Republic of Korea); citric acid (Seven Star Lemon Technology, Linyi, China); sodium
citrate (Xilong Scientific, Shantou, China); polysiloxane-15 (DSM, Maastricht, The Nether-
lands); trimethylsiloxysilicate (Wacker, Munich, Germany); vinyl dimethicone/methicone
silsesquioxane crosspolymer (ShinEtsu, Tokyo, Japan); ethylhexyl methoxycinnamate
(DSM, Maastricht, The Netherlands); ethylhexyl salicylate (DSM, Maastricht, The Nether-
lands); octocrylene (Symrise, Holzminden, Germany); titanium dioxide (Hope-Tec Biotech-
nology, Shanghai, China); zinc oxide (Hope-Tec Biotechnology, Shanghai, China); cyclopen-
tasiloxane (Momentive, Wilton, CT, USA); dimethicone (Momentive, Wilton, CT, USA);
PEG-9 polydimethylsiloxyethyl dimethicone (ShinEtsu, Tokyo, Japan); PEG-10 dimethicone
(ShinEtsu, Tokyo, Japan); tocopheryl acetate (NHU, Shaoxing, China); isododecane (Good-
light, Qingyuan, China); alcohol (Ante food, Suzhou, China); phenoxyethanol (Ashland,
Covington, KY, USA); ethylhexylglycerin (Ashland, Covington, KY, USA); dextrin palmi-
tate (Chiba Flour Milling, Chiba, Japan); VP/eicosene copolymer (Ashland, Covington, KY,
USA); and talc (Ritian Nanotechnology, Dandong, China).

2.2. Preparation of Sunscreen Samples

The co-assembled sunscreen film was composed of three silicone polymer-based
components: polysiloxane-15, trimethylsiloxysilicate, and VDSC, in which polysiloxane-
15 served as the soft film, trimethylsiloxysilicate served as the hard film, and VDSC
served as the functional powder. The three components possessed similar silicone-oxygen
bonded structures, and the corresponding structural formulae are shown schematically in
Figures S1–S3.
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The formulation of the sunscreen sample containing the co-assembled sunscreen film
is shown in Table 1. The specific process was as follows: Firstly, phase A and phase B were
heated to 78~80 ◦C and homogenized using a blender (RW20, IKA, Staufen, Germany).
Then, phase A was slowly transferred to phase B, stirred to homogeneity, and emulsified
using a homogenizer (T25, IKA, Staufen, Germany) at a homogenization speed of 6000 rpm
for 3 min. Next, the temperature was cooled down to below 40 ◦C, phase C was added, and
the mixture was homogenized continuously for 2 min, ultimately obtaining the sunscreen
containing the co-assembled sunscreen film, labeled as CA.

Preparation of control samples: Based on the above method and the formulation
shown in Table 1, polysiloxane-15, trimethylsiloxysilicate, and VDSC were removed to
obtain the blank control sample without the co-assembled sunscreen film, labeled as BC;
polysiloxane-15 was removed to obtain the sunscreen sample with a non-soft film, labeled
as NS; trimethylsiloxysilicate was removed to obtain the non-hard-film sample, labeled
as NH; and VDSC was removed to obtain the sample (labeled as NP) without powder.
In addition, polysiloxane-15 was replaced with dextrin palmitate to obtain the sunscreen
sample with replacement of the soft film, labeled as RS; trimethylsiloxysilicate was replaced
with VP/eicosene copolymer to obtain the sunscreen sample with replacement of the hard
film, labeled as RH; and VDSC was replaced with talc to obtain the sunscreen sample with
replacement of the functional powder, labeled as RP.

Table 1. The formulation of the sunscreen sample containing the co-assembled sunscreen film.

Phase Component Content (%)

A

Water To 100
Propanediol 5

1,2-Hexanediol 0.4
Citric acid 0.01

Sodium citrate 0.15

B

Polysiloxane-15 2
Trimethylsiloxysilicate 3

Vinyl dimethicone/methicone silsesquioxane crosspolymer 2
Ethylhexyl methoxycinnamate 6

Ethylhexyl salicylate 3
Octocrylene 3

Titanium dioxide 4
Zinc oxide 7

Cyclopentasiloxane 9
Dimethicone 8

PEG-9 Polydimethylsiloxyethyl dimethicone 2.5
PEG-10 Dimethicone 1.5
Tocopheryl acetate 0.2

C

Isododecane 9
Alcohol 8

Phenoxyethanol 0.36
Ethylhexylglycerin 0.04

2.3. Physical Characterization
2.3.1. Micromorphological Characterization of the Co-Assembled Sunscreen Film

Scanning electron microscopy (SEM, Apreo S HiVac, Thermo Scientific, Waltham, MA,
USA) was used to analyze the film-forming toughness with different combinations of com-
ponents in the co-assembled sunscreen film. The raw material trimethylsiloxysilicate was
recorded as sample A; polysiloxane-15 as sample B; polysiloxane-15 and trimethylsiloxysil-
icate mixed in a 2:3 mass ratio as sample C; and polysiloxane-15, trimethylsiloxysilicate,
and VDSC in a 2:3:2 mix as sample D. The samples were prepared by dispersing A, B,
C, and D into isododecane (volatile solvent), taking 50 μL of the samples and adding
it dropwise on the conductive adhesive substrates. The conductive adhesive substrates
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loaded with samples were then transferred to a vacuum-drying oven at 40 ◦C for 24 h to
form a membrane. Finally, all samples were stretched at the same strength to observe the
microscopic film structure after stretching. Moreover, SEM images of VDSC and talc were
also observed.

2.3.2. Fourier-Transform Infrared Spectroscopy and X-Ray Photoelectron
Spectroscopy Measurements

Fourier-transform infrared (FTIR, IRPrestige-21, Shimadzu, Kyoto, Japan) spectroscopy
measurements were performed on VDSC, talc, and the film-forming agents (polysiloxane-
15 and trimethylsiloxysilicate in a 2:3 mass ratio). To investigate the interaction between
the powder and the film-forming agents, the powders after mixing and treatment with the
film-forming agents were also tested. The treatment process of VDSC and talc was similar
to the preparation process of the sunscreen samples, specifically, the powders and film-
forming agent solutions were mixed according to a mass ratio of 2:5 and heated to 78~80 ◦C
under stirring to create homogeneous dispersions. Then, the powders were homogenized
at 6000 rpm for 3 min and centrifuged when the temperature was cooled to below 40 ◦C.
Subsequently, the powders obtained by centrifugation were washed with deionized water
and ethanol and dried at 60 ◦C in an oven. Furthermore, X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, Waltham, MA, USA) tests were performed on VDSC and
film-forming agent-treated VDSC. All XPS spectra were calibrated using the C 1s signal at
284.8 eV.

2.3.3. Optical Profilometer and Contact Angle Measurements

The film-forming uniformity of each sunscreen sample after film formation was as-
sessed using an optical profilometer (NT9100, Veeco, Plainview, NY, USA). Firstly, the
profilometer test was carried out by selecting a 1 mm × 1 mm area on the blank pigskin
surface, thus serving as the profile mapping prior to the application of sunscreen samples.
Then, 5 μL of the treated sunscreen samples was added dropwise to the selected area
using a pipette. After the samples were completely dry, the profilometer test was again
performed on the area. The wettability of VDSC and talc to the film-forming agent solutions
was determined using an optical contact angle meter (OCA15EC, Dataphysics, Stuttgart,
Germany), and the powders were pressed at 8 MPa for 5 min.

2.4. Performance Measurement
2.4.1. Anti-Stretching Test

The sunscreen samples of 0.25 g were uniformly coated on the elastic silicone rubber
belt with an area of 2 cm × 4 cm, and then left for 2.5 h to allow the sunscreens to form
films. The initial condition of the film layer before stretching was first recorded using an
optical microscope (MXB-2016Z, Hirox, Tokyo, Japan). After that, a unidirectional axial
force was applied to all samples, which were stretched laterally to a length of 7.4~7.5 cm
(deformation rate of about 85%) and fixed on the carrier stage with a G-clamp, observing
whether holes and cracks appeared in the sunscreen film during stretching, thus evaluating
the film-forming toughness of each sunscreen sample.

2.4.2. Anti-Migrating Test

A 0.1 g aliquot of the sunscreen formulation samples BC, CA, and NP was added
dropwise onto a polymethylmethacrylate (PMMA) plate and then spread evenly with a
spatula. The distribution of the coatings during the evaporation of samples (film formation)
was observed and recorded every 15 min, thus evaluating the anti-migrating property of
the co-assembled sunscreen film.

2.4.3. Anti-Rubbing Test

The formulation samples were evenly applied to the inner side of the arm with a
loading of about 2 mg/cm2 and an application area of 2.5 cm × 2.5 cm. Subsequently,
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the area of the applied sample was rubbed with a paper towel loaded with an iron block
(gravity of about 1.4 N). UV LOOK (the sunscreen application area behaves as black) was
used to observe the scratches on the edge of the application area after rubbing and the
residue on the surface of the paper towel, thereby evaluating the rubbing resistance of
the samples.

2.4.4. In Vitro Sun Protection Value Test

The method for in vitro testing of the sun protection value was based on the ISO
24443:2021 standard [32]. Specifically, samples CA, BC, NS, NH, and NP were added
dropwise to a HD6-type PMMA plate (5 cm × 5 cm) with a loading of 1.3 mg/cm2, after
which the samples were pushed away with a finger wearing a finger cuff in a circular
motion to uniformly spread the samples on the PMMA plate. Finally, the PMMA panels
coated with samples were dried at room temperature without direct sunlight for 30 min,
and the SPF and protection factor of UVA (PFA) were determined using a UV transmittance
analyzer (UV2000, Labsphere, North Charleston, SC, USA). Four PMMA plates were
prepared for each sample and the average value was recorded as the initial sun protection
value of the sample. In addition, the PMMA panels after testing were immersed in a water
bath at 35 ◦C under low-speed agitation for 40 min, and then the sun protection value of
the dried samples was tested and recorded as the after-bath sun protection value. The
differences in the formulations of sunscreens CA, BC, NS, NH, and NP were variations
in the three components, polysiloxane-15, trimethylsiloxysilicate, and VDSC (as shown in
Table 2), while the other components were consistent with Table 1.

Table 2. Differences in the composition of co-assembled sunscreen film in sunscreen formulations.

Component
Content (%)

CA BC NS NH NP

Polysiloxane-15 2 / / 2 2
Trimethylsiloxysilicate 3 / 3 / 3

VDSC 2 / 2 2 /

3. Results and Discussion

3.1. Micromorphological Analysis of the Co-Assembled Sunscreen Film

Firstly, the micromorphological variation of the co-assembled sunscreen film was
observed by SEM, thus qualitatively evaluating the role of each component in enhancing
the toughness of the sunscreen film from the raw material level. Figure 1A shows the longi-
tudinal and transverse cracks in the membrane layer, indicating that trimethylsiloxysilicate
used as the hard film was a brittle material, which was prone to reaching failure strain
upon stretching, leading to the membrane layer cracking and forming fragments. Figure 1B
demonstrates that the membrane cracking of polysiloxane-15 was different from that of
trimethylsiloxysilicate, showing a localized hole-type breakage (the exposed black area
is the conductive adhesive substrate). The reason was that although polysiloxane-15 pos-
sessed the toughness of a flexible material, its inherent lack of strength led to holes during
the stretching process. In addition, large areas of the membrane layer in Figure 1C re-
mained basically intact with only a few smaller pores, indicating that the combination
of polysiloxane-15 and trimethylsiloxysilicate significantly improved the film-forming
toughness of the samples. In this case, the flexible chain segments of polysiloxane-15 could
reduce the crosslinking density of the film groups, thereby increasing the free space of
the siloxane chains to absorb impact energy and disperse stress [33,34]. Strikingly, after
the addition of VDSC, based on the soft and hard film-compounded sample, the integrity
of the film layer in Figure 1D was further enhanced compared to that in Figure 1C. No
pores and cracks were found, and VDSC was observed to be uniformly dispersed and
embedded in the film layer, indicating that the introduction of the functional powder
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further enhanced the film-forming toughness of the co-assembled sunscreen film through
generating interfacial effects [35].

 
Figure 1. SEM images of (A) sample A, (B) sample B, (C) sample C, and (D) sample D after stretching.

3.2. Effect of the Co-Assembled Sunscreen Film on Anti-Stretching Property

The film-forming toughness of each sunscreen formulation was reflected by tensile
tests. As shown in Figure 2, different combinations of film-forming agents and powders
resulted in significant differences in the film-forming toughness of the samples. Figure 2A
shows that the coating of sample CA containing the co-assembled sunscreen film remained
uniform and intact during the stretching process, with no holes or cracks, indicating that
the co-assembled sunscreen film constructed by the specific film-forming agents and the
functional powder could effectively enhance the toughness of the sunscreen product against
damage induced by movement of the facial skin. Figure 2B demonstrates that the film layer
of blank sample BC was already broken before stretching, and the sunscreen coating further
cracked with visible fractures during stretching, which undoubtedly worsened the UV
absorption effect. When the specific combination of film-forming agents and powder in the
co-assembled sunscreen film was varied, the coatings of sunscreen samples were found to
be broken to varying degrees, which was consistent with the results in Figure 1. Specifically,
when the soft (polysiloxane-15) and hard (trimethylsiloxysilicate) films were removed,
the film layers of the corresponding samples NS (Figure 2C) and NH (Figure 2D) showed
holes, cracks, and other damage after stretching. Surprisingly, when the functional powder
(VDSC) was removed in the co-assembled sunscreen film, the sample NP (Figure 2E)
was found to exhibit small cracks during stretching as well, further confirming that the
functional powder played an important role in enhancing the toughness of the sunscreen
film. As the powder had a similar silicone-oxygen bonded structure as the soft and hard
films, its excellent compatibility allowed it to work synergistically with the film-forming
agents to jointly resist the damage to the sunscreen caused by facial skin movement.
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Figure 2. Film-forming conditions of sunscreen samples (A) CA, (B) BC, (C) NS, (D) NH, (E) NP,
(F) RS, (G) RH, and (H) RP before and after stretching.

To investigate the reasons why the components of the co-assembled sunscreen film
enhanced the toughness, each component was replaced separately. Figure 2F shows the
film-forming conditions of sample RS with the soft film replaced by dextrin palmitate
before and after stretching, revealing that the film layer of sample RS showed obvious
cracking after stretching, which was probably caused by the poor compatibility of dextrin
palmitate and trimethylsiloxysilicate, resulting in insufficient binding of the film-forming
agents in the formulation and a decrease in the anti-stretching property. Sample RH in
Figure 2G reconfirmed that the structural similarity between the sunscreen films played a
key role in enhancing the mechanical properties. When the less compatible polysiloxane-
15 and VP/eicosene copolymer were combined as soft and hard films, the sunscreen
film was found to have difficulty resisting external stretching, and the same cracking
condition occurred. Notably, when the functional powder in the co-assembled sunscreen
film was replaced with talc, which was found to exhibit poor dispersion in the system
according to Figure 2H, sample RP before stretching exhibited obvious particles and
powder agglomerates on the surface of the coating, and clear cracks appeared in the coating
during stretching. The above results indicated that the primary reason for the excellent
toughness of the co-assembled sunscreen film was the high structural similarity of the
components, and the excellent compatibility allowed them to fully combine and undergo
inter-component interactions.

In addition, to reveal the strengthening mechanism of the mechanical properties of
the sunscreen film by the functional powders, the microscopic morphology of different
powders was analyzed by SEM and compared. The SEM images of VDSC are shown
in Figures 3A and S4, exhibiting ~70 nm nanoparticles attached to the surface of ~5 μm
microspheres, which possessed a large specific surface area. The rough nanoparticle edges
of VDSC could act as “tentacles” to grasp and embed the film layer formed by the film-
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forming agents, which could enhance its interfacial combination with film-forming agents
through chemical bonding to realize film-forming reinforcement [35]. By contrast, the
microscopic morphology of talc presented a large nano-sheet structure (Figure 3B), the
highly stacked structure of which led to a substantial decrease in specific surface area as
well as poor compatibility and bonding with the soft and hard films, thus worsening the
film-forming toughness of the sunscreen film after replacing the VDSC with talc. Further-
more, the wettability of pure VDSC and talc to the film-forming agents was compared
through contact angle tests (Figure 3C), which were 59.3◦ and 107.4◦ for VDSC and talc,
respectively. The smaller contact angle was attributed to the fact that VDSC possessed a
similar silicone-oxygen bonded structure as silicone-based film-forming agents, predicting
high compatibility and strong interactions with the film-forming agents, which further con-
firmed the dominant role of structural similarity in enhancing the binding of film-forming
agents and powders.

 
Figure 3. SEM images of (A) VDSC and (B) talc. (C) Contact angles of pure VDSC and talc to
film-forming agent solution.

3.3. Effect of the Co-Assembled Sunscreen Film on Anti-Migrating Property

The anti-migrating property of the co-assembled sunscreen film was next analyzed by
tracking the coating distribution during the evaporation of the sunscreen formulations. As
shown in Figure 4A, the blank sample BC showed agglomeration of the coating visible to
the naked eye after 15 min, with non-uniform distribution of the coating and significant
cracking after 45 min, which was attributed to the severe aggregation of the paste (including
powders, sunscreen agents, etc.) during the evaporation process [18]. After introducing the
co-assembled sunscreen film, sample CA (Figure 4B) had a uniform coating distribution
throughout the volatilization process without any cracking, indicating that the presence
of the co-assembled sunscreen film could effectively anchor the paste to avoid its migra-
tion and aggregation during the volatilization process, which contributed to a uniform
distribution of sunscreen agents in the film layer to maximize the sunscreen effect. The
anti-migrating effect of the functional powder in the co-assembled sunscreen film was also
investigated, and it was found that the paste at the edge of sample NP (Figure 4C) showed
obvious migration to the interior after the removal of VDSC. Therefore, the introduction of
the powder could be inferred to inhibit the dehumidification of the sunscreen cream and
make the sunscreen agents stable [18], facilitating the formation of a uniform sunscreen
film, which proved that the film-forming agents and functional powder of the co-assembled
sunscreen film exerted a full synergistic effect in terms of anti-migration.
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Figure 4. The migration conditions of coatings during drying of sunscreen samples (A) BC, (B) CA,
and (C) NP. The time interval for each graph from left to right is 15 min.

3.4. Effect of the Co-Assembled Sunscreen Film on Anti-Rubbing Property

The effectiveness of the different sunscreen formulations against external friction was
evaluated by means of anti-friction tests. As shown in Figure 5, different combinations of
film-forming agents and powders had a significant effect on the anti-rubbing properties of
the sunscreen samples. Figure 5A presents the film-forming conditions before and after
rubbing of the sample containing the co-assembled sunscreen film. Sample CA was able
to greatly maintain the initial state of the film layer after the rubbing treatment, with no
obvious scratches on the edges and only trace residues on the tissue paper. However, a large
amount of sunscreen product was carried away when blank sample BC (Figure 5B) was
subjected to friction, the coating was severely damaged, and obvious scratches appeared on
the edges. The above results indicated that the interaction of film-forming agents and func-
tional powder with similar silicone-oxygen bonded structures significantly enhanced the
friction-resistant property of the sunscreens. To verify the necessity of each component in
the co-assembled sunscreen film, the anti-rubbing properties of the samples after removing
the soft film, hard film, and functional powder were compared, respectively. Samples NS
(Figure 5C) and NH (Figure 5D) were found to have different degrees of scratches on the
coating edges after rubbing, and the film layer of sample NH was more obviously broken
after rubbing, which indicated that trimethylsiloxysilicate provided a better anti-rubbing
effect than polysiloxane-15. When the functional powder was removed, Figure 5E shows
that the membrane edges of sample NP were scratched after rubbing, and part of the
sunscreen agents were removed by the paper towel, indicating that the presence of VDSC
had a further reinforcing effect on the soft and hard film groups, which was consistent
with the role of the functional powder in the anti-stretching and anti-migrating tests, as
described previously.
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Figure 5. Film-forming conditions of sunscreen samples (A) CA, (B) BC, (C) NS, (D) NH, (E) NP,
(F) RS, (G) RH, and (H) RP before and after rubbing.

To further confirm the effectiveness of structurally similar-oriented construction of
sunscreen membranes, the components in the co-assembled sunscreen film were replaced
by film-forming agents and powder with non-siloxane structures. Figure 5F shows the
film-forming conditions of sample RS with the soft film replaced by dextrin palmitate
before and after rubbing treatment, in which scratches were found to appear on the film
edges after rubbing. Residual amounts of the sunscreen paste on the tissue paper were
observed for samples CA and NS, indicating that dextrin palmitate could provide some
anti-friction ability but was not as effective as polysiloxane-15, which was probably due
to the poor compatibility between dextrin palmitate and trimethylsiloxysilicate leading
to worse bonding between the soft and hard films, thus deteriorating the anti-rubbing
performance of the sunscreen film. Similar results are shown in Figure 5G, where sample
RH also showed scratches on the film edges after rubbing, which was attributed to the poor
compatibility between VP/eicosene copolymer and polysiloxane-15, again confirming the
importance of structural similarity in enhancing the mechanical properties of sunscreen
films. Notably, Figure 5H demonstrates that the amount of paste removed by the tissue
paper for sample RP after rubbing was significantly higher than that for sample NP, which
was attributed to the poor compatibility of talc with the hard and soft film groups, which
made it difficult to achieve sufficient embedding and exert a reinforcing effect on the film
groups. Meanwhile, the poor dispersion of talc led to a rough and grainy film, so that the
sunscreen agents were more likely to be carried away with the paste when the sample was
subjected to friction, and scratches appeared on the edges. The above results indicated
that the anti-friction property of the co-assembled sunscreen film mainly originated from
the structural similarity of the components, which strengthened the film-forming agent–
powder bonding to resist external friction.
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3.5. FTIR and XPS Analyses

The excellent performance of the co-assembled sunscreen film was mainly attributed
to the film-forming agent–powder interaction, which was investigated by a combination of
FTIR and XPS tests. As seen in Figure 6A, the absorption peaks (positioned by the pink
dashed lines) of VDSC changed after mixed treatment with film-forming agents, the rela-
tive intensities of the Si−O stretching vibrational absorption peaks at 1018 and 1095 cm−1

varied [36,37], and a new vibrational absorption peak appeared at 840 cm−1 [38], which
proved that strong interactions between VDSC and the film-forming agents occurred in
the sunscreen film. By contrast, no change in absorption peaks was observed for talc with
a non-silicone-oxygen bonded structure (Figure 6B), implying no intrinsic interactions
between talc and film-forming agents, further confirming the specificity among the com-
ponents of the co-assembled sunscreen film. In addition, the interaction between VDSC
and film-forming agents was further revealed by XPS tests. Figure 6C shows the Si 2p XPS
spectra of VDSC before and after treatment. The signal at 102.6 eV was assigned to the
Si−O bond [39,40]. After mixed treatment with film-forming agents, the Si−O bond in
VDSC shifted toward higher binding energy (positioned by the black dashed lines). The
signals located at 532.4 and 533.9 eV in the O 1s XPS plot were attributed to the Si−O
bond and absorbed water, respectively (Figure 6D) [41,42], demonstrating that the same
binding energy enhancement occurred in the Si−O bond of VDSC after treatment, which
again confirmed the existence of strong interactions between VDSC and the film-forming
agents [43,44]. These results indicated that structural similarity between film-forming
agents and powder was essential to generating the interaction that reinforced the sunscreen
film, and that such interactions were primarily reflected in the enhancement of the Si−O
bond binding energy. The research showed that when the sunscreen film generated cracks
under external force, the VDSC powder could absorb a large amount of destructive en-
ergy and slow down or terminate the spread of cracks at the interface, thereby realizing a
strengthening and toughening effect on the sunscreen film [45,46].

 
Figure 6. FTIR spectra of film-forming agent, (A) VDSC, and (B) talc before and after treatment.
(C) Si 2p and (D) O 1s XPS spectra of VDSC before and after treatment.
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3.6. Effect of Co-Assembled Sunscreen Film on In Vitro Sun Protection Values

To investigate the effect of the co-assembled sunscreen film on the sun protection value,
UV absorption tests were performed on samples CA, BC, NS, NH, and NP, respectively.
As shown in Figure 7A, sample CA exhibited the best UV absorption capacity, while
the absorbance of blank sample BC was obviously weakened and showed the worst
performance, which implied that the introduction of the co-assembled sunscreen film could
significantly enhance the UV-shielding effect of the sunscreen formulations. Compared to
the blank sample, the SPF and PFA values of sunscreen CA were increased by 61.58% and
43.84%, respectively, which demonstrated superior UV protection enhancement over other
works [23,47,48]. The specific SPF and PFA values of each sample are given in Figure 7B,
which showed that after removing the soft film, hard film, and functional powder in the
co-assembled sunscreen film, respectively, the sun protection values of the corresponding
samples NS, NH, and NP were reduced to a certain extent, suggesting that the enhanced
UV absorptive capacity of the co-assembled sunscreen film originated from the synergistic
interaction between film-forming agents and the powder.

 
Figure 7. (A) UV absorption curves and (B) sun protection value test results of each sample.

To reveal the mechanism of the co-assembled sunscreen film to enhance the sun
protection value, the film-forming conditions after the application of sunscreen samples
were compared by optical profilometry. As seen in Figure 8A,B, the surface contour of the
pigskin was highly consistent before and after the application of sample CA containing the
co-assembled sunscreen film, and the high overlap of the X (Figure 8C) and Y (Figure 8D)
profile curves reconfirmed the film-forming uniformity of sample CA. Uniform sunscreen
films had been reported to maximize the effectiveness of sunscreen [25]. By contrast, the
yellow dashed areas in Figure 8E,F as well as the green dashed areas in Figure 8G,H
indicated that the depressions in the skin were filled with sunscreen after the application
of sample BC, meaning that the sunscreen gathered in the skin grooves and formed a
non-uniform film, resulting in a decrease in sun protection value. Moreover, the role
of film-forming agents in the co-assembled sunscreen film was revealed by observing
the film-forming conditions of the sunscreen after removing the film-forming agents.
Figures S5 and S6 show that the skin-fit property of sunscreen without film-forming agents
was reduced compared to sample CA, suggesting that the anti-migration effect of the
film-forming agents mitigated the agglomeration and inhomogeneous distribution of the
sunscreens to some extent. After removing the functional powder VDSC from the co-
assembled sunscreen film, a similar decrease in film-forming uniformity was observed in
Figures S7 and S8, indicating that the introduction of VDSC powder could mediate the
volatilization process of the sunscreen film and allowed for uniform film formation. On the
other hand, the introduction of the functional powder could enhance the solid content of
the sunscreen cream, so that the film thickness after film formation increased, while relying
on its diffuse reflective property through extending the optical distance to promote the
value of sun protection [49].
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Figure 8. Three-dimensional contour images of pig skin (A) before and (B) after application of
sunscreen CA, and contour curves of (C) X and (D) Y profiles. Three-dimensional contour images
of pig skin (E) before and (F) after application of sunscreen BC, and contour curves of (G) X and
(H) Y profiles.

In addition, the ability of the co-assembled sunscreen film to enhance the water re-
sistance of sunscreens was assessed by testing the retention rate of sunscreen values after
bathing treatment of each sample. According to Figure 9A, the after-bath UV absorption
curve of sample CA was highly consistent with the initial curve, with only a slight attenua-
tion of UVB absorption, and the retention rates of the SPF and PFA values after bathing
were 93.95 and 99.62% (Table S1), respectively. Figure 9B demonstrates the UV absorption
test results of the blank sample BC, which showed that the overall absorbance after bathing
exhibited obvious attenuation. The retention rates of the SPF and PFA values at this time
were 68.74 and 76.99% respectively, which were significantly lower compared to sample CA,
indicating that the introduction of the co-assembled sunscreen film could confer excellent
water resistance to the sunscreen formulation. By analyzing the UV absorption test results
of Figure 9C–E, it could be seen that the water resistance of the samples corresponding to
removal of the soft film, hard film, and functional powder were all reduced compared with
sample CA. The specific changes in the sun protection value are shown in Figure 9F, indicat-
ing that the enhancement of the water-resistant performance originated from the combined
action of the components in the co-assembled sunscreen film, for which the hydrophobic
silica-oxygen bonded structure endowed the sunscreen with excellent water resistance.
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Figure 9. Comparison of initial and post-bath UV absorption curves of (A) CA, (B) BC, (C) NS,
(D) NH, and (E) NP, and (F) sun protection value test results.

4. Conclusions

In summary, we constructed a co-assembled sunscreen film consisting of silicone
polymer-based film-forming agents and powder with structural similarity as the guide-
line, which achieved the effective integration of different functional components and thus
endowed the sunscreen formulation with excellent performance. The performance en-
hancement was mainly due to the structural similarity between the film-forming agents
and functional powder, specifically, the combination of soft and hard films modulated
the crosslinking density of the silicone-oxygen chains through the formation of a good
interpenetrating network, thus optimizing the film strength and toughness simultaneously.
The introduction of the functional powder strengthened the interfacial bonding with the
film-forming agents through silicone-oxygen bonding, which further reinforced the anti-
stretching, anti-migration, and anti-friction properties of the sunscreen. In addition, the
film-forming agents and functional powder jointly mediated the film-forming process of
the sunscreen to avoid agglomeration, resulting in a homogeneous film. Meanwhile, the
introduction of the functional powder enhanced film thickness after film formation and
increased contact with sunscreen agents, reflecting UV light at multiple levels, which in
turn improved the sun protection property. The co-assembled sunscreen film showed an
outstanding potentiation effect on sun protection values, respectively enhancing the SPF
and PFA values by 61.58 and 43.84% compared with the blank sample. Benefiting from the
hydrophobicity of the silicone-oxygen bonded structure, the co-assembled sunscreen film
effectively enhanced the water resistance of the sunscreen formulation, with a retention rate
of 93.95% for SPF and 99.62% for PFA after bathing. This work will broaden the application
of polymers in cosmetics and provides a new strategy for the development of durable and
efficient sunscreens.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16233317/s1, Figure S1: Structural formula of polysiloxane-
15; Figure S2: Structural formula of trimethylsiloxysilicate; Figure S3: Structural formula of VDSC;
Figure S4: SEM image of VDSC surface-attached nanoparticles; Figure S5: Three-dimensional contour
images of pig skin (A) before and (B) after application of sunscreen without film-forming agents;
Figure S6: Contour curves of (A) X and (B) Y profiles before and after application of sunscreen
without film-forming agents; Figure S7: Three-dimensional contour images of pig skin (A) before
and (B) after application of sunscreen without VDSC; Figure S8: Contour curves of (C) X and (D)
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Y profiles before and after application of sunscreen without VDSC; Table S1: Retention rate of sun
protection values for each sample after water bath treatment.
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Abstract: Glass Fiber-Reinforced Composite (GFRP) has found widespread use in engineering
structures due to its lightweight construction, high strength, and design flexibility. However, pure
GFRP beams exhibit weaknesses in terms of stiffness, stability, and local compressive strength,
which compromise their bending properties. In addressing these limitations, this study introduces
innovative square GFRP beams infused with gypsum-based composites (GBIGCs). Comprehensive
experiments and theoretical analyses have been conducted to explore their manufacturing process and
bending characteristics. Initially, four types of GBIGC—namely, hollow GFRP beams, pure gypsum,
steel-reinforced gypsum, and fiber-mixed gypsum-infused beams—were designed and fabricated
for comparative analysis. Material tests were conducted to assess the coagulation characteristics of
gypsum and its mechanical performance influenced by polyvinyl acetate fibers (PVAs). Subsequently,
eight GFRP square beams (length: 1.5 m, section size: 150 mm × 150 mm) infused with different
gypsum-based composites underwent four-point bending tests to determine their ultimate bending
capacity and deflection patterns. The findings revealed that a 0.12% dosage of protein retarder
effectively extends the coagulation time of gypsum, making it suitable for specimen preparation, with
initial and final setting times of 113 min and 135 min, respectively. The ultimate bending load of PVA-
mixed gypsum-infused GFRP beams is 203.84% higher than that of hollow beams, followed by pure
gypsum and steel-reinforced gypsum, with increased values of 136.97% and 186.91%, respectively.
The ultimate load values from the theoretical and experimental results showed good agreement,
with an error within 7.68%. These three types of GBIGCs with significantly enhanced flexural
performance can be filled with different materials to meet specific load-bearing requirements for
various scenarios. Their improved flexural strength and lightweight characteristics make GBIGCs
well suited for applications such as repairing roof beams, light prefabricated frames, coastal and
offshore buildings.

Keywords: gypsum; polyvinyl acetate fibers; GFRP; composite beams; coagulation characteristics

1. Introduction

Glass Fiber-Reinforced Composite (GFRP) is a material composed of resin and glass
fiber, which is valued in the construction industry for its high strength and cost-effectiveness.
The decreasing cost of raw materials and advancements in composite manufacturing tech-
nologies, such as pultrusion or vacuum introduction, have contributed to the growing
popularity of GFRP in civil engineering [1–3]. Noteworthy applications of GFRP in civil
engineering include the use of GFRP sandwich panels for bridge decks [4], lightweight
slabs for the restoration of wooden or masonry buildings [5,6], composite crashworthy de-
vices [7], ship deck panels [8], emergency housing, and various new construction projects [9].
However, it is important to note that GFRP, being inherently brittle, exhibits weaknesses in
terms of stiffness, stability, and durability [10–12]. Many researchers are actively exploring
ways to enhance its structural and mechanical performance [13,14].
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An effective strategy for enhancing the mechanical performance of GFRP involves
combining it with concrete to create composite structures. Robinson et al. [15] conducted a
study on the bonding effects of short-span rectangular GFRP beams filled with concrete.
The results demonstrated that the strength and stiffness of the concrete-filled GFRP beams
were twice as high as those of unbonded GFRP beams. In a similar vein, Ahmed Abouzied
et al. [16] investigated the flexural behavior of rectangular FRP beams filled with reinforced
concrete. Their findings revealed that the strength of concrete and the thickness of GFRP
beams were the primary factors influencing the flexural performance of infilled FRP beams.
Additionally, Ahmed et al. [17] and Majid Muttashar et al. [18] highlighted improvements
in the ultimate bearing capacity, ductility, and energy absorption of concrete-infilled GFRP
beams with an increase in FRP beam thickness and concrete compressive strength. It is
worth noting, however, that the incorporation of concrete significantly increases the weight
of the structure, which may have detrimental effects on its overall performance.

In recent research efforts, there has been a focus on using lighter infilling materials
instead of concrete to reduce structural weight. For instance, Huang Li et al. [19] introduced
three types of wood–GFRP beams (plate form, slot form, and inverted T-shaped form).
Their study revealed that slot GFRP–wood beams exhibited the best mechanical properties,
showing a 26.43% increase in the ultimate load-carrying capability compared to that of
the reference GFRP beams. C. Yoganantham et al. [20] conducted research on the flexural
performance of pultruded glass fiber-reinforced polymer (GFRP) beams filled with a large
volume of fly ash engineering cementitious composite (HVFAECC). The results indicated
that the bearing capacity of tension GFRP beams filled with HVFAECC was significantly
higher than that of hollow GFRP beams. Fubin Zhang et al. [21] proposed a novel com-
posite sandwich structure that incorporates GFRP skins, cold-formed profiled steel plate,
and lightweight balsa wood. The test findings demonstrated that the ultimate bearing
capacity of the composite structure increased by 68–194% compared to that of hollow
structures. These studies highlight the potential of using alternative, lighter materials to
enhance the mechanical properties of GFRP structures while addressing concerns related
to structural weight.

Gypsum, which is recognized as a cementing material, finds widespread use in the
construction industry due to its excellent features such as its light weight, fire resistance, and
fast setting time. Gypsum can be sourced from natural reserves or industrial by-products,
and thus presents an effective means of waste utilization. The properties of fiber-reinforced
materials have become increasingly common in recent years. Palomo IRI et al. [22] highlight
the significant potential of utilizing ultra-high-performance fibers to enhance the mechanical
properties of concrete, thereby improving the structural performance of reinforced concrete
(RC) beam–column joints. In efforts to enhance gypsum’s physical and mechanical prop-
erties, researchers have conducted experiments in which they have added various fibers
to gypsum [23,24]. These fibers include paper, polystyrene, polyester, seagrass [25,26], and
recycled waste gypsum [27–31]. Cong Zhu et al. [32] investigated the physical and mechanical
properties of polyvinyl alcohol and polypropylene fiber-reinforced gypsum-based composites.
Their results demonstrated a significant improvement in the flexural strength of hardened
gypsum-based composites with the addition of polyvinyl alcohol fiber. Aldi Kuqo et al. [33]
studied the mechanical properties of two natural fibers: Mediterranean seaweed and pine
gypsum. They discovered that seaweed fiber and wood fiber could enhance crucial properties
of gypsum, including its compressive strength, impact resistance, and hardness. Zhenxing
Li et al. [34] explored the effects of basalt fiber, glass fiber, and polyvinyl alcohol fiber on the
setting time, extension diameter, water absorption, and bending strength of fiber-reinforced
gypsum-based composites. Their contributions have established the positive impact of fibers
on the physical and mechanical properties of gypsum composites. However, there remains a
gap in research concerning the flexural behavior of gypsum-based composite structures.

In summary, while load-bearing GFRP pipes can meet the necessary weight require-
ments, they still exhibit certain limitations in terms of their flexural and compressive per-
formance compared to traditional reinforced concrete beams. Focusing on both lightweight
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characteristics and sufficient strength, this study selected gypsum as the matrix material
and incorporated reinforcement and PVA to address the brittleness of the structure. This
enhanced the ultimate load-bearing capacity while introducing certain plasticity char-
acteristics, thereby meeting the requirements of practical engineering applications. For
example, this composite material system could be widely applied in structural elements
such as beams and columns in factory buildings, emergency structures, prefabricated
buildings, and other construction scenarios that demand both light weight and a high
load-bearing capacity.

This research focuses on three types of gypsum-based composite GFRP beams: pure
gypsum, steel-reinforced gypsum, and fiber-reinforced gypsum composites. The primary
focus of the investigation lies in the bending properties of these composite beams. Section 2
provides a detailed description of the material preparation process, including tests to evalu-
ate the setting characteristics of gypsum and the influence of polyvinyl acetate (PVA) on the
mechanical properties of gypsum blocks. Additionally, comprehensive details of the four-
point bending test procedure are provided. Section 3 presents the theoretical calculation
formulas for the load-bearing capacity of four types of components. Subsequently, Section 4
analyzes the results of the four-point bending experiments, offering a detailed examination
of the failure modes observed during the experiments, and compares the theoretical and
experimental results. Section 5 outlines the innovations of this study and summarizes the
bending behavior exhibited by square GFRP beams filled with gypsum-based composites.

2. Materials and Methodology

The main materials used for the fabrication of GBIGCs include GFRP, gypsum, PVA,
and steel bars.

2.1. Pultruded GFRP Beams’ Properties

As shown in Figure 1a, the hollow pultruded GFRP square beams (length: 1.5 m,
section area: 150 mm × 150 mm) used in this study were manufactured by Si Tong FRP Co.,
Ltd. (Soochow, China). In the pultrusion process, the material matrix is a thermosetting
resin, and the fibers used are glass fibers. Through traction pultrusion and heating, the
material is cured and formed into a single unit without differences in interlayer properties in
the thickness direction. However, fibers are typically aligned along the axial direction of the
profile. This fiber arrangement results in high strength and stiffness in the axial direction,
allowing the profile to effectively withstand tensile, compressive, and bending mechanical
stresses [35–37]. In this study, the GFRP material adopted this pultrusion process, which
demonstrated the differences in mechanical properties in different directions. Therefore,
the mechanical properties test was carried out in two directions of 0◦ and 90◦, and the
tensile, compression, and shear properties were tested, respectively. The direction is shown
in Figure 1b. The direction of the extended square tube was set to 0◦, and the direction
perpendicular to 0◦ was 90◦. The test samples are shown in Figure 2. The testing standards
utilized were as follows: the in-plane shear performance testing standard was ASTM
D5379-19; the in-plane tensile performance testing standard was ASTM D3039-07, and
the in-plane compression performance testing standard was ASTM D3410-16 [38–40]. The
three performance tests easily demonstrated the characteristics of orthotropic stratification,
and the elastic modulus in the 0◦ direction was higher than that in the 90◦ direction, as
shown in Table 1.

Table 1. Tensile properties of GFRP.

Direction
Tensile

Strength/MPa
Modulus of

Elasticity/GPa
Compressive
Strength/MPa

Modulus of
Elasticity/GPa

Shear
Strength/MPa

Modulus of
Elasticity/GPa

0◦ 321.7 22.00 266.7 21.28 71.7 9.87
90◦ 28.8 2.65 57.8 4.45 52.4 9.76
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Figure 1. GFRP beams and directions.

Figure 2. Samples in two directions of GFRP.

2.2. Desulfurization Gypsum

The gypsum was desulfurized and provided by Shandong Dong Taiyuan Gypsum
Technology Co. Ltd. (Zaozhuang, China), and its physical properties are shown in Table 2.

Table 2. Physical parameters of gypsum.

Material Water Requirement for
Normal Consistency

Setting Times Powdery
Degree/200 Mesh Whiteness/%

Initial Final

Desulfurized gypsum 70% 5 min 10 min 0.01 50

2.3. PVA

The PVA was provided by Shanghai Chenqi Chemical Technology Co., Ltd. (Shanghai,
China) and was used to improve gypsum’s performance in light of its high bonding strength,
corrosion resistance, and hydrophilicity. The physical parameters and morphology of PVA
are shown in Table 3.

Table 3. Physical parameters and morphology of PVA.

Name
Diameter/

μm
Length/mm

Density/
g/cm3

Tensile
Strength/MPa

Modulus of
Elasticity/GPa

Elongation at
Break

PVA 15.09 12 1.29 1830 40 6.9%

2.4. Steel Bars

Hot rolled steel bars of grade HRB400 [41] were used for the fabrication of steel-
reinforced gypsum beams; these were provided by Kunshan Guibang Steel Co., Ltd.
(Kunshan, China). The diameters of the longitudinal reinforcement and stirrup were
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8 mm and 6 mm, respectively. The basic mechanical performance of the steel bars is listed
in Table 4.

Table 4. Mechanical parameters of Rebars.

Grade Modulus of Elasticity/MPa Poisson’s Ratio Yield Stress/MPa

HRB400 steel bars 200,000 0.3 400

2.5. Coagulation Test

The initial and final setting times of pure gypsum are 5 min and 10 min, respectively;
these times were insufficient for the pouring process. Therefore, a protein retarder (man-
ufactured by Beijing Long Tengda Chemical Company) was introduced to extend the
setting time, and coagulation tests were conducted to assess the retarder’s impact on the
condensation time. The key steps of the main test, as illustrated in Figure 3, are as follows:

(a) Weigh 300 g of gypsum, 210 g of water, and the specified ratio of retarder. Thoroughly
mix the gypsum and retarder, and within 5 s, pour the sample into water to achieve a
uniform slurry, as shown in Figure 3a.

(b) Pour the evenly stirred slurry into the ring mold, ensuring the slurry flushes to the
upper end of the ring mold, as depicted in Figure 3b.

(c) Record the initial setting time, defined as the period from the contact of the sample
with water to the first instance when the steel needle cannot touch the glass-bottom
plate, as demonstrated in Figure 3c.

(d) Record the final setting time, defined as the period from the contact of the sample
with water to the time when the depth of the steel needle inserted into the slurry is
below 1 mm for the first time, as shown in Figure 3d.

 

Figure 3. Gypsum coagulation tests.

2.6. Fabrication of Gypsum Blocks for Mechanical Test

As depicted in Figure 4, PVA gypsum test blocks were fabricated in the laboratory,
incorporating varying dosages (0~1.5%) of PVAs. The primary steps involved in this
process are as follows:

(a) Weighing: Measure 864 g of gypsum, 605 g of water, 1.04 g of retarder, and PVAs with
dosages ranging from 0% to 1.5%.
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(b) Mixing and stirring: Pour the aforementioned materials into the blender and stir until
a homogeneous mixture is achieved.

(c) Brush oil onto the inner surfaces of the molds.
(d) Pour the mixture into the molds, allowing the blocks to take shape over the course of

a day.
(e) Demold the blocks and cure them in a curing box for a duration of 3 days.

 
Figure 4. Manufacturing process of PVA gypsum blocks.

The gypsum blocks were subjected to flexural and compressive tests according to the
standard GB/T50081-2019 [42], and we evaluated how the dosage of PVAs affected its
mechanical performance.

2.7. Four-Point Bending Tests

As outlined in Table 5, four types of GFRP square beams were designed, comprising
the hollow GFRP beam (H-G beam), pure gypsum GFRP beam (G-G beam), reinforced
gypsum GFRP beam (R-G beam), and PVA gypsum GFRP beam (P-G beam). Two identical
test specimens were created for each type, resulting in a total of eight GFRP square beams
that underwent four-point bending tests.

The material properties of the gypsum, retarder, and PVAs are as described in Section 2.1.
The four-point bending tests were conducted using the 50 T self-balancing device at

Jiangsu University (ZF-F500). In preparation, seven strain gauges and three dial indicators
were strategically installed, as shown in Figure 5. Among the seven strain gauges, five
(No. 2~No. 6) are evenly distributed along the beam web, while two (No. 1 and No. 7) are
positioned at the midpoint of the upper and lower panels. The three dial indicators were
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employed to record deflection, with two placed at the bottom ends and one situated at the
bottom midpoint. The test standard is GB/T 1449 [43].

Table 5. Four kinds of GFRP square beams.

Types Length/mm Width/mm Height/mm End Face Style

K-G beam 1500 150 150

S-G beam 1500 150 150
 

G-G beam 1500 150 150
 

P-G beam 1500 150 150

 

 

Figure 5. The 50 T self-balancing device and layout of sensors.

The primary test procedures are as follows:

(a) Prepare square GFRP beams filled with gypsum-based composites and affix the strain
gauges using silicone rubber.

(b) Install the GFRP beams in the vertical loading reaction system device, adjusting the
position of supports and their height.

(c) Connect the static resistance strain gauges with wires to form a quarter bridge and
install displacement indicators.

(d) Preload the specimen with 2.5 kN to ensure full contact between the loading device
and the test beam, then unload it back to zero.

(e) Apply a continuous load on the specimen with loading steps of 2.5 kN until failure
occurs. Record load levels, strain, and displacement values throughout the entire
loading process.

3. Theoretical Study

The bending and shearing deformation value of GBIGCs can be calculated out accord-
ing to Equations (1) and (2), respectively [2,15].

δb =
Pa

48EI

(
3l2 − 4a2

)
(1)
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δs =
Pa
GA

fs (2)

By adding Equations (1) and (2), the deflection of GBIGCs can be written as shown in
Equation (3) [2,15].

δ = δb + δs =
Pa

48EI

(
3l2 − 4a2

)
+

Pa
GA

fs (3)

where δ is the deflection of the composite beam; δb is the bending deflection; δs is the shear
deflection; P is the maximum load; E is the elastic modulus; I is the moment of inertia of
the section; a is the shear span; l is the calculation span of the simply supported beam; G
is the shear modulus; A is the section area; and fs is the shape coefficient of cross-section
shear stress.

The values of EI, GA and fs can be derived by Equations (4)–(6) [14,44].

EI = ∑ Ei Ii (4)

GA = ∑ Gi Ai (5)

fs =
A
I2

∫
A

S2
i

bi
2 dA (6)

where Ei is the elastic modulus of each component; Ii is the moment of inertia of each
component; Gi is the shear modulus of each component; Ai is the area of each component;
Si is the first moment of the area of each component; and bi is the width of each component
of the composite beam.

According to the above Equations (3)–(6), the ultimate load value of GFRP square
beams can be deduced by Equation (7).

P =
δ

a(3l2−4a2)
48EI + a

GA fs

(7)

4. Results and Discussion

4.1. Coagulation Test Results

The relationship between the protein retarder dosage and the gypsum setting time is
illustrated in Figure 6. The graph indicates that as the retarder dosage increases, both the
initial and final setting times of gypsum extend. In the subsequent experiments, a protein
retarder dosage of 0.12% is employed for gypsum or gypsum-based composites. The initial
and final setting times are recorded as 113 min and 135 min, respectively, and these times
are deemed suitable for specimen preparation.

Figure 6. Relation between the retarder and the setting time of gypsum.
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4.2. Results of the Flexural and Compressive Strength Tests on Gypsum Blocks

The test results are presented in Figure 7. As depicted in the figure, with the increase
in PVA fiber content (0% to 1.2%), the flexural and compressive strength of PVA gypsum
material increase, reaching maximum values of 2.97 MPa and 3.4 MPa, respectively, at a
PVA dosage of 1.2%. However, the strength exhibits a downward trend when the dosage of
PVA increases to 1.5%. Therefore, a PVA dosage of 1.2% is selected for the subsequent tests.
When the PVA content increases from 0% to 1.2%, both flexural strength and compressive
strength significantly improve. This is primarily due to the fiber’s crack-bridging effect,
which enhances the material’s toughness and slows the propagation of microcracks, thus
improving its load-bearing capacity. However, when the fiber content increases to 1.5%,
the strength begins to decrease. This may be attributed to fiber agglomeration leading to
uneven distribution and causing stress concentration. Moreover, an excess of fibers could
disrupt the continuity of the gypsum matrix, reducing the effective bonding area of the
matrix. Additionally, the bond strength at the fiber matrix interface may weaken, leading
to increased interface debonding. These results suggest that the optimal fiber content is
1.2%; at this percentage, a balance between enhanced performance and material uniformity
is achieved, maximizing the material’s overall properties.

 
(a) Flexural strength (b) Compressive strength 

Figure 7. Mechanical performance of PVA gypsum blocks.

4.3. Results of the Four-Point Bending Tests

As illustrated in Figure 8, the hollow GFRP specimens undergo loading from two
symmetric concentrated loads. As the loading level increases, the specimens generate a
more pronounced sound, indicating deeper fiber fractures. Ultimately, all the specimens
lose their strength due to the crushing failure of the GFRP panel at the loading points.
Moreover, as shown in Figure 8, localized fiber damage leads to fracture failure, with
a simultaneous loss of local load-bearing capacity, accompanied by noticeable buckling
on the sides. This results in overall instability of the component. Therefore, to prevent
buckling, the study introduced a series of filler materials, such as the gypsum matrix, to
mitigate this issue.

 

Figure 8. Loading of GFRP beams.
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The hollow GFRP or GBIGC specimens exhibit different failure patterns around the
loading points. In the case of the H-G beam shown in Figure 9a, the GFPR panel experiences
intensive crushing at the loading points, especially at the junction between the upper flange
and the web. This induces oblique and horizontal tearing failure, accompanied by an
obvious upward bulge near the loading points. For the G-G beam in Figure 9b, it also
displays intensive crushing at the loading points, but without oblique or horizontal tearing
failure. This may be due to the good compatibility between the two materials in the G-G
beam. The gypsum matrix provides supporting strength, which helps to avoid an excessive
concentration of tensile stress to some extent. When the internal gypsum undergoes
damage, it leads to localized crushing, while the tearing failure is mitigated. In the case of
the R-G beam in Figure 9c, it not only shows intensive crushing at the loading points but
also exhibits obvious oblique tearing failure below the crushing zone. When initial cracks
occur locally, both the gypsum and the reinforcement can still function effectively. As
the load increases, the gypsum gradually crushes and loses its effectiveness, but since the
reinforcement remains intact, the material, primarily composed of GFRP, still has residual
stress. The overall structure retains load-bearing capacity, which leads to further damage
after GFRP failure. Compared to other structures, localized fractures in this case are more
pronounced. However, for the P-G beam in Figure 9d, it displays relatively light local
compression failure at the loading points, indicating better local compressive mechanical
performance. Compared to ordinary gypsum, PVA-reinforced gypsum exhibits a significant
improvement in both compressive and flexural strength. Additionally, the gypsum matrix
shows good compatibility with GFRP, which effectively enhances the stiffness and strength
at the loading points, reducing the occurrence of concentrated stress.

 
Figure 9. Local failure pattern at loading points of hollow GFRP or GBIGC specimens.

4.3.1. Ultimate Limit State Analysis

The load–deflection curves of the GFRP square beams are presented in Figure 10. The
curves illustrate that the gradient of the curve, which represents rigidity, for G-G beam,
R-G beam, and P-G beam is greater than that of H-G beam. R-G beam exhibits the greatest
stiffness, followed by P-G beam and G-G beam. The ultimate load values of the infilled
beams are significantly improved compared to that of H-G beam. It was also found that the
stiffness of the R-G beam is the highest, but its ultimate strength is 7% lower than that of the
P-G beam. This is because the strength of the reinforcement itself is higher than that of the
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PVAs, which results in higher stiffness at the initial stage of the experiment. However, as
the load increases, the bond between the gypsum and reinforcement in the R-G beam is not
optimal, leading to a failure similar to over-reinforcement, where the bending resistance of
the materials prevents them from working together effectively. In contrast, the fibers and
gypsum in the P-G beam show good compatibility, with the fibers having strong ductility.
This results in higher load-bearing capacity and greater displacement at the monitoring
points, making the P-G beam more suitable for practical weight-reduction applications.

 
Figure 10. Mid-span deflection of test beams.

The test results for the ultimate load values and their corresponding deflections are
summarized in Table 6. The ultimate loads for H-G, G-G, R-G, and P-G beams are 19.759 kN,
46.822 kN, 56.690 kN, and 60.035 kN, respectively. The maximum displacements occur at
the mid-span, measuring 3.610 mm, 7.928 mm, 8.513 mm, and 10.013 mm, respectively.
Consequently, the ultimate loads of G-G, R-G, and P-G beams are increased by 136.97%,
186.91%, and 203.84%, respectively, compared with that of the H-G beam. The increase
in ultimate load is attributed to the synergistic effect between the gypsum matrix and
the GFRP interface. Additionally, after gypsum filling, its compressive strength provides
strong support for the GFRP, leading to stress redistribution on the GFRP’s surface. This
enhances the local compressive capacity and increases the overall load-bearing capacity.
The reinforcement and PVAs, with their high tensile strength, further enhance the overall
strength by combining with the compressive performance of the gypsum.

Table 6. Test results of H-G and GBIGC specimens.

Sample
Ultimate
Load/kN

Average
Value/kN

Mid-Span
Deflection/mm

Average
Value/mm

H-G-1 19.537
19.759

3.51
3.610H-G-2 19.980 3.71

G-G-1 45.130
46.822

7.62
7.928G-G-2 48.514 8.235

R-G-1 53.880
56.690

8.635
8.513R-G-2 59.500 8.39

P-G-1 60.070
60.035

9.495
10.013P-G-2 60.000 10.53

Note: Each type of GFRP square beam has two specimens, represented by the number 1 or 2.

4.3.2. Strain Distribution Analysis

The load–strain curves of the four types of specimens are drawn in Figure 11. The strain
values of No.1~No.3 gauges are negative values, as they are installed in the compression
zone, and the strain values of No.5~No.7 gauges are positive values because they are
installed in the tensile zone. The strain value of No.4 gauge is near zero, as it is located at a
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neutral axis. Generally, the absolute strain values at all gauges of G-G, R-G and P-G beams
increase with the loading level, which demonstrates the linear load–strain relationship.

  
(a) H-G beam (b) G-G beam 

 
(c) R-G beam (d) P-G beam 

με με

με
με

Figure 11. Load–strain curves of different gauges.

As shown in Figure 11a, for the No.1 gauge of the H-G beam, the strain increases
with higher loading values and reaches its minimum negative value at a loading value of
14.4 kN. However, as the load level continues to increase, the absolute value of the strain
decreases and suddenly jumps to a larger positive value (tensile strain) when the loading
value reaches 19.759 kN. This behavior is attributed to local buckling and the upward bulge
of the GFRP upper surface around the No.1 gauge near the failure stage, which induces
tensile strain. For the G-G, R-G, and P-G beams, there is no such strain jump phenomenon,
as shown in Figure 11c,d.

4.4. Discussion
4.4.1. Height-Wise Strain Distribution Analysis

Based on the strain data from gauges (No.2~No.5) installed on the webs of the speci-
mens, strain distribution curves along the height can be derived, as depicted in Figure 12.
Generally, the strain along the web height conforms to a linear distribution rule, aligning
with the plane section assumption of beam deformation in material mechanics [40]. In
Figure 12a, it can be observed that the curves at 4.638 kN and 9.856 kN are linear, indicating
that the material is still in the elastic phase. As the applied load increases, the curves at
12.276 kN, 17.154 kN, and 19.759 kN exhibit nonlinear characteristics, with some regions en-
tering the plastic phase. At higher load levels, strain changes rapidly at the top, indicating
that yielding has occurred.

In Figure 12b, only the 46.822 kN curve gradually shows nonlinear characteristics, but
compared to the H-G beam, the strain range is larger. This suggests that using gypsum as
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the matrix material effectively improves overall integrity, reducing the impact of localized
damage on the overall strength.

Figure 12c,d show that the ultimate strain can reach 3000 and 3400, respectively,
which is approximately 200% higher than the strain of 1000 observed in the hollow pipe,
demonstrating a significant improvement. Additionally, it can be seen that the PVA gypsum
matrix beams have a larger strain range, indicating that the tensile performance provided
by the PVAs in the gypsum matrix has been fully utilized.

  
(a) H-G beam (b) G-G beam 

   
(c) R-G beam (d) P-G beam 

με με

με

Figure 12. Strain distribution along web height.

4.4.2. Theoretical Analysis

The theoretical calculation results of the ultimate load values are provided in Table 7,
and experimental results are also included for comparison. As shown in the table, the
theoretical ultimate load values for H-G, G-G, R-G, and P-G beams are 19.983 kN, 50.428 kN,
53.935 kN, and 65.027 kN, respectively. The relative errors between theoretical and experi-
mental values are 1.12%, 7.15%, 5.11%, and 7.68%, respectively, indicating a good match
between theoretical predictions and experimental results. The results presented by the
four stress–strain curves are generally consistent with the assumption of plane sections, so
the errors in the calculated results are all within 8%. The relatively low error for the H-G
beam indicates that the theoretical model can effectively reflect the beam’s load-bearing
behavior under the given conditions. However, due to the nonlinear characteristics of the
gypsum matrix material, there is some error in the other three materials. The error in the
P-G beam is also closely related to the distribution pattern of the PVAs within the gypsum.
Nevertheless, the overall error for all three materials is within an acceptable range, and this
calculation theory generally meets engineering calculation requirements.

125



Polymers 2024, 16, 3327

Table 7. Theoretical calculation.

Type f/mm
Experimental Ultimate

Load Pu/kN
Theoretical

Ultimate Load Pul/kN
Relative Error

H-G beam 3.610 19.759 19.983 1.12%
G-G beam 7.928 46.822 50.428 7.15%
R-G beam 8.513 56.690 53.935 5.11%
P-G beam 10.013 60.035 65.027 7.68%

5. Conclusions

The bending properties of novel GFRP square beams infilled with gypsum-based
composites (GBIGCs) were comprehensively studied through experimental and theoretical
analyses. The main conclusions are summarized as follows:

• Protein retarder sensitivity: The setting time of gypsum was found to be sensitive to
protein retarder. An optimal dosage of 0.12% protein retarder effectively prolongs
the initial and final setting time from 5 min and 10 min to 113 min and 135 min,
respectively, making it suitable for specimen preparation.

• PVA composite gypsum strength: The flexural and compressive test results of gypsum
blocks indicate that as the PVA content increases from 0% to 1.2%, the strength of PVA
gypsum continuously increases. However, a downward trend is observed as the PVA
dosage changes from 1.2% to 1.5%. The optimal dosage of PVA is determined to be
1.2%, enhancing the flexural and compressive strength of PVA composite gypsum
from 1.17 MPa and 2.50 MPa to 2.97 MPa and 3.4 MPa, respectively.

• Ultimate load values of GRFP square beams: In the four-point bending tests, the
ultimate load values of pure gypsum, reinforced gypsum, and PVA gypsum infilled
GFRP square beams are 46.822 kN, 56.690 kN, and 60.035 kN, respectively. Compared
with the ultimate load value of hollow GFRP square beams (19.759 kN), the ultimate
bending capacity of GFRP square beams infilled with gypsum, reinforced gypsum,
and PVA gypsum increases by 136.97%, 186.91%, and 203.84%, respectively. Among
them, PVA gypsum GFRP square beams exhibit the best mechanical performance.

• Strain distribution and theoretical equations: The strain distribution along the height at
the middle span section generally meets the plane section assumption under different
load levels. Theoretical equations are established to calculate the ultimate load values,
whose results align well with experimental values.

The beam dimensions studied in this paper have certain limitations, as the beam
length is 1500 mm, while in actual building structures, beam lengths typically exceed 2 m.
The mechanical performance of such beam structures, particularly when they have varying
cross-sections and span large distances, requires further investigation. Secondly, the study
of the microscopic mechanical properties is somewhat limited. Specifically, how the internal
reinforcement behaves under mechanical action and failure during four-point bending with
gypsum-based filling materials, as well as the distribution characteristics of PVAs, are key
areas for future research. Finally, the response of GBIGCs under different load conditions,
such as uniformly distributed loads, dynamic impacts, and seismic performance, needs to
be further studied and addressed for practical applications.

Author Contributions: Conceptualization, Y.L.; methodology, Y.L.; data curation, Y.L., B.S. and T.Z.;
writing—original draft preparation, Y.L. and T.Z.; writing—review and editing, Y.L., B.S. and T.Z.;
visualization, B.S. and T.Z.; supervision, B.S.; project administration, B.S.; funding acquisition, B.S.
All authors have read and agreed to the published version of the manuscript.

Funding: The research in this paper was supported by three foundations: (i) the National Natural Sci-
ence Foundation of China (grant number 51108210); (ii) the special guiding fund for building energy
conservation and green building in Zhenjiang City (grant number zk20220001; JSU10SK2024ZX003);
(iii) the youth support foundation of Jiangsu University (grant number 5621480001).

Institutional Review Board Statement: Not applicable

126



Polymers 2024, 16, 3327

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Alnahhal, W.; Aref, A. Structural performance of hybrid fiber reinforced polymer–concrete bridge superstructure systems. Compos.
Struct. 2008, 84, 319–336. [CrossRef]

2. Chakrabortty, A.; Khennane, A.; Kayali, O.; Morozov, E. Performance of outside filament-wound hybrid FRP-concrete beams.
Compos. Part B Eng. 2011, 42, 907–915. [CrossRef]

3. Hadi, M.N.; Wang, W.; Sheikh, M.N. Axial compressive behaviour of GFRP beams reinforced concrete columns. Constr. Build.
Mater. 2015, 81, 198–207. [CrossRef]

4. Keller, T.; Schollmayer, M. Plate bending behavior of a pultruded GFRP bridge deck system. Compos. Struct. 2004, 64, 285–295.
[CrossRef]

5. Evernden, M.C.; Mottram, J.T. A case for houses to be constructed of fibre reinforced polymer components. Proc. Inst. Civ.
Eng.-Constr. Mater. 2012, 165, 3–13. [CrossRef]

6. Yanes-Armas, S.; Keller, T. Structural concept and design of a GFRP-polyurethane sandwich roof structure. In Proceedings of the
Eighth International Conference on Fibre-Reinforced Polymer (FRP) Composites in Civil Engineering, Hong Kong, China, 14–16
December 2016.

7. Wang, J.; Song, Y.; Wang, W.; Tu, L. Evaluation of composite crashworthy device for pier protection against barge impact. Ocean
Eng. 2018, 169, 144–158. [CrossRef]

8. Alagusundaramoorthy, P.; Reddy, R.V.S. Testing and evaluation of GFRP composite deck panels. Ocean. Eng. 2008, 35, 287–293.
[CrossRef]

9. Abdolpour, H.; Garzón-Roca, J.; Escusa, G.; Sena-Cruz, J.M.; Barros, J.A.; Valente, I.B. Development of a composite prototype with
GFRP profiles and sandwich panels used as a floor module of an emergency house. Compos. Struct. 2016, 153, 81–95. [CrossRef]

10. Ndukwe, C.O.; Ezurike, B.O.; Okpala, P.C. Comparative studies of experimental and numerical evaluation of tensile properties of
Glass Fibre Reinforced Polyester (GFRP) matrix. Heliyon 2021, 7, e06887. [CrossRef]

11. Otoom, O.F.; Lokuge, W.; Karunasena, W.; Manalo, A.C.; Ozbakkaloglu, T.; Thambiratnam, D. Experimental and numerical
evaluation of the compression behaviour of GFRP-wrapped infill materials. Case Stud. Constr. Mater. 2021, 15, e00654. [CrossRef]

12. Shekarchi, M.; Yekrangnia, M.; Biniaz, A.; Raftery, G.M. Effect of elevated temperatures on the compressive behavior of timber
filled steel and pultruded GFRP Beams. Compos. Struct. 2021, 271, 114135. [CrossRef]

13. Al-Saadi, A.U.; Aravinthan, T.; Lokuge, W. Structural applications of fibre reinforced polymer (FRP) composite tubes: A review of
columns members. Compos. Struct. 2018, 204, 513–524. [CrossRef]

14. Zhang, F.; Liu, W.; Fang, H.; Xie, G. Experimental study on flexural behavior of GFRP panel-cold-formed thin-walled steel
composite beams. J. Build. Struct. 2018, 39, 104–111.

15. Robinson, M.J.; Melby, I.H. Effects of bonding in short-span rectangular concrete filled GFRP Beams. Compos. Struct. 2015, 133,
131–139. [CrossRef]

16. Abouzied, A.; Masmoudi, R. Flexural behavior of rectangular FRP-Beams filled with reinforced concrete: Experimental and
theoretical studies. Eng. Struct. 2017, 133, 59–73. [CrossRef]

17. Ahmed, A.A.; Hassan, M.; Masmoudi, R. Effect of concrete strength and beams thickness on the flexural behavior of prestressed
rectangular concrete-filled FRP Beams beams. Eng. Struct. 2020, 205, 110112. [CrossRef]

18. Muttashar, M.; Manalo, A.; Karunasena, W.; Lokuge, W. Influence of infill concrete strength on the flexural behaviour of pultruded
GFRP square beams. Compos. Struct. 2016, 145, 58–67. [CrossRef]

19. Huang, P.; Yu, H.; Feng, J.; Hao, G.; Li, Z. Experimental study on flexural behavior of GFRP profile-wood composite beam. J.
Hebei Univ. Sci. Technol. 2022, 43, 560–570.

20. Yoganantham, C.; Joanna, P. Flexural behaviour of pultruded GFRP beams infilled with HVFA ECC. Mater. Today Proc. 2021, 45,
5978–5981. [CrossRef]

21. Zhang, F.; Lu, Z.; Wang, D.; Fang, H. Mechanical properties of the composite sandwich structures with cold formed profiled steel
plate and balsa wood core. Eng. Struct. 2024, 300, 117256. [CrossRef]

22. Palomo, I.R.I.; Frappa, G.; de Almeida, L.C.; Trautwein, L.M.; Pauletta, M. Analytical and numerical models to determine the
strength of RC exterior beam–column joints retrofitted with UHPFRC. Eng. Struct. 2024, 312, 118244. [CrossRef]

23. Alyousef, R.; Abbass, W.; Aslam, F.; Shah, M.I. Potential of waste woven polypropylene fiber and textile mesh for production of
gypsum-based composite. Case Stud. Constr. Mater. 2023, 18, e02099. [CrossRef]

24. Balti, S.; Boudenne, A.; Dammak, L.; Hamdi, N. Mechanical and thermophysical characterization of gypsum composites
reinforced by different wastes for green building applications. Constr. Build. Mater. 2023, 372, 130840. [CrossRef]

25. Chen, C.; Fang, L.; Wang, Y.; Jiu, S.; Chen, Y. Mechanical, thermal and microscopic properties of gypsum matrix composites
containing capric acid-palmitic acid/urea-formaldehyde microcapsules. Case Stud. Constr. Mater. 2023, 18, e02084. [CrossRef]

26. Ding, X.; Huang, W.; Li, Y.; Hu, Z.; Shan, Z. Study on retarding feature and retardation mechanism of various retarding materials
on gypsum as a construction material: A review. J. Build. Eng. 2023, 72, 106569. [CrossRef]

127



Polymers 2024, 16, 3327

27. Wu, C.; He, J.; Wang, K.; Yang, L.; Wang, F. Enhance the mechanical and water resistance performance of flue gas desulfurization
gypsum by quaternary phase. Constr. Build. Mater. 2023, 387, 131565. [CrossRef]

28. Babu, K.S.; Ratnam, C. Mechanical and thermophysical behavior of hemp fiber reinforced gypsum composites. Mater. Today Proc.
2021, 44, 2245–2249. [CrossRef]

29. Alcaraz, J.S.; Belda, I.M.; Sanchis, E.J.; Borrell, J.M.G. Mechanical properties of plaster reinforced with yute fabrics. Compos. Part B
Eng. 2019, 178, 107390. [CrossRef]

30. Gou, M.; Zhao, M.; Zhou, L.; Zhao, J.; Hou, W.; Ma, W.; Hou, Z. Hydration and mechanical properties of FGD gypsum-cement-
mineral powder composites. J. Build. Eng. 2023, 69, 106288. [CrossRef]

31. Ma, X.; Tan, L.; Lu, Y.; Yao, W.; Wei, Y. Upcycling of waste plasterboard for the synthesis of high-quality gypsum-based 3D
printing powder. Constr. Build. Mater. 2023, 373, 130846. [CrossRef]

32. Zhu, C.; Zhang, J.; Peng, J.; Cao, W.; Liu, J. Physical and mechanical properties of gypsum-based composites reinforced with PVA
and PP fibers. Constr. Build. Mater. 2018, 163, 695–705. [CrossRef]

33. Kuqo, A.; Mai, C. Mechanical properties of lightweight gypsum composites comprised of seagrass Posidonia oceanica and pine
(Pinus sylvestris) wood fibers. Constr. Build. Mater. 2021, 282, 122714. [CrossRef]

34. Li, Z.; Wang, X.; Yan, W.; Ding, L.; Liu, J.; Wu, Z.; Huang, H. Physical and mechanical properties of gypsum-based composites
reinforced with basalt, glass, and PVA fibers. J. Build. Eng. 2023, 64, 105640. [CrossRef]

35. Elkin, A.; Konev, S.; Safonov, A.; Gusev, S.; Sergeichev, I. Compressive residual strength of the pultruded glass-fiber composite
after tension-compression fatigue. Compos. Part C Open Access 2024, 14, 100456. [CrossRef]

36. Guo, R.; Xian, G.; Li, F.; Li, C.; Hong, B. Hygrothermal resistance of pultruded carbon, glass and carbon/glass hybrid fiber
reinforced epoxy composites. Constr. Build. Mater. 2021, 315, 125710. [CrossRef]

37. Shaowei, L.U.; Xie, H.; Chen, P. Simulation and optimization of GFRP pultrusion process. J. Compos. Mater. 2008, 1, 46–51.
38. ASTM D5379-19; Standard Test Method for Shear Properties of Composite Materials by the V-Notched Beam Method. ASTM

International: West Conshohocken, PA, USA, 2019.
39. ASTM D3039-07; Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. ASTM International: West

Conshohocken, PA, USA, 2007.
40. ASTM D3410-16; Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials with Unsupported

Gage Section by Shear Loading. ASTM International: West Conshohocken, PA, USA, 2016.
41. GB/T 1499.2-2018; Steel for Reinforced Concrete Part 2, Hot Rolled Ribbed Bars. China Iron and Steel Industry Association:

Beijing, China, 2018.
42. GB 50081; Standard for Test Methods of Physical and Mechanical Properties of Concrete. China Academy of Building Research

Co., Ltd.: Beijing, China, 2019.
43. GB/T 1449-2005; Standard for Test Methods of Flexural Properties of Fiber-Reinforced Plastics. China Building Materials Industry

Association: Beijing, China, 2005.
44. Lejia, L. Theoretical Bifurcation and Numerical Simulation of Flexural Behavior of FRP-Concrete Composite Beams. Master’s The-

sis, Hunan University, Changsha, China, 2014.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

128



Article

Investigation of the Flexural and Charpy Impact Properties of
Polymer Composites Reinforced with Tururi (Manicaria
saccifera) Fibrous Fabric

Avener Gleidson Andrade Santos 1, Damares da Cruz Barbosa Nascimento 1, Felipe Perissé Duarte Lopes 2,

Noan Tonini Simonassi 2, Sérgio Neves Monteiro 3, Alisson Clay Rios da Silva 1 and Verônica Scarpini Candido 1,*

1 Materials Science and Engineering Program, Federal University of Pará—UFPA, Ananindeua 67130-660,
Brazil; eng.avenersantos@gmail.com (A.G.A.S.); damares.barbosa62@gmail.com (D.d.C.B.N.);
alissonrios@ufpa.br (A.C.R.d.S.)

2 Materials Science Program, North Fluminense State University—UENF, Campos dos Goytacazes 28013-602,
Brazil; perisse@uenf.br (F.P.D.L.); noansimonassi@uenf.br (N.T.S.)

3 Materials Science Program, Military Institute of Engineering—IME, Rio de Janeiro 22290-270, Brazil;
snevesmonteiro@gmail.com

* Correspondence: scarpini@ufpa.br

Abstract: The search for new natural, sustainable, economical and biodegradable reinforce-
ments for composite materials has increased in recent years, highlighting the importance of
fibers from the natural environment. This work evaluates the use of tururi fibrous fabric as
a reinforcement in a polymer matrix, using Fourier transform infrared spectroscopy, X-ray
diffraction, thermogravimetry and scanning electron microscopy. The mechanical and
fractographic performance of composites reinforced with 2.5, 5.0 and 7.5% mass fraction
of tururi in a polyester matrix is also investigated. The FTIR and XRD results identified
groups characteristic of natural fibers and the presence of elemental constituents such as
cellulose, hemicellulose and lignin. Thermogravimetry indicated good thermal stability
near 246 ◦C. The morphology of the fibrous fabric is irregular and formed by tangles of
threads. The mechanical behavior of the composites in bending revealed a variation in
stress with the increase in the percentage of fabric in the matrix, explained by defects
and failures due to low interfacial adhesion between the phases. Impact tests indicated
that increasing the percentage of fabric in the matrix improves impact energy absorption,
reflecting better adhesion and load distribution. Thus, the development of this natural
composite is promising for applications in green and sustainable products.

Keywords: tururi fabric; characterization; mechanical properties

1. Introduction

Sustainable development is a determining environmental issue in the design of new
materials. In this context, composite materials have been attracting attention on a global
scale, as they have interesting environmental and mechanical requirements for various
applications [1–3]. These materials are used on a large industrial scale due to their high
resistance to stress and low specific mass. Industries such as aerospace, automotive,
shipbuilding, packaging, and medicine and biomedicine use composite materials as a basis
for the development of high- and low-intensity activities [4–8].

Increasing concerns about climate change and excessive carbon dioxide emissions have
driven the development of sustainable, biodegradable and less environmentally aggressive
materials [9]. As a result, the use of natural inputs from environmental reutilization, most
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notably natural fibers as reinforcements in polymer matrix composites, has leveraged
the technical–scientific field in the manufacture of new products. The use of natural
reinforcements has a number of advantages, such as low density, low purchase price,
biodegradability and non-toxicity, as well as great environmental availability [7,10,11].

Lignocellulosic fibers from large and small plants have cellulose, hemicellulose, pectin
and lignin as elementary components, in varying proportions [12–15]. For this reason,
the use of environmentally recyclable natural inputs, particularly natural fibers as rein-
forcements in polymer matrix composites, is driving innovation in the technical–scientific
field, leading to the manufacture of new products. The use of natural reinforcements has
a number of advantages, such as low density, low purchase value, biodegradability and
non-toxicity, as well as great environmental availability [7,10,11,16–18].

The main properties of composite materials reinforced with natural fibers are high
mechanical strength due to the presence of cellulosic material, low density, high rigidity,
low abrasiveness, wear resistance and a lower specific weight [19–24]. In addition, the
arrangement and characteristics of the fibers, whether they are continuous or in the form
of yarns or mats, make the composite material even more attractive for various industrial
applications, with a view to replacing petroleum-derived fibers. Studies have been carried
out to understand how the insertion of fabrics made from natural and synthetic fibers
affects the properties of polymer matrix composite materials [25,26].

Oliveira et al. (2020) [27] developed polybenzozaxine composites reinforced with
tururi fabric and observed a bending elastic modulus of 2 GPa and elevated glass transition
temperatures. Ng et al. (2022) [28] observed that the manufacture of fabrics using natural
and synthetic pineapple and glass fibers, respectively, results in lightweight composites
with good mechanical properties that are environmentally interesting for application in the
transport sector. In another study, Ng et al. (2024) [29] observed that the constitution of
a hybrid fabric of ramie and pineapple fibers oriented in different directions shows high
resistance to impact, traction and bending, due to the easy distribution of the load along
the layers. In addition, they explain that hybrid fabrics have great potential for use, due
to the environmentally friendly aspect of the material. Monteiro et al. [30] characterized
tururi fabric and found tensile strength values of 17.6 MPa, as well as functional groups
corresponding to cellulose, hemicellulose and lignin. Porras et al. [31] also characterized
tururi fabric for use as a reinforcement in composites and concluded that cellulose and
lignin were the main constituents in higher amounts, and that the fabric surface was coated
with waxes and fats, suggesting that a chemical treatment could promote the removal
of these compounds and improve interfacial adhesion. Midani et al. [32] studied the
effects of the structural parameters of tururi fabric on the impact properties of multilayer
composites and observed that increasing the number of layers led to a reduction in impact
absorption capacity, with failure occurring due to matrix delamination, indicating lower
fabric wettability by the resin.

On the scene of discoveries of new reinforcements for composite materials is tururi
fabric. This fabric is extracted from the Ubuçu palm (Manicaria saccifera), a tree common in
Latin America and used by native communities for a variety of applications. Straw and
candles are made from the leaves, while drinks and other medicinal remedies are produced
from the fruit, as well as hats and fishing accessories. The bracts form sacs that give rise
to a fibrous fabric, which can be obtained in the form of an involucre [30,31]. The use of
a natural fabric covers three dimensions (economic, social and sustainable development),
requirements that make it interesting for use as a reinforcement. Although it is a fabric
that has already been used as a reinforcement in composite materials [26,27,30,32] for the
first time, the mechanical and dynamic mechanical behavior, as well as the Charpy impact
energy, of polyester matrix composites reinforced with tururi fabric at mass percentages
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of 2.5, 5.0 and 7.5% are investigated, making it a relevant study in the field of composites
reinforced with natural fiber fabrics, thus making it more attractive for the manufacture
of new materials. Additionally, although the literature [26,27,30,32] provides relevant
information on the fabric and composites, none of them investigated the reinforcement
potential of tururi fabric in a polyester matrix, making the present study important for
elucidating issues such as mechanical behavior as a function of temperature, the influence
of fabric addition on the glass transition temperature of the polymer, and the absorbed
impact energy. In this context, the objective of this work is to evaluate, through a series of
analyses and tests, the potential use of a tururi fibrous fabric reinforcement for polyester
polymer matrix composites.

2. Materials and Methods

The tururi fibrous fabric was obtained commercially at the Ver-o-Peso market in Belém-
PA, Brazil. The material was naturally obtained, without any previous chemical treatment.
Figure 1 shows the ubuçu plant, the region where it was extracted and the fabric used.

  
(a) (b) 

 
(c) 

Figure 1. Ubuçu plant (a) [33], fabric extraction site [33] (b) and tururi fabric (c).

The matrix used was a medium-viscosity isophthalic polyester resin and methyl ethyl
ketone peroxide (MEK) hardening agent, supplied by Center Glass (Belém, PA, Brazil). The
polyester resin was mixed with the hardening agent in a proportion of 1.5% by weight.

Table 1 shows the chemical composition of tururi fabric according to all TAPPI T203
and T222.

Table 1. Chemical analysis of tururi fabric.

Cellulose (%) Hemicellulose (%) Lignin (%) Reference

Tururi Fabric 74.1 12.0 31.1 [31]
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2.1. Composites Preparation

The composites were produced manually using the hand lay-up process, which con-
sists of the dimensions of the ASTM D 790 [34] and ASTM D6110 [35] standards. The
specimens were made using mass proportions of 2.5, 5.0 and 7.5% by weight of tururi
fabric reinforcement, manually cut according to the specifications of each standard. The
composites were produced manually using a silicone mold, where the tururi fabric was
aligned longitudinally. After curing for 24 h, the specimens were demolded and sanded
with 80 and 600 mesh grain sizes, followed by flexural and impact tests.

2.2. X-Ray Diffraction (XRD)

The qualitative crystalline phases were obtained by XRD in a Proto Manufacturing,
XRD Powder Diffraction System: 30 kV and 2 mA generator, Cu-Kα1 radiation, angular step
of 0.0149◦, 0.5 s time interval, 47 min scan and 2θ ranging from 5◦ to 60◦. The crystallinity
index was calculated using Equation (1) [36].

CI% =

(
1 − I1

I2

)
×100 (1)

where the following are defined:
CI: crystallinity index; I1: maximum intensity associated with the crystalline plane of

cellulose; I2: maximum intensity associated with the amorphous plane of cellulose.

Microfibril Angle (MFA)

The microfibrillar angle for tururi fabric was calculated using the Origin® software
program, based on the method described by Cave [37], considering the cellulose peak
(0 0 2). Based on the relationship between the Gauss curve and the first- and second-order
curves, the “T” parameter is obtained and then applied to the following expression:

MFA =− 12.19 × T3+113.67 × T2 − 348.40 × T + 358.09 (2)

2.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out in a NETZSCH (Berlin, Germany) model
STA 449 F3 analyzer. The atmosphere used was nitrogen a flow rate of 50 mL/min, a
heating rate of 10 ◦C/min, and a temperature range from 25 to 500 ◦C.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR of the fabric was carried out using BRUKER equipment, model VERTEX
70V, using an infrared range of 4000–400 cm−1. The FTIR analysis for the composites was
carried out on equipment produced by Thermo Scientific, model NICOLET 6700 using an
infrared range of 4000–500 cm−1.

2.5. SEM Analysis

A morphological analysis of the tururi fabric and fractographic analysis of the com-
posites were carried out using a model Mira3 FEG 250 TESCAN microscope (Brno, Czech
republic) operating with secondary electrons at 5 KV and a working distance ranging from
25 to 10 mm.

2.6. Mechanical Properties Tururi Fabric

The tururi fabric samples were tested according to the ASTM D5035, using an iM50
Universal Electromechanical Machine (Mogi das Cruzes, SP, Brazil), using a 5 kN load cell
at a tensile and bending speed of 10 mm/min. Twenty specimens cut by hand according to
the dimensions of the standard used were tested.
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2.7. DMA

The DMA test was carried out using the single-cantilever configuration. The test was
carried out on a TA instrument Q800 V21.3, at a temperature rate of 20 to 200 ◦C with
heating of 3 ◦C per minute and frequency 1 Hz, in a nitrogen atmosphere. The dimensions
used were 12 × 46 × 3 mm.

2.8. Flexure Test

The flexure test was carried out on EMIC electromechanical universal equipment
model (DL500), with a 5 KN load cell and a loading rate of 2 mm/min. The test was carried
out in compliance with ASTM D790–17 [34].

2.9. Charpy Impact Test

The Charpy impact test was carried out on instrumented pendulum equipment from
PANTEC, model XC-50, 1× 200 V × 60 Hz with a pendulum of 0.7 J. The specimens were
produced with prismatic dimensions and a 2.54 mm deep notch. The test was carried out
in accordance with ASTM D6110 [35].

2.10. Statistical Analysis

A statistical validation of the data was carried out using the analysis of variance
(ANOVA) tool, with a 95% confidence interval (p < 0.05). Mean values were compared
using the Tukey test.

3. Results

3.1. Characterization of Tururi Fabric
3.1.1. XRD Analysis

Figure 2 shows the x-ray diffractogram obtained for tururi fabric.
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Figure 2. XRD pattern of the tururi fabric.

The XRD analysis shows halos at angles of 16.23◦ and 22.32◦, characteristic of the
1 0 1 and 0 0 2 planes, respectively. The peaks at 16.23◦ and 22.32◦ indicate the pres-
ence of amorphous constituents such as hemicellulose, lignin and pectins, in addition to
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crystalline cellulose. These results are similar to those found for natural fibers such as
guaruman [38,39], ubim [40] and periquiteira [41].

The crystallinity index of the tururi fabric was 46.67%.
Table 2 compares the crystallinity index results of different natural fibers.

Table 2. Comparative results of crystallinity indices (CIs) of different natural fibers and tururi fabric.

Fiber CI (%) References

Tururi Fabric 46.67 Present Work
Carnauba 86.90 [42]

Hemp 82.10 [43–45]
Jack Tree Fiber 86.00 [46]

Curauá 75.60 [47]
Pineapple 38.00 [48]

Ubim 83.00 [40]
Periquiteira 70.49 [41]

Buriti 63.00 [49]
Cereus hildmannianus 40.19 [50]

Calamus manan 48.28 [51]
Citrullus lanatus 33.33 [52]

Although the tururi fabric has a lower crystallinity index, it still outperforms fibers
such as pineapple, Citrullus lanatus and Cereus hildmannianus, which have exhibited even
lower indices [48,50,52].

Natural fibers have compatible microfibril structural arrangements, which determine
the microfibril angle (MFA). Fibers with a low MFA, above 0◦, tend to be stronger and stiffer,
while fibers with a high MFA, above 90◦, are more flexible and susceptible to fracture [45].

The microfibrillar angle of the tururi fabric, calculated from the peak intensity of
22.32◦ [48], was 7.39◦. This value is close to the value obtained for other lignocellulosic
fibers, such coconut palm fiber, Eurcraea foetida, Ubim and periquiteira [40,41,53,54]. Ac-
cording to JUNIO et al. [41], low MFA values indicate good mechanical properties, making
these fibers suitable for reinforcements.

The results show that tururi fabric has structural characteristics typical of natural fibers.
The presence of these constituents reinforces the potential use of the fabric in polymer
matrix composite materials.

3.1.2. TGA

The thermogravimetric curve (TG) and the thermogravimetric derivative (DTG) for
tururi fibrous fabric are shown in Figure 3.

The thermogravimetric (TG) curve shows three distinct mass loss events. The first
occurs at around 102 ◦C, indicating the loss of residual moisture, as reported by Dalmis
et al. [55] and Khan et al. [56]. The second event occurs at approximately 247 ◦C, associated
with the initial thermal degradation of hemicellulose and pectins present in lignocellu-
losic fibers, in addition to the release of all structural water [57,58]. The third and final
thermal degradation event occurs at around 334 ◦C, corresponding to the beginning of
the degradation of cellulose and other organic components [59]. This process involves the
depolymerization, decarboxylation and decomposition of the glucose units present in the
structure of lignocellulosic fibers [60,61]. The thermogram shows that tururi fibrous fabric
maintains good thermal stability up to approximately 246 ◦C. Above this temperature, the
thermal degradation of the fabric begins. The results suggest that tururi fabric has adequate
thermal stability, which makes it promising for applications in polymeric matrices.
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Figure 3. TG and DTG for tururi fabric.

3.1.3. FTIR Analysis

Figure 4 shows the spectrum for tururi fibrous fabric.
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Figure 4. FTIR of tururi fabric.

FTIR is an important characterization technique for identifying the functional groups
or absorption bands of constituents. Between 3600 and 3100 cm−1, two vibrational bands
are observed that can be attributed to the stretching of the hydroxyl group (OH-) [62,63].
At 2840 cm−1, the vibrational stretching of the CH and CH2 bonds, constituents of cellulose
and hemicellulose, is observed [64]. At 2355 cm−1, there is stretching of the C=C bonds
and the presence of waxes [41,65]. The absorption band at 2052 cm−1 corresponds to the
stretching of the C≡N and C≡C bonds [66]. At 1586 cm−1, the stretching of the C-C bonds
of the aromatic lignin ring is observed [31]. The peak observed at 1488 cm−1 corresponds
to the C-H bond bending frequency of cellulose [62]. At 1354 cm−1, there is stretching
of the acetyl group of lignin [31]. The band at 1189 cm−1 corresponds to the stretching
of the C-O-C group of the lignin and hemicellulose constituents [51]. At 979 cm−1, it is
associated with the crystalline cellulose constituent [60]. Tururi fabric shows absorption
bands characteristic of natural fibers.
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3.1.4. SEM Analysis of Tururi Fabric

The morphology of tururi fabric was analyzed using scanning electron microscopy, as
shown in Figure 5.

  

 

Figure 5. Scanning electron microscopy obtained for the tururi fabric. (a) tururi fabric yarns oriented
on different surfaces, 231×, (b) tuturi fabric with magnification of 138× and (c) tuturi fabric with
magnification of 348×.

Figure 5a shows that the tururi fibrous fabric is structured by yarns oriented on differ-
ent surfaces, as well as having heterogeneous and irregular surfaces formed by roughness,
pores and organic matter such as grease and wax [64,67]. Although the presence of pores
and imperfections limits the mechanical performance of the fabric, these aspects can con-
tribute positively to better anchoring and interfacial adhesion between the fabric and the
polymer matrix, favoring the formation of more resistant and rigid green materials [27,49].
Oliveira et al. [68] and Porras et al. [31] also observed similar behavior when investigating
the properties of tururi fabric. In Figure 5b,c, areas can be observed composed of inter-
lacing, bifurcations and overlapping of threads that present characteristics of the fabric.
The bifurcations have a fibrous structure and help with load distribution, the breaking
mode and the interaction between the matrix and the fabric. Karthik et al. [69] and Gao
et al. [70] explained that the structural organization of yarns or fibers directly determines
the properties of composite materials.
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Tururi fabric has morphological characteristics similar to those of other natural fibers
already investigated in the literature, such as Vachellia farnesiana, Citrullus lanatus and
Cortaderia selloana [52,56,71].

3.1.5. Mechanical Properties Tururi Fabric

Figure 6 illustrates the tensile strength of the tururi fabric as a function of strain.
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Figure 6. Tension versus strain curve of natural tururi fabric.

The tururi fabric had a maximum tensile strength peak of 60 MPa and an average
Young’s modulus of 1.1 GPa. After reaching the point of maximum tension, the filaments
of the fabric tend to fail in different directions, due to the redistribution of tensions and
the breaking of the fibers. This characteristic is associated with the structural design of
tururi fabric, which comprises natural fibers arranged in multiple directions or interlaced,
as described by Porras et al. [31].

The results obtained for tururi fabric are superior to those of other natural fibers,
such as Corypha taliera [66] and coconut [72]. However, studies carried out by Akter
et al. (2025) [73] indicated that fabrics made from jute fibers have superior mechanical
performance compared to tururi fabric. However, the properties of tururi fabric, combined
with its environmental characteristics, reinforce its potential as a reinforcement material in
sustainable composite applications.

3.2. Characterization of Composite Materials
3.2.1. FTIR Composite Analysis

Figure 7 shows the spectrum obtained for the composites reinforced with tururi fabric
with different percentages of incorporation.
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Figure 7. FTIR of composite materials reinforced with tururi fabric.

The band observed at 3415 cm−1 is characteristic of the stretching of the hydroxyl
cluster [2]. The band observed at 2922 cm−1 corresponds to the asymmetric stretching
of the CH bond. At 1695 cm−1, an expressive peak is presented which is related to the
grouping between the C=C bond of the carbonyl [2]. The band observed at 1430 cm−1

corresponds to the stretching of the bonds in the aromatic ring of lignin [74]. At 1276 cm−1,
it refers to the stretching of the CO bonds of the acetyl ketone group [55]. At 771 cm−1,
it corresponds to the stretching of the C=H bond [2,75]. As the percentage of the fabric
increases, the transmission bands decrease, confirming that the percentage variation had
an influence on the composition of the material.

3.2.2. DMA of Composites

Figure 8 shows the dynamic storage modulus (E′), tan delta (δ) and loss storage
modulus (E′′) for the composites with 2.5, 5.0 and 7.5% mass fraction of fabric in relation
to temperature.

The DMA curves show that the composites reinforced with 2.5% fabric had an E′

equal to 1195 MPa, while the composites reinforced with 5.0 and 7.5% exhibit an E′ of
2077 and 2107 MPa, respectively. The increase in the percentage of fabric, as well as the
increase in temperature, influenced the decrease in the storage modulus of the composites.
These results suggest that increasing the percentage of reinforcement can provide greater
rigidity and thermal and mechanical stability, as well as influencing movement in the
vitreous transition region. In addition, the formation of bonds prevents the movement of
the polymer chains, increasing the storage modulus. In this case, high stress is required to
break the bonds between the interfaces and cause the material to rupture [76].

The loss of storage behavior shows that the 2.5% curve has a lower peak and a lower
vitreous transition temperature. However, the composites with 5 and 7.5% reinforcement
showed higher E′′ peaks and a higher vitreous transition temperature compared to the
composites with 2.5%. This indicates that the increase in reinforcement restricts the move-
ment of the polymer chains due to the density of the cross-links, suggesting that there is an
interaction between the fabric and the matrix [15].
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Figure 8. DMA curves of the composites of (a) loss modulus, (b) storage modulus and (c) tan delta.

The tan delta, which evaluates the material’s viscoelastic energy dissipation, showed
that higher reinforcement percentages of 5 and 7.5% tururi fabric dissipated less en-
ergy during strain, resulting in a rigid and mechanically efficient material. This be-
havior suggests that increasing the reinforcement content contributes positively to the
structure of the material, reducing the exclusive dependence on the polymer matrix for
mechanical performance.

3.2.3. Flexure Test

The flexural strength of the polyester matrix composites reinforced with tururi fibrous
fabric is shown in Figure 9.

Table 3 shows the flexural strength, modulus of elasticity and strain results for the
composites reinforced with natural tururi fabric.

Table 3. Flexural strength results for tururi/polyester composites.

Sample
Flexural Strength

(MPa)
Modulus Elastic

(GPa)
Strain (mm/mm)

P0 49.47 ± 4.99 2.49 ± 0.28 0.065 ± 0.005
P2.5 65.97 ± 7.41 3.64 ± 0.26 0.058 ± 0.008
P5.0 47.55 ± 2.58 2.08 ± 0.13 0.080 ± 0.003
P7.5 44.57 ± 9.20 3.95 ± 0.18 0.031 ± 0.011
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Figure 9. Flexural strength of composites reinforced with tururi fabrics.

The composition with 2.5% reinforcement showed the best flexural strength results,
with an average of 65 MPa. The compositions with 5.0% and 7.5% reinforcement showed
lower results than the polyester matrix and the composition with 2.5%. The relative
decrease in flexural strength may be associated with the presence of organic compounds in
the fibrous fabric, which make it difficult to anchor the reinforcement to the matrix [77,78].
In addition, it is suggested that the presence of pores, microstructural damage and bubbles
act as stress concentrators, reducing the mechanical strength of the composite material [79].
Karthik et al. [69] explain that conventional interfacial bonding between the fiber or fabric
and the matrix results in low flexural strength.

Figure 10 shows the results of the modulus of elasticity and strain of the composites
reinforced with tururi fabric.
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Figure 10. Modulus of elasticity and strain results for composites with tururi fabric.
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The composites produced with 7.5% reinforcement had a higher modulus of elasticity,
with an average of 3.95 GPa. The increase in modulus of elasticity is associated with the
uniformity and homogeneity of the microfibrils of the tururi fabric, helping to distribute
the loads throughout the matrix [80].

It should be noted that as the percentage of reinforcement increases, there is also an
increase in the deformation of the material, resulting in an increase in flexural strength and
modulus of elasticity. This behavior can be explained by the increase in the percentage of
fabric and the increase in interfaces, which reduces the deformation capacity. The random
arrangement of the yarns in the fabric reduces delaminations and increases the flexural
strength of the material [81,82]. NG et al. [29] explain that, during bending tests, the top
layer of the fabric tends to support compression loads, while the lower layers support the
tension offered. In this way, the fabrics in the outer layers tend to support more bending
loads than the other layers of the material.

The morphology of the flexural fractures for the composites reinforced with 2.5% and
5.0% tururi fabric is shown in Figures 11a and 11b, respectively.

  

Figure 11. Scanning electron microscopy obtained for the composites in percentages of 2.5 (a) and
7.5% (b) in mass fraction of tururi fabric.

It is possible to observe the presence of river marks which indicate that the fracture
is of the brittle type for the composites with 2.5 and 5.0% fabric percentage. In addition,
regions characteristic of the pull-out effect can be seen, as well as voids and pores, indicating
that there was low adhesion between the fabric and the polymer matrix. This interaction
results in a reduction in the flexural strength of the 2.5% and 5.0% compositions. Simonassi
et al. [83] explains that the pull-out effect and the presence of voids are attributed to
interfacial phenomena between the fiber and the polymer matrix, which tend to reduce the
mechanical properties of composite materials [81]. Other characteristics associated with
the hydrophobic characteristics between the matrix and the reinforcement can promote
low interaction between the phases, causing flaws and defects along the length of the
material [84]. In addition, when subjected to static loads or dynamic events, they lead
to early rupture. These effects reduce the mechanical properties of composite materials
reinforced with natural tururi fabric.

3.2.4. Charpy Impact Test

The results of the impact resistance test of the polymer matrix composites with different
percentages of tururi fabric are shown in Figure 12.
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Figure 12. Impact energy for polyester matrix and composites reinforced with tururi fabric.

Table 4 shows the Charpy impact energy results for the composites reinforced with
natural tururi fabric.

Table 4. Charpy impact results for Tururi/polyester composites.

Sample Charpy Impact Resistance (J/m)

P0 14.61 ± 3.69
P2.5 40.13 ± 5.60
P5.0 53.73 ± 15.63
P7.5 74.72 ± 7.13

The mean results show that the matrix and the 7.5% composition had around 14.61 J/m
and 74.72 J/m, respectively. The composites produced with 7.5% showed an increase
of 471.2% compared to the matrix. Therefore, the increase in impact resistance can be
attributed to the increase in the percentage of reinforcement in the polymer matrix, resulting
in an improvement in mechanical properties [85]. Pereira et al. [86], Pereira et al. [87] and
Candido et al. [88] observed that the increase in impact energy absorption capacity is
high when the percentage of reinforcement in the matrix is increased. From this, it can
be said that the toughness resistance is increased by incorporating tururi fabric into the
polyester matrix.

Fabrics made with natural or synthetic fibers oriented in the longitudinal and trans-
verse directions have greater impact and load resistance due to the alignment of the fibers.
In addition, fabrics, whether natural or synthetic in structure, tend to absorb more energy
when compared to composites made with unidirectionally aligned fibers [89]. Chaves
et al. [90] explain that since fibers are stiffer and stronger than the matrix, these properties
result in stiffer and stronger composites, proportionally to the increase in the percentage
of fibers.

The significant increase in impact energy is intrinsically linked to the characteristics
and particularities of natural tururi fabric.

Micrographs of the fractures of composites subjected to the Charpy impact test are
shown in Figure 13.
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Figure 13. Micrographs of composites reinforced with 2.5% (a), 5.0% (b) and 7.5% (c) mass fraction of
tururi fabric.

Figure 13a shows marks that appear as rivers, as well as the propagation of cracks,
which indicate brittle fracture. Figure 13b shows the presence of voids and propagated
cracks, which result from low energy dissipation along the matrix and reinforcement.
Figure 13c reveals the presence of voids or areas marked by the pull-out effect, which
manifests itself when the material is subjected to the transfer of impact energy [91]. Ng
et al. [29] explains that the stacking and microstructural characteristics of the fabric can
lead to separations, delaminations and the pull-out effect. These factors are related to
the interfacial bonding between the phases, which may be insufficient to ensure that the
material absorbs even more energy, resulting in the pull-out and rupture of the material
when subjected to high loads [90,92].

In addition to the failure mechanisms, the structural organization of tururi fabric
facilitates better adhesion with the polymer matrix and, consequently, a better distribution
of stresses throughout the material. According to Gao et al. [70] and Karthik et al. [69],
fabrics comprising multilayers of synthetic or natural fibers with randomly arranged
yarns favor an increase in the energy absorption and impact resistance of the composite
material. Furthermore, as the relative percentage of tururi reinforcement increases, there is
a reduction in apparent defects.

The use of a natural fabric reinforces the development of lightweight and sustainable
composite materials with exceptional properties for various applications.

3.2.5. Statistical Analysis

Table 5 presents the analysis of variance for the mechanical characterization of com-
posites reinforced with tururi fabric.
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Table 5. Analysis of variance for results.

Flexural Strengh (MPa)

Source Sum squares Degree of
freedom

Mean of
squares

F
(calculated) p-value F-critical

Between the groups 110,683.7 3 368.945 8.629 0.002 3.490
Inside the groups 513.064 12 42.755

Total 161,990.2 15

Elastic Modulus (GPa)

Source Sum squares Degree of
freedom

Mean of
squares

F
(calculated) p-value F-critical

Between the groups 9.652 3 3.217 28.951 8.88 × 10−6 3.490
Inside the groups 1.333 12 0.111

Total 10.986 15

Total Strain (mm/mm)

Source Sum squares Degree of
freedom

Mean of
squares

F
(calculated) p-value F-critical

Between the groups 0.005 3 0.001 17.288 1.181 × 10−4 3.490
Inside the groups 0.001 12 9.916 × 10−5

Total 0.006 15

Charpy Impact Resistance (J/m)

Source Sum squares Degree of
freedom

Mean of
squares

F
(calculated) p-value F-critical

Between the groups 7618.892 3 2539.631 22.099 3.54 × 10−5 3.490
Inside the groups 1379.001 12 114.916

Total 8997.893 15

The ANOVA results for flexural strength indicate that the calculated F (8.629) is higher
than the critical F (3.490). For deformation, the calculated F was (17.288) and the critical F
was equal to (3.490). For the modulus of elasticity, the calculated F (28.951) was higher than
the critical F (3.490). The impact resistance result showed a calculated F (22.099) greater
than the critical F (3.490). Based on these results, the null hypothesis of equality between the
means of the properties evaluated was rejected, with a 95% confidence level. After rejecting
equality on the basis of the ANOVA result, Tukey’s test was applied to identify which
means differed significantly in terms of the variation in the percentage of reinforcement in
the polymer matrix.

Table 6 shows the results of Tukey’s test.
The minimum significant difference (msd) is a parameter that differentiates the av-

erages obtained in the tests. For the properties of flexural strength, modulus of elas-
ticity, deformation and impact resistance, the msd values were 14.810, 0.755, 0.022 and
24.280, respectively.

The results of Tukey’s test for flexural strength indicated statistical differences be-
tween the composites produced with 2.5% fabric and the other compositions. These data
suggest that the composites with 2.5% fabric are less ductile but have greater strength. The
differences observed in the modulus of elasticity averages confirm that adding more than
2.5% fabric significantly increases the rigidity of the material.

The Charpy impact resistance test results showed statistical differences. Composites
with 5.0% and 7.5% tururi showed significant differences compared to composites with the
lower percentages of 0% and 2.5%. These results indicate that increasing the percentage of
fabric is associated with better impact properties.
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Table 6. Presents the results of the Tukey Test.

Flexural Strength (m.s.d: 14.810)

Sample P0 P2.5 P5.0 P7.5

P0 0 16.018 * 1.925 4.905
P2.5 16.501 * 0 18.427 * 21.407 *
P5.0 1.925 18.427 * 0 2.980
P7.5 4.905 21.407 * 2.980 0

Elastic modulus (m.s.d: 0.755)

Sample P0 P2.5 P5.0 P7.5

P0 0 1.155 * 0.405 1.462 *
P2.5 1.155 * 0 1.56 * 0.307
P5.0 0.405 * 1.56 * 0 1.867 *
P7.5 1.462 * 0.307 1.867 * 0

Total Strain (m.s.d: 0.022)

Sample P0 P2.5 P5.0 P7.5

P0 0 0.007 0.015 0.034 *
P2.5 0.088 * 0 0.022 0.027 *
P5.0 0.015 * 0.022 0 0.049 *
P7.5 0.034 * 0.027 * 0.049 * 0

Impact Energy (m.s.d: 24.280)

Sample P0 P2.5 P5.0 P7.5

P0 0 25.526 * 39.125 * 60.118 *
P2.5 25.526 * 0 13.598 34.591 *
P5.0 39.125 13.598 0 20.993
P7.5 60.118 * 34.591 * 20.993 0

* Statistically different values.

Thus, incorporating tururi fabric into the polymer matrix tends to improve the proper-
ties of flexural strength, deformation, modulus of elasticity and impact resistance.

The characterization of tururi revealed that the fabric exhibited thermal stability up
to approximately 250 ◦C, indicating that it can be used as a reinforcement agent for more
thermally stable matrices. Furthermore, its use as a reinforcement agent in polymeric
matrices showed low flexural strength values, as observed by [69,78], although these
are still considered relatively high values for this property. Due to its energy absorption
capacity upon impact and its visual appearance, it is suggested that the produced composite
could be employed in the construction sector for the manufacturing of cladding panels and
exposed bricks wall.

4. Conclusions

The characterizations of the tururi fabric and the composites revealed the following
observations:

FT-IR indicated the presence of functional groups characteristic of the constituents
present in tururi fabric, such as cellulose, hemicellulose and lignin. The thermogram
showed the water loss from and degradation of the elemental constituents present in
the fabric, as well as thermal stability at temperatures of up to 220 ◦C. From the XRD
analysis, it was possible to identify the microfibrillar angle (7.39◦) and the crystallinity
index (46.67%). A morphological analysis of the tururi fabric revealed the presence of
imperfections, flaws, tangles and irregular microstructural features in the fabric, as well
as bifurcation regions. In the mechanical characterization by flexural test, the composites
with 2.5% reinforcement showed a flexural strength and modulus of elasticity of 65 MPa
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and 3.76 GPa, respectively. A DMA indicated that increasing the percentage of fabric in the
polymer matrix influenced the changes in vitreous temperature and the final properties of
the composite material. The Charpy impact test indicated that the composition with 7.5%
reinforcement showed an increase in energy absorption capacity of approximately 471%
compared to the matrix. This result suggests that the energy absorption capacity increases
with the incorporation of reinforcement. A fracture analysis of the composites indicated the
presence of microstructural imperfections, such as porosity, voids and poor distribution of
the reinforcement, attributed to the processing phase. The decrease in mechanical strength
is intrinsically related to the morphological characteristics of the fabric. Compared to
other studies using natural fibers as reinforcement, the new composite reinforced with
fibrous fabric in a polyester polymer matrix shows great potential for applications subject
to dynamic loads. Moreover, due to its good mechanical properties, tururi is an attractive
alternative for use in composite materials because it is a completely natural fabric derived
from a renewable natural resource.
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Abstract: Adsorption is one of the most promising strategies for heavy metal removal. For Hg(II)
removal, mineralized Ca-based shell-type self-assembly beads (MCABs) using alginate as organic
polymer template were synthesized in this work. The adsorbent preparation consists of gelation
of a Ca-based spherical polymer template (CAB) and rate-controlled self-assembly mineralization
in bicarbonate solution with various concentrations. The comparative study demonstrates that
1% (MCAB-1) is the optimal concentration of bicarbonate. Based on this condition, the maximum
adsorption capacity (48 ± 4 mg/g) of MCAB-1 was observed at pH = 5 in a batch test, which was
2.67 times more than that of the unmodified one, CAB, at 18 ± 1 mg/g. Long-duration (10 h)
adsorption tests showed that MCAB-1 exhibited remarkable performance stability and anti-wear
ability (43.2% removal efficiency and 74.3% mass retention, compared to 2.7% and 38.6% for CAB at
pH = 3, respectively). The morphology determination showed that a shell-type porous amorphous
carbonate layer was formed at the surface of the organic polymer template by rate-controlled self-
assembly mineralization. This transition not only promotes the pore structure and activated cation
binding functional sites, but also improves the anti-wear ability of materials effectively.

Keywords: surface modification; alginate polymer template; calcium-based adsorbents; heavy
metal removal

1. Introduction

Nowadays, human health is seriously menaced by heavy metal emissions [1–5]. Mer-
cury contamination of wastewater, especially from coal combustion [6,7] and gold mining,
including divalent mercury (Hg(II)) and methyl mercury (Me-Hg), is an extreme threat
to human health because of bioaccumulation in the food chain [8–10]. Therefore, the
treatments for mercury-contaminated wastewater have attracted wide attentions in recent
decades [11–13]. The maximum contaminant level (MCL) for mercury in potable water
proposed by the World Health Organization (WHO) and U.S. Environmental Protection
Agency (EPA) is set under 0.001 mg/L [14]. Several physical and chemical methods, such as
precipitation, coagulation, ion exchange, electrochemical methods, adsorption, membrane
processes, and ultra-filtration, have been developed to overcome this problem [11,14–16].
Among them, adsorption is the most widely used because of its remarkably high effi-
ciency, easy access and operation, and relatively low cost. The development of adsorbents
with high efficiency and environmental protection for specific pollutants is still one of the
dominant directions of wastewater treatment technology.

Traditional adsorbents are mainly powder particles. For example, nowadays, the
dominant commercial adsorbents used for heavy metal treatment in sewage are activated
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carbon powders and their derived products. Hadi et al. reviewed the research status of
aqueous mercury adsorption by activated carbons [17,18]. Several aspects including the
preparation of activated carbon, the effect of treatment techniques on mercury removal
(physical and chemical activation, sulfurization), the effect of adsorption parameters (equi-
librium contact time, initial concentration, pH value, temperature, adsorption dosage, and
particle size), functional groups, and equilibrium adsorption isotherms were exhaustively
reviewed. Moreover, activated carbon derived from various types of biomass has been
reported, such as rice hulls [19], coconut shells [20], apricot stones [21], apple peels [22],
pecan shells [23], and so on. In addition to activated carbon, various types of biomass
and microorganisms are also potential feedstock for heavy metal adsorbents, including
chitosan [24–30], bacteria [31–38], fungus [39,40], algae [41–45], and so on.

Adsorption materials with excellent properties can be obtained by selecting different
raw materials and corresponding modification methods [46]. However, there are some
fatal problems in the large-scale commercial utilization of powder adsorbents. Firstly, in
the application process of powder adsorbents, rapid and efficient separation is often re-
quired, which inevitably leads to increases in energy consumption and operation costs [47].
Meanwhile, the recovery efficiency of the adsorbent is relatively low. In view of this, the
immobilization of adsorbents is quite essential for heavy metal treatment in sewage [48–50].
One of the most widely employed materials is Ca-alginate, which is an ideal immobilized
matrix in the classical “egg-box” model [51]. However, the adsorption capacity of calcium
alginate itself is extremely low. To obtain the satisfied adsorption capacity, it is necessary
to load additional materials with excellent adsorption performance, which will inevitably
lead to a significant increase in the preparation cost of the adsorbent. It is a challenge to
slash the costs while retaining the formation and adsorption properties.

At the same time, calcium alginate is a crosslinked organic polymer formed by the
chelation of calcium ions. The structure and stability of the materials are seriously affected
by the decomposition of the long-chain polymer group under strong acid conditions
because metal ions are easily replaced by hydrogen ions. Damage to this structure will
seriously reduce the stability and repeatability of the adsorbent in industrial utilization.
Therefore, it is necessary to evaluate the long-term adsorption stability of the forming
adsorbent in the solid–liquid environment. Unfortunately, research in both areas has not
been reported.

Given this situation, a self-assembly mineralization method to modify calcium alginate
beads is proposed in this work, aiming to synthesize a shell-type Ca-based adsorbent for
mercury adsorption. It involved a sol–gel process for Ca-alginate preparation followed by
impregnation by an NH4HCO3 solution. The characterization of the modified beads was
conducted by BET, XRD, FTIR, and stereoscopic microscope analysis. The performance
of the Hg(II) adsorption process was assessed based on the Hg(II) isotherms and kinetic
adsorption analysis. Furthermore, the material structural stability was assessed by long-
duration adsorption tests. This study presents a novel approach to enhance the adsorption
performance and durability of calcium alginate-based adsorbents through controlled self-
assembly mineralization, addressing critical challenges such as low adsorption efficiency,
poor stability under acidic conditions, and high preparation costs. The innovative shell-type
porous structure formed on the beads not only significantly improves Hg(II) uptake but
also ensures superior anti-wear and long-term operational stability, making it a potential
breakthrough for sustainable and cost-effective wastewater treatment technologies.

2. Materials and Methods

2.1. Chemicals and Material Preparation

A total of 2 g of sodium alginate (Aladdin Ltd., AR, Shanghai, China) powder was
dissolved in 100 mL of deionized water followed by being stirred for 40 min at 85 ◦C. After
that, the sodium alginate sol was dropped into 2% wt. CaCl2 (Aladdin Ltd.) solution by
a syringe pump to form a kind of spherical Ca-based polymer, Ca-alginate beads (raw
sample, named as CABs). These hydrogel beads were then impregnated and mineralized
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by 100 mL NH4HCO3 solutions (Aladdin Ltd.) with certain concentrations (0.5%, 1%, and
1.5% wt., which were named as MCAB-0.5, MCAB-1, and MCAB-1.5, respectively) in a
stable-temperature oscillation shaker at 150 rpm for a number of hours. After that, these
samples were washed until Ca2+ and Cl− ions were undetected in the leachates, followed
by drying in a freezer dryer for testing (80 Pa, −50 ◦C).

2.2. Morphological Characterization

A high-megapixel camera (D5200, Nikon, Shinagawa-ku, Japan) was adopted to
observe the changes in the surface morphology before and after modification. The sectional
views and micro-topography were obtained separately by a stereo microscope (Stemi 508,
Carl Zeiss, Jena, Germany). The surface area and pore size distribution were tested by
the BET method, which was conducted at 77 K in a N2 atmosphere using an ASAP 2460
instrument (Micromeritics, Norcross, GA, USA) after drying at 120 ◦C for 12 h. In addition,
the changes in functional groups during adsorption were analyzed using a VERTEX 70
FTIR system (Bruker, Bunde, Germany) with the ATR method. The surface composition
and morphology of the adsorbents were characterized by X-ray diffraction (XRD) using Cu
Kα radiation (Empyrean, PANalytical B.V., Almelo, The Netherlands), with a 2θ scan range
from 10◦ to 80◦.

2.3. The Verification of Adsorbent Uniformity

Given the larger particle sizes of raw and modified samples than those of commercial
adsorbent powders in this work, the average mass of the materials should be measured
to ensure the uniformity of the materials selected in the subsequent parallel experiments.
The random sampling method was adopted for uniformity measurement: 10 groups, with
5 spherical particles in each group, were selected randomly from each sample. The single
bead mass mij of each group of samples was measured (i is the serial number of sampling
group; j is the serial number of single bead in each group; 1 ≤ i ≤ 10, 1 ≤ j ≤ 5). The
average mass Mi and error level ei of each group of samples can be obtained as

Mi =

5
∑

j=1
mij

5
(1)

ei =

5
∑

j=1
(m ij−Mi

)
5

(2)

2.4. Batch Adsorption Testing

A standard solution of Hg(II) (1000 mg/L, GR, Aladdin Ltd.) was used as the metal
stock solution. Serial dilutions were carried out to obtain the desired concentration. Al-
though it was proven that the temperature of the aqueous system affected the binding
ability of heavy metals for some adsorbents [52–54], the pH value, metal ion concentra-
tion, and adsorbent dosage were still the dominate influencing factors for the adsorption
process [55]. The temperature in this study was fixed at 30 ◦C, which was consistent with
actual industrial operations [56].

Batch adsorption testing was conducted in conical flasks, which contained a certain
amount of adsorbent and a corresponding volume of Hg(II) ion solution for various solid-
to-liquid ratios (0.1, 0.3, 0.5 1, 3, 5, 10 g/L) and involved stirring at 150 rpm. The effect of
different pH values on the adsorption was evaluated by controlling the initial pH values to
be 3.07, 4.07, 5.01, and 6.06, which was achieved by mixing 0.1 mol/L HNO3 and NaOH
solutions. The study of the adsorption isotherms was carried out with a variety of initial
ion concentrations (1, 2, 5, 10, 15, 20, 25 mg/L) under the optimal conditions. For the
adsorption kinetics study, two groups with 1 mL Hg(II) solution were prepared for kinetics
testing. Sampling was arranged at 2, 5, 10, 30, 60, 120, and 180 min, respectively. The initial
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pH and dosage were fixed at the optimal conditions according to the tests above. The mixed
solutions after adsorption were centrifuged and filtered by a 0.45 microporous membrane
filter and then tested by an inductively coupled plasma optical emission spectrometry
(ICP-OES) system (SPECTRO ARCOS, Kleve, Germany). Each case was tested 3 times to
ensure accuracy.

The equilibrium adsorption capacity of the adsorbent was calculated by the following
formula [57]:

qe =
(C0 − Ce) · V

m
(3)

where qe is the equilibrium adsorption capacity in mg/g, C0 and Ce are the initial and
equilibrium Hg(II) solution concentrations in mg/L, respectively, V is the volume of the
Hg(II) solution in L, and m is the mass weight of adsorbent in g.

To evaluate the Hg(II) removal efficiency of the adsorbent, another formula was
applied as follows:

η =
(C0 − Ct)

C0
× 100% (4)

where η is the removal efficiency of the adsorbent in % at time t, Ct is the concentration of
Hg(II) in mg/L at time t, and C0 is the same parameter as mentioned in Equation (3).

2.5. Adsorption Stability Evaluation of Adsorbents

Long-duration (10 h) adsorption tests were conducted in one 500 mL conical flask
containing 300 adsorbent beads and certain volume of the 1 mg/L Hg(II) ion solution
(optimal solid–liquid ratio maintained) at 30 ◦C with various pH values, to simulate harsh
corrosion conditions. After each hour, 3 mL of solution and 3 adsorbent beads were
sampled for analysis until the test finished. Two parameters, the variation in the adsorption
capacity and the mass weight, were employed to assess the stability of the MCABs for
Hg(II) adsorption in the liquid system.

3. Results

3.1. Sample Characterization

Sectional views of four samples were observed using the stereo microscope, as shown
in Figure 1. The images show that the unmodified beads show a loose network struc-
ture. This is due to the crosslinking reaction between calcium ions and alginate polymers.
However, this structure could be easily decomposed by ion exchange, ligand exchange, or
hydrogen-bond interactions in aqueous systems [58]. As a comparison, a dense homoge-
neous shell formed on the surface of the modified pellet. Combined with the XRD spectra
shown in Figure 2, there is a mineralized calcium carbonate layer on the surface of the shell-
type calcium alginate sphere. This is due to the confined crystallization between calcium
and carbonate ions from bicarbonate secondary ionization [59]. As for the bicarbonate, the
secondary ionization constant is much more faint than the first ionization constant; this
highlighted that the surface mineralization process of calcium alginate would be milder due
to the relatively slow release of carbonate [60]. The concentration of bicarbonate solution
was determined to be a significant factor in the formation of the mineralized shell. From
the cross section of modified samples in Figure 1, lower concentration (0.5% wt.) could
lead an irregular mineralized layer to form, while higher concentration (1.5% wt.) could
result in reuniting and oversaturated crystallization [61].

Table 1 exhibits the porous characteristics of CAB, MCAB-0.5, MCAB-1, and MCAB-1.5
by BET analysis. The specific surface area of MCAB-1, 15.319 m2/g, is proven to be the
highest among these four samples compared with those of CAB, 8.201 m2/g; MCAB-0.5,
12.972 m2/g; and MCAB-1.5, 14.772 m2/g, respectively. Obviously, however, both the pore
volume and average pore size of CAB are slightly larger than that of the modified samples,
which might be due to blocking of the network structure on Ca-alginate polymers by the
formation and growth of crystal layers [62]. In this work, 1% of NH4HCO3 was proven to
be the optimal concentration for mineralization.
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Figure 1. Sectional views of CAB and the three MCAB samples.

Figure 2. XRD spectra of CAB and MCAB-1.

Table 1. BET analysis for CAB, MCAB-0.5, MCAB-1, and MCAB-1.5.

Sample
BET Surface Area

(m2/g)
Pore Volume

(cm3/g)
Average Pore Width

(nm)

CAB 8.201 0.013 6.361
MCAB-0.5 12.972 0.009 5.992
MCAB-1 15.319 0.007 5.672

MCAB-1.5 14.772 0.006 5.773

The statistical mean mass weights of the four samples are shown in Figure 3. The average
mass weight of single CAB, MCAB-0.5, MCAB-1, and MCAB-1.5 beads is 1.157 ± 0.038 mg,
1.250 ± 0.043 mg, 1.256 ± 0.048 mg, and 1.340 ± 0.073 mg, respectively. It is obvious that
the mass weight of the single modified bead increases with the increasing impregnation
concentration of NH4HCO3. Moreover, the mass of each sample is statistically constant
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within approximately 5% error, which implies that the total sampling quality is in line with
the quantity of sampling beads. The quality difference between the adsorbent pellets in the
same sample is negligible.

 

Figure 3. Statistical analysis of the average mass of a single adsorbent particle.

3.2. Effect of Single Factors on the Hg(II) Adsorption Efficiency
3.2.1. Dosage of Adsorbent

It is widely reported that the dosage of the adsorbent has significant impacts on
the capability and economic efficiency of metal adsorption. Given that the dispersibility
of large-particle-forming adsorbents is not as good as that of powder materials, it is
necessary to adjust the solid–liquid ratio to meet the requirement of higher adsorption
efficiency [8,63,64]. Figure 4 gives the effect of dosage on the Hg(II) adsorption efficiency of
CAB and the three MCAB samples. With the increasing dosage from 0.1 g/L to 1 g/L, the
efficiency of each sample increased remarkably. Among them, the efficiency of MCAB-0.5,
MCAB-1, and MCAB-1.5 increased from 36.3.4 ± 3.2%, 43.2 ± 2.5%, and 39.3 ± 2.4% to
78.4 ± 2.1%, 84.3 ± 3.7%, and 82.2 ± 2.5%, respectively, compared to that of CAB, from
12.4 ± 1.2% to 21.6 ± 3.5%. This indicates that the modified samples can provide more
adsorption sites under the same dosage. In further increasing the dosage from 1 g/L,
the tendency of efficiency to improve slowed down significantly, which implied that the
adsorption sites tend to be saturated and the adsorption system gradually reaches dynamic
equilibrium [54,65].

3.2.2. Effect of pH

pH (especially acidic pH conditions) is a very important influencing variable in the
adsorption process because it not only affects the adsorption efficiency, but also has a
great influence on the stability of the material. As shown in Figure 5, the adsorption
efficiency increased from pH = 3 to pH = 5 followed by a slight decline from pH = 5 to
pH = 6. To be specific, the efficiency of MCAB-0.5, MCAB-1, and MCAB-1.5 increased
from 38.9 ± 2.3%, 58.1 ± 0.9%, and 53.2 ± 1.2% at pH = 3 to 84.2 ± 3.1%, 89.7 ± 3.3%, and
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83.3 ± 2.3% at pH = 5, and then decreased to 81.7 ± 4.2%, 84.1 ± 3.2%, and 82.1 ± 3.1% at
pH = 6, respectively. Comparing the modified samples, the efficiency of CAB increased from
11.2 ± 0.7% at pH = 3 to 19.2 ± 0.7% at pH = 5, then decreased to 17.1 ± 0.8% at pH = 6. This
trend is mainly due to the competitive adsorption of H+, H3O+, and heavy metal ions under
different pH conditions. Under low-pH conditions, H+ and H3O+ occupy the adsorption
sites on the adsorbent surface, resulting in the inhibition of Hg(II) during the adsorption
process. With the increase in pH, the competitive effect is gradually weakened due to the
decrease in H+ and the increase in OH− in the system. However, under the condition of
relatively high pH, Hg(II) is partially converted into neutral or electronegative hydroxides
due to hydrolysis, which is also unfavorable for the binding of electronegative functional
groups such as hydroxyl groups and carboxyl groups on the adsorbent surface [66].

 

Figure 4. Effect of the dosage on the Hg(II) adsorption efficiency (initial Hg(II) concentration = 1 mg/L,
oscillation time = 180 min, pH = 5, temperature = 30 ◦C).

According to the single-factor variable control experiment, it can be seen that un-
der the same conditions, both the adsorption ability and environmental tolerance of the
mineralized modified samples are significantly better than the original samples. To maxi-
mize performance, the combination of 1 g/L and pH = 5 is demonstrated as the optimal
operation condition.

3.3. The Assessment of Adsorbent Performance in Batch Adsorption
3.3.1. Kinetics Analysis

Pseudo-first-order, pseudo-second-order, and Weber–Morris (W-M) [67–69] models
were used to describe the kinetic process. The pseudo-first-order model can be expressed
as follows:

qt = qe(1 − e−k1t) (5)

where t in min is the contact time between the solid and aqueous phase, qe in mg/g is the
adsorption capacity of the adsorbent at equilibrium, qt in mg/g is the adsorption capacity
of the adsorbent at time t, and k1 in min−1 is the pseudo-first-order rate constant.
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Figure 5. Effect of pH on the Hg(II) adsorption efficiency (initial Hg(II) concentration = 1 mg/L,
oscillation time = 180 min, dosage = 1 g/L, temperature = 30 ◦C).

The pseudo-second-order model can be presented as

qt = qe
qek2t

1 + qek2t
(6)

where qe, qt and t are the same parameters as in Equation (5) and k2 in g/mg·min is the
pseudo-second-order rate constant.

The W-M model can ben presented as

qt = kidt0.5 + C (7)

where kid is the intraparticle diffusion rate constant (mg/g·min0.5), and C is a constant
related to the speed of the intraparticle diffusion process.

The experimental data fitting with two kinetic models is shown in Figure 6. The rele-
vant parameters were calculated (shown in Table 2) using Equations (5)–(7). The correlation
coefficients (r2) indicate that in addition to the W-M model, both the first-order and second-
order kinetic models are well fitted to the experimental data. The results suggest that the
controlling step of the adsorption process is not intraparticle diffusion but rather surface
reactions or intermolecular interactions. This implies that the adsorption process is likely
governed by surface chemical processes, the number of available adsorption sites on the ad-
sorbent, and the interactions between the adsorbate and adsorbent, with diffusion playing
a less significant role in limiting the overall rate. Nonetheless, compared with the pseudo-
second-order model (R2 = 0.994 ± 0.002, 0.991 ± 0.004, 0.993 ± 0.001, and 0.998 ± 0.006),
the pseudo-first-order model (R2 = 0.994 ± 0.002, 0.991 ± 0.004, 0.993 ± 0.001, and
0.998 ± 0.006 for CAB, MCAB-0.5, MCAB-1, and MCAB-1.5, respectively) slightly un-
derestimates the metal uptake of Hg(II) by both adsorbents and is inaccurate in char-
acterizing the kinetic mechanism. Furtherly, the equilibrium capacity is 0.18 ± 0.01,
0.57 ± 0.01, 0.79 ± 0.01, and 0.78 ± 0.02 for CAB, MCAB-0.5, MCAB-1, and MCAB-1.5,
respectively, calculated by the pseudo-second-order fitting model. This indicates that the
intrinsic adsorption capacity was improved notably by self-assembly mineralization based
on the comparison of adsorption rate constants of the pseudo-second-order model, i.e.,
k2 (MCAB-0.5) < k2 (MCAB-1.5) ~ k2 (MCAB-1) << k2 (CAB), implying that the adsorp-
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tion rate was significantly improved by modification. As for the relatively higher k2 of
MCAB-0.5 compared to the other two modified samples, this is probably due to the lower
adsorption capacity requiring a shorter time to reach equilibrium.

 

Figure 6. Adsorption kinetics models (pH = 5, initial Hg(II) concentration = 1 mg/L, adsorbent
dosage = 1 g/L, temperature = 30 ◦C).

Table 2. Calculated parameters with models from kinetic data.

CAB MCAB-0.5 MCAB-1 MCAB-1.5

Pseudo-first-order
model

qe (mg/g) 0.19 ± 0.01 0.54 ± 0.03 0.77 ± 0.02 0.75 ± 0.03
k1 (/min) 0.065 ± 0.004 0.026 ± 0.001 0.055 ± 0.003 0.050 ± 0.003

r2 0.972 ± 0.004 0.989 ± 0.001 0.992 ± 0.002 0.963 ± 0.007

Pseudo-second-
order model

qe (mg/g) 0.18 ± 0.01 0.57 ± 0.01 0.79 ± 0.01 0.78 ± 0.02
k2 (gmg−1 min−1) 3.151 ± 0.003 0.419 ± 0.009 0.750 ± 0.001 0.741 ± 0.005

r2 0.994 ± 0.002 0.991 ± 0.004 0.993 ± 0.001 0.998 ± 0.006

W-M model
Kid (mg/g·min0.5) 1.561 ± 0.207 4.266 ± 0.248 5.794 ± 0.352 5.712 ± 1.083

C 2.444 ± 1.498 1.344 ± 0.248 7.911 ± 2.485 15.571 ± 7.268
r2 0.963 ± 0.017 0.951 ± 0.003 0.967 ± 0.015 0.977 ± 0.024

3.3.2. Adsorption Isotherms

Langmuir, Freundlich, and Temkin models were applied to calculate the isotherm
parameters. The Langmuir isotherm is described by the following equation [57,70]:

qe =
qmkLCe

1 + kLCe
(8)

where qe is the equilibrium capacity of the adsorbent in mg/g, Ce is the concentration
of Hg(II) ions in the liquid at equilibrium in mg/L, and qm in mg/g is the maximum
adsorption capacity of the adsorbent by calculation. kL, the so-called Langmuir isotherm
adsorption constant in L/mg, refers to the bonding energy of sorption.

The Freundlich isotherm model is expressed by the following equation:

qe = KFCe
1/n (9)

where KF in (mg/g)(1/mg)1/n is the Freundlich constant and qe and Ce are the same
variables as in Equation (8); n is an empirical exponent.

The Temkin model is expressed by
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qe =
RT
b

ln(KT) +
RT
b

ln(Ce) (10)

where KT is the Temkin adsorption constant, indicating the affinity of the adsorbent for
the adsorbate (L/g), R is the universal gas constant (8.314 J/(mol·K)), T is the temperature
(K), and b is a constant related to the adsorption heat, which indicates the strength of the
adsorbate–adsorbent interactions.

The surface properties and affinities of the adsorbent can be expressed by certain
constants that characterize the adsorption isotherms, presented in Figure 7. The adsorption
isotherm constants are presented in Table 3. Compared to the Langmuir and Freundlich
isotherm models, the Temkin model generally exhibits lower fitting accuracy, primarily
due to its overly simplified assumptions. Specifically, the Temkin model assumes that the
adsorption heat decreases linearly with increasing adsorption, which may not accurately
reflect the actual variation in adsorption heat, especially in cases where the energy distribu-
tion of adsorption sites is heterogeneous. Additionally, the Temkin model assumes that
the adsorption sites on the adsorbent surface have similar energy levels, failing to fully
account for surface heterogeneity, which limits its applicability to systems with significantly
heterogeneous surfaces. In contrast, the Langmuir model assumes uniform adsorption
sites and is suitable for describing monolayer adsorption, while the Freundlich model
introduces a logarithmic function to better accommodate heterogeneous surfaces, leading
to more accurate fits in many adsorption processes. Therefore, the Temkin model may
not capture the non-ideal behavior of the adsorption process in complex systems, result-
ing in lower fitting accuracy. The maximum capacity qm determined from the Langmuir
isotherm indicates the limiting capacity of the absorbent for Hg(II) ions. It was found
that the maximum capacity qm for the MCAB-1 sample of 48 ± 1 mg/g was much higher
than that for CAB of 18 ± 1 mg/g. The correlation coefficients (R2) for MCABs and CABs
show that the Langmuir isotherm model is properly used to describe both adsorbents,
which indicates that monolayer adsorption of heavy metal ions is formed on the outer
surface of adsorbents [52]. The Freundlich model is used to characterize the adsorption on
a heterogeneous surface and is not limited to mono-shell formation. However, the values of
the correlation coefficients (R2) calculated by the Freundlich isotherm model (0.970 ± 0.006,
0.968 ± 0.003, 0.965 ± 0.003, and 0.960 ± 0.009) are lower than those from Langmuir model
(0.996 ± 0.002, 0.995 ± 0.004, 0.998 ± 0.003, and 0.999 ± 0.006 for CAB, MCAB-0.5, MCAB-1,
and MCAB-1.5, respectively), which indicates that the Freundlich model is unacceptable
for describing the adsorption process.

 

Figure 7. Adsorption isotherm fitting curves (pH = 5; oscillation time = 180 min; adsorbent
dosage = 1 g/L; test temperature = 30 ◦C).
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Table 3. Langmuir and Freundlich parameters calculated from experimental data.

CAB MCAB-0.5 MCAB-1 MCAB-1.5

Langmuir
qm (mgg−1) 18 ± 1 32 ± 2 48 ± 1 46 ± 4
KL (Lmg−1) 0.76 ± 0.01 0.47 ± 0.04 0.76 ± 0.01 0.92 ± 0.01

R2 0.996 ± 0.002 0.995 ± 0.004 0.998 ± 0.003 0.999 ± 0.006

Freundlich
KF (Lng−1mg1−n) 1.6 ± 0.2 4.0 ± 0.1 10.0 ± 0.5 11.8 ± 0.3

1/n 0.52 ± 0.07 0.61 ± 0.02 0.54 ± 0.06 0.52 ± 0.01
R2 0.970 ± 0.006 0.968 ± 0.003 0.965 ± 0.003 0.960 ± 0.009

Temkin model
KT (Lmg−1) 0.181 ± 0.051 0.082 ± 0.022 0.103 ± 0.021 0.121 ± 0.022

b (Jmg−1) 331.819 ± 34.816 61.494 ± 6.500 39.462 ± 2.855 40.429 ± 2.390
R2 0.964 ± 0.007 0.981 ± 0.009 0.987 ± 0.003 0.989 ± 0.004

3.4. Long-Term Anti-Wear Test

Long-duration (10 h) adsorption was conducted to investigate the effect of miner-
alization on the stability of the adsorption efficiency and retardation of material wear.
Figure 8 shows the changes in mass weight and adsorption efficiency during long-duration
adsorption at pH = 3. Both indices of all samples decreased as the adsorption progressed.
Specifically, after 10 h of adsorption, the mass weights of CAB, MCAB-0.5, MCAB-1, and
MCAB-1.5 were 38.6%, 61.2%, 74.3%, and 74.3% of each initial mass, respectively. Mean-
while, the efficiency of these four samples decreased from 10.1%, 38.2%, 57.4%, and 56.4%
to 2.7%, 21.4%, 43.2%, and 39.7%, respectively. In addition, the dynamic changes in quality
and efficiency indicate that there is a positive correlation between them. This improve-
ment indicated that mineralization not only improved the adsorption efficiency but also
enhanced the stability of adsorbent performance.

 

Figure 8. Mass weight and adsorption efficiency during adsorption process (pH = 3, initial Hg(II)
concentration = 1 mg/L, dosage = 1 g/L, temperature = 30 ◦C).

4. Discussion

4.1. The Evolution of Functional Groups During Batch Adsorption

FTIR measurements on MCABs and CABs before and after Hg(II) adsorption were
investigated as well, as shown in Figure 9. The bands at 3266 cm−1 in sample (a) were
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attributed to the hydroxyl stretching vibration mode. The same results were reflected for
(b) at 3193 cm−1, (c) at 3206 cm−1 and (d) at 3185 cm−1, which were observed to move
to lower frequencies because of the hydrogen-bond interaction during the impregnation
and adsorption. The weak bands observed at 2925 and 2852 cm−1 for sample (a) were
due to the symmetric and asymmetric stretching bands of -CH2, which moved to 2988
and 2910 cm−1 along with 2995 and 2921 cm−1 for samples (b) and (d), respectively.
The bands at 1598 and 1415 cm−1 for sample (a) were attributed to the symmetric and
asymmetric stretching bands of C=O, which shifted to 1590 and 1410 cm−1 for both (b) and
(d), while they disappeared for sample (c). The wide peak at 1414 cm−1 for sample (c) was
found to be N-H bending vibration due to the NH4HCO3 coating. The C-O-C stretching
vibration peak was observed at 1028 cm−1 for all four of these samples, showing that
the condensation between monomer G and M blocks cannot be interrupted by either
NH4HCO3 modification or Hg(II) adsorption. Additionally, the outer bending vibration
peak of CaCO3 was observed at 882 cm−1 for sample (c), which indicated that Ca2+ ions
trapped by -COO− in polymers before modification might be grabbed by hydrolyzed
CO3

2− ions from NH4HCO3 to further form the CaCO3 microcrystalline structure [59],
which is consistent with the study mentioned above.

 

Figure 9. FTIR spectra of CAB and MCAB-1 before and after Hg(II) adsorption (pH = 5, oscillation
time = 180 min, adsorbent dosage = 1 g/L, test temperature = 30 ◦C).

4.2. Effect of Mineralization on the Stability of the Adsorption Efficiency and Material Structure

Macroscopic morphological changes during long-duration (10 h) adsorption for CAB
and MCABs are represented in Figure 10. For CAB, the raw bead is a ball with good spheric-
ity. After 10 h of adsorption, different degrees of disintegration are observed in various
pH conditions. At a pH = 3, the bead is totally collapsed, which is in accordance with the
weight ratio tests. After mineralization, the surfaces of raw modified beads, MCAB-0.5,
MCAB-1, and MCAB-1.5, are whiter and more substantial compared with CAB. Addition-
ally, the completeness of the materials is much better than that of CAB. The concentration of
NH4HCO3 shows a dominant effect on the morphological changes. This is mainly because
different carbonate concentrations lead to different calcium carbonate crystallization rates
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in the growth process of microcrystals, so the microcrystalline structure bears different
degrees of local stress in the confined crystallization process. As the mineralization unit
grows, the stress changes the local structure more obviously and finally leads to different
macroscopic mineralization layers [59].

 
Figure 10. Effect of pH on the morphology changes of CAB and the three MCAB samples (initial
Hg(II) concentration = 1 mg/L, dosage = 1 g/L, temperature = 30 ◦C, oscillation time = 10 h).

4.3. Mechanism of Mercury Adsorption by Self-Assembly Mineralized Ca-Based Shell-Type Beads

Based on the above discussion, the potential mercury adsorption mechanism of the
polymeric materials in this study can be inferred, as shown in Figure 11. The initial struc-
ture of calcium alginate beads is a macromolecular reticular polymer which is crosslinked
by calcium ions. With the impregnation of NH4HCO3, the calcium ions and carbonate
ions produced by ammonium bicarbonate secondary hydrolysis were gradually combined
and crystallized by self-assembly mineralization. Due to the existence and hindrance of
the uronic acid polymer chain, the mineralized crystallization is gradually transformed
to the confined crystallization, leading to the formation of a large number of amorphous
calcium carbonate mineralized layers. Moreover, with the calcium ions in the outer layer
of the microsphere mineralized firstly, the difference between the internal and external
concentrations will lead to diffusional pressure difference. This difference results in the
transfer of inner ions to the external environment, leading to mineralization and the forma-
tion of a shell-type spherical structure. To some extent, the formation of the mineralized
layer promotes the transformation of the structure from dense polymer crosslinking to
an organic–inorganic doped skeleton with a large specific surface area and high porosity.
On the other hand, a large number of chelated carboxylic acids on the polymer chain are
released and activated because of the trapping of calcium ions by carbonates, which also
provides abundant binding sites for mercury ions.
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Figure 11. Potential adsorption mechanism.

5. Conclusions

In the process of sewage treatment by adsorption, there are a number of drawbacks
such as high energy consumption in solid–liquid separation, serious wear of materials, and
recovery of adsorbent particles. Given this, it is imperative to develop high-performance
anti-wear-forming adsorbents. In this work, a series of self-assembly mineralized Ca-based
shell-type adsorbents (MCABs) were synthesized and employed to remove Hg(II) ions from
an aqueous solution. It was found that the optimal sample set, MCAB-1, showed significant
enhancement for Hg(II) adsorption with a maximum adsorption of 48 ± 1 mg/g in 3 h at
pH = 5, which is 2.67 times more than that of unmodified one. Long-duration adsorption
tests showed that MCABs exhibited remarkable stability regarding their capacity and
anti-fraying ability. By analyzing the structure of the material, it is demonstrated that
the material is transformed from a dense crosslinking polymer to an organic–inorganic
mineralization framework with a large specific surface area and high porosity by self-
assembly mineralization. Meanwhile, with the confined crystallization of calcium ions,
the carboxylic groups in the structure can be activated, making more binding sites for
mercury ions.
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Abstract: The curing process of hair-pin motor stator insulation is critical, as residual stress increases
the risk of partial discharge and shortens a motor’s lifespan. However, studies on the stress-induced
defects during insulation varnish curing remain limited. This research integrates three-dimensional
numerical simulations and experimental analysis to develop a curing model based on unsaturated
polyester imide resin, aiming to explore the mechanisms of residual stress formation and optimization
strategies. A dual fiber Bragg grating (FBG) sensor system is employed for simultaneous temperature
and strain monitoring, while curing kinetics tests confirm the self-catalytic nature of the process and
yield the corresponding kinetic equations. The multi-physics simulation model demonstrates strong
agreement with the experimental data. The results show that optimizing the curing process reduces
the maximum stress from 45.1 MPa to 38.6 MPa, effectively alleviating the stress concentration. These
findings highlight the significant influence of the post-curing temperature phase on residual stress.
The proposed model offers a reliable tool for stress prediction and process optimization in various
insulating materials, providing valuable insights for motor insulation system design.

Keywords: curing residual stress; unsaturated polyester imide resin (UPIR); curing kinetics; finite
element analysis; hairpin motors

1. Introduction

With the rapid development of the automobile industry, the market share of new
energy vehicles has increased markedly [1]. As the core component of new energy vehicles,
the performance of the motor directly determines the overall vehicle performance [2,3].
Due to their high slot fullness and power density, hair-pin motors are widely used in the
manufacturing of new energy vehicles. In the manufacturing process of hair-pin motor sta-
tors, stator drip coating is a key step; its quality directly affects the insulation performance
of the stator. Common motor insulation materials are mostly polymeric resin lacquers, such
as polyester lacquers, epoxy lacquers, and polyurethane lacquers [4,5]. These resins are
thermosetting polymers that, upon curing, form cross-linked structures which are infusible
and insoluble [6]. When selecting insulating varnish materials, both the insulating proper-
ties and the environmental impact, specifically the emission of volatile organic compounds
(VOCs), must be considered [7,8]. VOCs in polyester resins are typically released during
the polymerization or curing process by toxic crosslinking monomers. These monomers act
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as solvents for the base polyester to reduce its viscosity and are reactive during the curing
process [9]. This issue can be avoided by using solvent-free insulating varnishes. Another
critical factor in selecting insulation materials is thermal performance. According to inter-
national standards [7], thermal classification testing specifies the maximum temperature
that the motor can withstand during operation. Unsaturated polyester imide resins, due to
the introduction of imide functional groups, offer higher thermal ratings and improved
insulating properties [10]. Among these, unsaturated polyester imide resin (UPIR) is often
used as the main material for motor stator insulation because of its superior insulating
properties, mechanical strength, and thermal stability. However, during the curing process
of resin composite insulating varnish, due to the dissimilar material properties between
the insulating varnish and the stator copper conductor, residual stresses are generated
at the interface [11–14], resulting in cracks or gaps in the insulating varnish and partial
discharges, which can seriously affect the motor’s lifespan.

Numerous studies have focused on analyzing the curing residual stresses in resin
composites, particularly regarding their composition and other characteristics. However,
relatively few studies have examined the interfacial residual stresses during the curing
process of stator insulating varnish in hair-pin motors. Dewangan et al. employed X-ray
diffraction (XRD) techniques to study the curing of polyester resins under high pressure [15].
The results were validated through three-dimensional numerical simulations, and a method
to increase porosity was proposed. Hao et al. used fiber Bragg grating (FBG) technology to
detect cure residual strains in the E51/W93 epoxy resin system with varying Al2O3 content.
Their primary focus was on examining the effect of Al2O3 content on gel temperature
and gel time, and they proposed a method to simultaneously detect temperature and
curing residual strain using thermocouple temperature compensation combined with an
FBG sensor [16]. Yang et al. designed a device to measure the elastic modulus of epoxy
resin potting materials based on a viscoelastic model; they derived an expression for the
viscoelastic intrinsic properties of epoxy resins [17]. Wang et al. identified the cracking
issues in insulating surfaces caused by curing stresses during the secondary curing of
epoxy resins, and investigated the impact of curing agent content on curing stresses [18].
Qu et al. investigated the curing stresses of modified epoxy resins with varying toughener
contents. They analyzed the material properties of the epoxy resin curing process and
curing residual stresses using differential scanning calorimetry (DSC), Dynamic Mechanical
Analysis (DMA), Fourier-Transform Infrared Spectroscopy (FTIR), and Thermogravimetric
Analysis (TGA). The curing thermal stresses were calculated using the Stoney equation [19].

The above studies primarily focus on the analysis of the residual stresses during the
curing process of resin systems, with a particular emphasis on the effects of the material
composition and curing parameters. These studies utilize techniques such as DSC and
FBG to measure the curing-induced residual strain and stress under various conditions,
highlighting the importance of precise stress measurement and control. By investigating
the curing characteristics of resin materials, they offer valuable insights into the stress
mitigation and crack prevention in insulating materials. This body of work underscores
the critical role of the material properties and curing conditions in influencing the residual
stresses and mechanical integrity, and it has inspired the dual-FBG curing strain experiment
in this study. However, these studies predominantly focus on single-resin systems or simple
geometries, leaving a gap in understanding the residual stresses at complex interfaces, such
as those in motor stators. This gap highlights the necessity of the present research, which
aimed to investigate the interfacial residual stresses during the curing process of insulating
varnish in hair-pin motor stators.

Based on previous studies, the numerical simulation method can be regarded as a
universal approach for stress analysis during the curing process of resin materials. Ye et al.
conducted a multi-physics numerical simulation of L-shaped composite laminates, devel-
oping a model that incorporates the resin’s transient flow compaction to predict the curing
behavior of resin composites [20]. Balaji et al. combined the data from DSC experiments
with neural networks to predict the deformation of resin materials during curing. They
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verified their model’s accuracy through finite element simulations, which demonstrated
greater realism than the conventional curing kinetics models at temperature rise rates below
3 K/min [21]. Wu et al. studied the deformation of polyurethane composites during the
curing when used as battery bezels, focusing on the factors affecting curing deformation;
withholding pressure was identified as the most significant factor [22].

The above studies demonstrate the value of numerical simulation in analyzing the
curing behavior of resin systems. They show that numerical methods are highly effective
for predicting the residual stresses and deformation during curing, improving the accuracy
and efficiency of stress analysis. Additionally, combining simulations with experimental
validation has proven to be a reliable way to understand the curing process under different
conditions and have provided important guidance for this research. Building on these
insights, this study applies numerical simulation to investigate the curing behavior of
insulating varnish in hair-pin motor stators, with a focus on addressing the residual stress
issues at complex geometric interfaces.

The simulation and analysis of the curing residual stresses in resin-insulating varnish,
one of the most commonly used motor-insulating materials, are crucial. Numerical simula-
tion not only reduces the experimental costs but also predicts the curing defects caused
by various factors and assesses their impact on the electrical performance of motors. In
this paper, we focus on the residual stresses, temperature, and strain during the curing
process of stator-insulating varnish for hair-pin motors and explore the characteristics
and mechanisms of the curing residual stresses through a combination of simulation and
experimental verification.

This paper will follow the process outlined in Figure 1.

Figure 1. Flowchart of the experimental and simulation process.

This study presents a novel approach to analyze the curing residual stresses at the
conductor–insulator interface of hairpin motors. Research on the curing residual stresses of
unsaturated polyester imide resin insulating varnishes is limited. Additionally, unlike the
traditional methods using thermocouple temperature compensation, this study uniquely
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employs encapsulated FBG for temperature monitoring, which leads to more accurate
experimental results. Furthermore, by considering the temperature or curing degree de-
pendence of the material properties, a three-dimensional simulation model is developed.
The model established in this study can be applied to the residual stress analysis during
the curing process of other thermoset resin materials, thus contributing to a better under-
standing of the residual stress generation behavior of resin-based insulating materials in
various fields.

2. FBG In Situ Measurement of Curing Strain

2.1. Materials

The insulating varnish used in this study is a one-component, low-volatility impreg-
nating varnish, Voltatex® 4200 (Axalta Coating Systems Ltd., Philadelphia, PA, USA). The
main component is an unsaturated polyester imide resin, which offers excellent insulat-
ing properties for the motor stator. According to the official performance specifications,
Voltatex® 4200 demonstrates a dielectric strength of 85 kV/mm at 155 ◦C, significantly
higher than that of comparable epoxy resin insulating varnishes, which typically range
from 20 to 30 kV/mm [23,24]. Furthermore, the thermal class of unsaturated polyester
imide resin materials is generally higher than that of epoxy resin-based insulating var-
nishes [4]. Additionally, UPIR has a lower initial viscosity compared to typical epoxy resins,
which is more favorable for the contact between the insulation varnish and the insulated
surface during the motor insulation process.

2.2. Principle of the FBG Sensor

The FBG sensor is a single-mode fiber that detects reflections at specific wavelengths
as light passes through the FBG fiber [25]. The Bragg wavelength expression is presented
in Equation (1):

λB = 2ne f f Λ (1)

where λB is the wavelength reflected by the Bragg grating, ne f f is the effective reflection
coefficient of the fiber, and Λ is the grating period.

FBG is sensitive to external changes, and for FBG sensors affected by both temperature
and strain, λB is linearly correlated with changes in temperature and strain. The Bragg
wavelength shift can be expressed as:

ΔλB = kεε + kTΔT (2)

where kε is the coefficient related to strain and the photo-elastic coefficient, and kT is the
coefficient related to the thermal-optic coefficient and thermal expansion coefficient of the
optical fiber.

Due to the characteristics of unsaturated polyester imide resin, in the early stage of
insulating varnish curing, the varnish exists as a viscous liquid. Upon reaching the gel
point, the molecules gradually crosslink, and the resin hardens into a solid. At this stage,
the shrinkage strain caused by curing and the thermal expansion and contraction due to
temperature changes can be transferred to the FBG sensor. The curing strain of the resin
can then be determined by monitoring the change in the wavelength of the FBG.

2.3. Experimental Design

Equation (2) clearly shows that when using FBG to measure the strain influenced
by both temperature and strain, temperature compensation must be applied. In this
experiment, the temperature compensation is provided by a packaged FBG temperature
sensor, which offers more accurate real-time temperature readings. The wavelength changes
due to strain are obtained through the fiber Bragg grating demodulator. The test equipment
is illustrated in Figure 2a.

The FBG sensor used is the OSC-1100 (Xi’an Huance Automation Co., Ltd., Xi’an,
China). The FBG demodulator is the HOSI-1000E (Huaying Instrument Equipment Co., Ltd.,
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Xi’an, China). The oven model is DZF-6020 (Shanghai Yiheng Scientific Instrument Co., Ltd.,
Shanghai, China).

The high slot fullness of the hair-pin motor’s stator is attributed to the geometry of
the flat copper wire and the winding method, which allows the stator slots to be filled.
The stator conductor is made of copper, while the stator core (including the stator slots) is
composed of silicon steel, which offers superior magnetic properties and lower energy loss.
The motor consists of 8 strands of conductors, which can provide higher power.

Figure 2. FBG in situ measurement. (a) Test equipment; (b) curing test model; (c) curing procedure.

In this paper, to simplify the model, only the stresses generated at the interface of the
flat copper wires by the insulating varnish between the three conductors are investigated.
The simplified model is illustrated in Figure 2b.

The slot structure surrounding the copper wire is made of silicon steel and simulates
the stator slots. During the experiment, insulating varnish is filled into the groove. After
ensuring complete immersion, two FBG sensors are inserted on either side of the copper
wire to measure temperature and strain data during the curing process of the insulating
varnish at the same location.

Figure 2c illustrates the curing process of the drop-dip test. First, the stator must be
heated to 80 ◦C, after which the insulating varnish is drop-dipped onto it. The temperature
is then increased from 80 ◦C to 130 ◦C and held for 10 min, during which the curing reaction
takes place. Subsequently, the temperature is raised to 150 ◦C and held for 15 min to cure
the insulating varnish fully and eliminate thermal stress. Finally, the stator is cooled to
room temperature to complete the curing process.

It should be noted that some sources of error may arise during the experiment. First,
since a packaged FBG is used for temperature compensation, it is essential to ensure that
the insulating varnish does not seep into the encapsulation tube. Second, environmental
vibrations or fiber bending may cause signal fluctuations or distortion [26]. Third, mis-
alignment of the optical fiber could result in minor measurement deviations. These factors
were carefully considered during the experimental setup, and measures such as sensor
calibration and environmental stabilization were implemented to minimize their impact.

2.4. Experimental Results and Analysis

As described in Section 2.2, the FBG sensor is affected by both temperature and
strain. When using the FBG sensor to measure the temperature, it is essential to measure
without applying force. Teflon capillary-encapsulated FBGs are used to compensate for
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the temperature effects on strain. Two FBGs are placed symmetrically on the left and right
sides of the flat copper wire for the test. From Equation (2), by knowing the sensitivity
coefficients kε and kT , and the temperature change ΔT of the optical fiber, the true cure
strain ε can be determined according to Equation (3):

ε =
ΔλB − kTΔT

kε
(3)

where the sensitivity coefficients kε and kT of the optical fiber are provided by the man-
ufacturer, and the temperature change ΔT is obtained from the FBG sensor used for
temperature compensation.

The stress and temperature test results for the insulating varnish curing process are
illustrated in Figure 3. The initial strain value was set in the FBG demodulator’s PC
software Hippo 3.1.4 when the specimen reached 80 ◦C, and the curing degree curve was
later obtained from the curing kinetics model analysis. The figure shows that there is
no significant change in the strain during the early stage of curing, as the resin remains
in a flow state at this point. Due to preheating to 80 ◦C, the resin’s viscosity decreases
significantly, but cross-linking has not yet occurred. The molecular chains mainly rely on
physical interactions, allowing the internal molecules to move freely.

Figure 3. Curing strain test results of insulating varnish.

When the strain curve decreases significantly, it indicates that the resin has under-
gone considerable volume contraction during curing. Since the primary component of
the material is unsaturated polyester imide resin, the curing process is accompanied by
significant contraction. Even though both thermal strain and chemical contraction occur
simultaneously, chemical contraction predominates, resulting in the observed decrease
in the strain curve. When the strain curve begins to rise, it indicates that the material
has gradually transitioned from a viscous-fluid state to a glassy state. Most cross-linking
reactions within the material have been completed, and the mobility of the molecular chains
is significantly reduced. Due to the further temperature increase, the material undergoes
thermal expansion, causing the strain curve to rise.

During the heat preservation stage and the subsequent warming stage, the temperature
profile does not fully align with the preset temperature profile. One reason for this is that
the resin’s curing reaction is exothermic, and the heat released during curing leads to a local
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temperature increase. Another reason is that the stator slot has a low thermal conductivity,
causing slow heat transfer from the outside, which results in noticeable thermal hysteresis.

In the post-temperature rise stage, the strain and temperature curves are roughly linear
because the curing reaction of the insulating varnish is nearly complete, and the strain is
primarily affected by thermal strain. However, the strain and temperature curves are not
completely linear because the coefficient of thermal expansion (CTE) of the cured resin
exhibits a noticeable nonlinear characteristic with changing temperature. The coefficient
of thermal expansion of the cured resin was measured to be 45.93 × 10−6/K at 25 ◦C,
increasing to 152.55 × 10−6/K at 150 ◦C, as measured by the Netzsch TMA 402F3 (Netzsch-
Gerätebau GmbH, Selb, Germany). Another reason is that the higher crosslink density of the
material hinders molecular chain movement, slowing the release of internal stresses [27,28].

During cooling, when the strain curve of the resin decreases more slowly than the
temperature curve, it indicates that the material is passing through the glass transition
temperature ( Tg). At this point, the material transforms from a rubbery state to a glassy
state, further restricting molecular chain movement and hampering the release of internal
stresses. Thus, a partially nonlinear relationship between the strain curve and the temper-
ature curve is observed during the cooling phase. As discussed in Section 3.1, the glass
transition temperature of this insulating varnish after complete curing is 97 ◦C, which
aligns with the figure.

3. Three-Dimensional Numerical Simulation of the Curing Process

Due to the compact structure of the stator flat-wire winding, measuring the data
related to the curing process of the insulating varnish is challenging, especially as the
distance between the flat wires is only 0.1 mm. This small gap limits the ability of sensors
to detect the curing residual stress directly. Numerical simulation provides an effective
solution to this problem. The simulations in this study were performed using COMSOL
Multiphysics. The simulation of the insulating varnish curing process involves multi-
physical field coupling, including the temperature field, curing degree field, and stress–
strain field. The relevant mathematical model includes a heat conduction model, a curing
kinetics model, and a mechanical model of the material.

The temperature field and the curing field are bi-directionally coupled. By solving the
relationship between the degree of curing and temperature, the calculated temperature and
degree of curing are coupled with the stress–strain field to predict the curing deformation
of the insulating varnish and the interfacial residual stresses. The coupling relationship is
illustrated in Figure 4.

Figure 4. Coupling relationship.
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It should be noted that the distribution of insulating varnish is assumed to be uniform
during the curing of drip varnish on flat-wire windings. Since the insulating varnish
coating is thin and the curing time is short, the resin exhibits almost no mobility during
curing. Therefore, the effect of the flow compaction model can be neglected.

3.1. Curing Kinetics Model
3.1.1. Data Analysis and Model Derivation

The cure rate of insulating varnish reflects the dynamic behavior of the curing process.
There are two approaches to studying this process: a macroscale phenomenological model
and a microscale mechanistic model [29]. The phenomenological model considers only
the overall process of the reaction, and a single rate equation, dα/dt, is used to express
this model. In contrast, the mechanistic model can better predict the curing process and
explain the reaction mechanism. However, due to the complexity of the insulating varnish
curing reaction, the mechanistic model requires more parameters to accurately describe
the curing process, leading to a significant increase in the computational demands and
making it difficult to obtain a highly accurate model. Therefore, in this paper, we adopt the
phenomenological model, expressed as Equation (4) [30–33]:

dα

dt
=

n

∑
i=1

[Ki(T) fi(α)] (4)

where α is the degree of cure, dα/dt is the curing rate, T is the temperature, and Ki(T) and
fi(α) represent the reaction rate equation and the curing reaction equation, respectively.
The reaction rate equation K(T) is parameterized by the Arrhenius formula shown in
Equation (5) [34].

K(T) = A exp
(
− Ea

RT

)
(5)

where T, A, Ea, and R represent the temperature, pre-exponential factor, activation energy,
and the molar gas constant, respectively.

The primary component of the insulating varnish is unsaturated polyester imide resin,
and the degree of curing is commonly used to describe the extent of the resin’s curing
reaction. The degree of curing is a key parameter in simulating the curing process, as it
significantly affects the final performance of the resin material (e.g., mechanical strength,
chemical resistance, and thermal stability). To develop a kinetic model for the resin’s curing
process, the curing behavior was analyzed using differential scanning calorimetry (DSC)
in this study.

Four samples were heated from 25 ◦C to 180 ◦C at heating rates of 5 K/min, 10 K/min,
15 K/min, and 20 K/min using a Netzsch DSC 200F3. The sample mass ranged from 7
to 10 mg, and the nitrogen flow rate was set at 50 mL/min. The heat flow-temperature
curves obtained by DSC are illustrated in Figure 5a. (Note: the heat flow curve obtained
by the device is exothermic downward; it was multiplied by −1 to display the exothermic
peak upward).

The curing onset temperature Ti, peak temperature Tp, termination temperature Tf ,
and total heat of reaction ΔHt obtained for the curing process of the insulating varnish
samples at different heating rates are presented in Table 1.

It is observed that the exothermic peak of the curing reaction shifts significantly to the
right as the heating rate of the insulating varnish increases. The curing onset temperature
Ti, peak temperature Tp, and termination temperature Tf also increase significantly with
the higher heating rate. Equation (6) can be used to calculate the exothermic quantity ΔH(t)
of the curing reaction. This integral represents the area under the heat flow–time curve and
the baseline from the onset to the end of the curing reaction.

ΔH(t) =
∫ t

0
φ(t)·dt (6)
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where φ(t) is the heat flow function.
The total exothermic heat of curing for the insulating varnish remained relatively consis-

tent across different heating rates, with an average total heat of reaction ΔHt = 192.625 J·g−1.

Figure 5. DSC data analysis. (a) Heat flow–temperature curves; (b) degree of cure–temperature
curves; (c) rate of curing at different degrees of cure; (d) fitting curves of the Starink equation;
(e) reaction activation energy Ea at different degrees of cure; (f) model validation curves.

Table 1. Characteristic temperature and total reaction heat at different heating rates.

Heating Rate (K/min) Ti (◦C) Tp (◦C) Tf (◦C) ΔHt(J·g−1)

5 103.6 112.8 127.8 198.2
10 110.2 121.0 135.8 187.2
15 114.5 127.4 141.3 192.5
20 118.4 132.1 145.8 192.6

The complete curing of the insulating varnish is achieved when the reaction exotherm
ΔH(t) equals the total reaction heat ΔHt. Therefore, the degree of cure α at any given
time can be defined as the ratio between the exothermic heat ΔH(t) and the total reaction
heat ΔHt from the beginning of the curing reaction to a specific moment, as shown in
Equation (7).

α(t) =
ΔH(t)
ΔHt

(7)

Figure 5b presents the relationship between the degree of cure and temperature. It
exhibits a distinct S-shaped curve, where the cure rate increases initially and then decreases,
consistent with the autocatalytic model [35–37].

To further validate the results, the time derivative of the degree of cure was calculated
to obtain the curing rate. Figure 5c illustrates the relationship between the curing rate
dα/dt and the degree of cure α(t).

It is evident that, at various heating rates, the curing rate first increases and subse-
quently decreases as the degree of cure increases. The peak of the curing rate occurs at
approximately a degree of cure of 0.4, further indicating that the curing of this insulating
varnish conforms to the self-catalytic model [38].

The curing process of insulating varnishes is usually influenced by two factors: curing
kinetics control and diffusion control. According to the studies in the literature [39], at
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the beginning of the isothermal cure, the curing rate of the resin is controlled solely by
the curing kinetics, and with an increasing degree of cure, the material becomes partially
glassy, hindering the cross-linking reaction within the resin; thus, the process becomes
diffusion-controlled. According to previous thermal analysis methods [39,40], the first step
involves determining the activation energy of the cure reaction and assessing whether
a single model can describe the curing kinetics by analyzing the relationship between
the activation energy and the degree of cure. Commonly used methods for calculating
the activation energy include the Starink model [41,42], the Kissinger model [42], the
Ozawa model [43,44], with the Starink model considered more accurate compared to other
model-free isotropic methods [45].

By fitting the experimental data with the Starink equation shown in Equation (8), the
activation energy (Ea) of the insulating varnish reaction can be determined.

ln
(

β

T1.92

)
= C − 1.0008

(
Ea
RT

)
(8)

where β represents the rate of ramping, T denotes the reaction temperature, C is a constant,
Ea stands for the reaction activation energy, and R refers to the molar gas constant.

According to the Starink equation, ln
(
β/T1.92) was linearly fitted against 1/T for

different heating rates, with the results presented in Figure 5d.
The obtained slopes of the curves for various degrees of cure and the corresponding

reaction activation energies are shown in Table 2. The R-squared values for different degrees
of cure are all greater than 0.99, indicating a strong fit. The average reaction activation
energy (Ea) is calculated to be 95.96 kJ/mol.

Table 2. Data fitted by the Starink method.

Degree of Cure α Slope Ea (kJ/mol) R-Squared

0.1 −12,080.9 100.3607 0.99956
0.2 −12,050.2 100.1052 0.99912
0.3 −11,364.3 94.40691 0.99532
0.4 −11,590.8 96.28893 0.99952
0.5 −11,152.3 92.64607 0.99761
0.6 −11,324 94.07278 0.99747
0.7 −11,398.3 94.68944 0.99751
0.8 −11,545.9 95.91561 0.99851
0.9 −11,449.3 95.11346 0.99884

The curing process of insulating varnish resin is controlled by two mechanisms:
reaction control and diffusion control. According to the study in [39], when the activation
energy required for the reaction changes significantly with the degree of cure, it indicates
that the reaction is controlled by diffusion. In this case, using a single model to describe the
reaction would lead to errors, and the reaction can only be described using a model that
includes a diffusion term [46–48] (such as the Kamal model [49]). According to previous
thermal analysis methods [40], the activation energy of the curing reaction must first be
determined, and the relationship between the activation energy and degree of cure should
be examined to determine whether a single model can describe the curing kinetics.

The reaction activation energies at different curing degrees are presented in Figure 5e,
and the activation energy (Ea) remains relatively constant once the degree of cure exceeds
0.5. Therefore, it can be concluded that the curing behavior of this insulating varnish is
controlled solely by the reaction kinetics.

There are multiple models for describing the curing kinetics of autocatalytic compos-
ites. Notably, the Prout–Tompkins (PT) model [50–53] incorporates diffusion terms, thereby
providing a more accurate depiction of the cure front propagation under conditions of high
fiber content or complex thermal conduction. This makes the PT model particularly effec-
tive in capturing the autocatalytic characteristics of the reaction. However, the PT model is
associated with high computational complexity. In contrast, the Sestak and Berggren (SB)
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model [54] offers a simplified description of the reaction mechanism, resulting in enhanced
computational efficiency. Consequently, the SB model is well suited for large-scale or
complex structural numerical simulations within specific resin systems and processing
conditions. Therefore, in this paper, we chose to use the SB model to determine the curing
kinetics of insulating varnishes. By combining the temperature-rate-dependent equation
of Sestak and Berggren with the classical autocatalytic reaction model, the fitted curing
kinetics model, represented by Equation (9), was obtained.

dα
dt = Aexp

(
− Ea

RT

)
αm(1 − α)n (9)

where A represents the pre-exponential factor, and m, n are the reaction orders.
The average reaction activation energy (Ea) obtained by the Starink method was

substituted into Equation (5) and fitted using the least squares method to derive the kinetic
parameters presented in Table 3.

Table 3. Kinetic parameters at different heating rates.

Heating Rate β (K/min) lnA m n R-Squared

5 25.6134 0.35678 1.22978 0.99772
10 25.72109 0.44207 1.26424 0.99917
15 25.72341 0.47535 1.24681 0.99984
20 25.70551 0.50076 1.26355 0.99992

Average 25.69085 0.44374 1.251095 0.99916

Ultimately, the kinetic model equation for the curing of this insulating paint can be
expressed as Equation (10):

dα
dt = e25.69085exp

(
− 95955.45

RT

)
α0.44(1 − α)1.25 (10)

To verify the model’s accuracy, the curing rate–temperature curves obtained from the
model at different heating rates were compared with the experimentally obtained curves,
as shown in Figure 5f. The model curves showed a higher degree of consistency with the
experimental curves.

The glass transition temperature (Tg) is one of the most important thermodynamic
parameters in the study of thermosetting resins [31]. When a material exceeds its glass
transition temperature, its physical and chemical properties change significantly. Previous
studies have demonstrated that the glass transition temperature increases as the degree
of cure increases. Therefore, the glass transition temperatures of insulating varnishes at
various degrees of cure were tested using modulated DSC, and DiBenedetto’s equation
was applied to identify these temperatures.

Tg = Tg0 +
λα

1−(1−λ)α

(
Tg∞ − Tg0

)
(11)

where Tg0 represents the glass transition temperature of the uncured state, Tg∞ denotes the
glass transition temperature of the fully cured state, and λ is the fitting parameter.

First, five samples were thermostated at 90 ◦C for different durations and then rapidly
cooled to −40 ◦C. The degree of cure was determined from the exothermic peak of the
irreversible heat flow curve using MDSC. The samples were then heated from −40 ◦C to
200 ◦C at a rate of 3 K/min with a temperature amplitude of 1 K and a period of 60 s. The
glass transition temperature (Tg) of each sample was determined from the post-elevated
reversible heat flow curve, following ASTM E1356 (3 K/min, inflection point method). The
relationship between the glass transition temperature and curing of insulating varnish
determined by Equation (11) is shown in Figure 6.

The equation fitting yields an R2 value of 0.99735, indicating a high degree of fit. The
fitted parameter λ is 0.48, suggesting that the molecular chain segments of the insulating
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varnish possess a certain degree of mobility, resulting in a relatively low sensitivity of the
glass transition temperature to the degree of cure.

Figure 6. Fitting curve of the DiBenedetto equation.

3.1.2. Boundary Setup

In the simulation software, the ODE and Differential-Algebraic Equation (DAE) mod-
ules, in conjunction with the Heat Transfer module, can be used to solve the temperature-
dependent curing kinetics equations by inputting the expression of Equation (1) directly
into the ODE module.

The default equation form of the ODE module is Equation (12):

ea
∂2alpha

∂t2 + da
∂alpha

∂t = f (12)

where ea is the mass coefficient, da is the damping coefficient, and f is the source term
equation. In comparison to Equation (1), ea is set to 0 and da is set to 1, and f is set to
e25.69085exp

(
− 95955.45

RT

)
α0.44(1 − α)1.25.

The initial value of the degree of cure is set to 1 × 10−20, which helps prevent errors in
the solver caused by computing the negative exponent of zero.

3.2. Heat Transfer Model

During the insulation curing process of the hair-pin motor stator, the heating device
provides the thermal energy required for curing the insulating resin. Owing to the differ-
ing thermal conductivities of the flat copper wire and insulating varnish, the varnish is
not heated uniformly. Since the curing process is exothermic, it further exacerbates the
temperature non-uniformity. In addition, the material properties of the insulating varnish
evolve with the degree of cure, and these factors collectively contribute to the generation of
residual stresses and strains during the curing process.

3.2.1. Model Derivation and Parameter Determination

The thermal field during the insulating varnish curing process is essentially a nonlinear
heat transfer problem with an internal heat source. This problem arises from the exothermic
reaction of the unsaturated polyester imide resin curing in the insulating varnish [55]. This
nonlinear heat transfer problem can be characterized by the Fourier heat transfer equation
coupled with the curing exothermic Equation (13).

ρCp
dT
dt = d

dx

(
Kxx

dT
dx

)
+ d

dy

(
Kyy

dT
dy

)
+ d

dz

(
Kzz

dT
dz

)
+ ρΔHt

dα
dt (13)
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where ρ represents the density, Cp is the specific heat, T is the temperature, ΔHt is the
total reaction heat, α is the degree of cure, and Kxx, Kyy and Kzz represent the thermal
conductivities in the three directions.

Assuming that the insulating varnish material is isotropic, the thermal conductivities
in all three directions are equal. This equation can be solved through the coupling of the
Heat Transfer module with the Curing Kinetics module.

Thermal conductivity, specific heat capacity, and density are important material prop-
erties of insulating varnish materials. The properties of insulating varnish obtained from
experimental measurements are presented in Table 4.

Table 4. Thermodynamic parameters of insulating varnish.

Material Properties Unit Before Curing Cured

Thermal Conductivity k(α) W/(m·K) 0.21 0.23
Specific Heat Capacity Cp(α) J/(kg·K) 1908 1273

Density ρ(α) kg/m3 1.12 1.169

The material properties of the insulating varnish are linearly related to the degree
of cure, and the relationship between these parameters and the degree of cure can be
expressed by Equation (14) [56].

⎧⎨
⎩

k(α) = ka(1 − α) + kbα
CP(α) = CPa(1 − α) + CPb
ρ(α) = ρa(1 − α) + ρbα

α (14)

where subscript a represents the parameters before curing, and subscript b represents the
parameters after curing.

3.2.2. Boundary Setup

During the curing process, an external oven heats the insulating varnish, and the heat
transfer between the insulating varnish and the hot air occurs through natural convection,
with the convective heat transfer described by Equation (15).

q0 = h(Text − T) (15)

where q0 is the heat flux, h is the convective heat transfer coefficient, Text is the external
temperature, and T is the temperature of the insulating varnish; Text can be defined as the
heating temperature via a custom function.

During the drop-dip curing process, the insulating varnish directly comes into contact
with the flat copper wires and heats them together, so the heat flux boundaries are all the
boundaries in contact with the outside during the numerical simulation. The convective
heat transfer coefficient h is set to 25 W/

(
m2·K)

based on an assumption. The heat source
is insulating paint, and the heat source expression is the rightmost term ρΔHtdα/dt in
Equation (11). And the reference temperature is set to a preset value of 80 ◦C.

3.3. Solid Mechanics Model

During the curing process, the material properties of the insulating varnish change
with the degree of cure and temperature, leading to the generation of internal stresses at
the interface between the flat copper wire and the insulating varnish. The curing process of
the insulating varnish material undergoes a viscous flow state, a highly elastic state, and
a glassy state. Cure shrinkage occurs during the highly elastic stage. During the cooling
stage, the varnish shrinks unevenly due to structural differences, cooling rates, and the
mismatch in the coefficients of thermal expansion of varnish and the stator, resulting in the
formation of internal stresses, thereby affecting the insulation performance.
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3.3.1. Model Derivation and Parameter Determination

The strain during the curing process of insulating varnish is composed of two parts:
one part is the thermal strain induced by heat, and the other part is the shrinkage strain
caused by the curing of the resin material, as represented in Equation (16):

ε = εt + εc (16)

where ε represents the total strain, εt denotes the thermal strain, and εc refers to the cure
shrinkage strain.

Studies have shown that the shrinkage of resin materials during curing occurs during
the glassy state [18,29].

The thermal strain εt is a function of the temperature and the coefficient of thermal
expansion, as expressed in Equation (17):

εt = α(T)
(

T − Tre f

)
(17)

where α(T) represents the coefficient of thermal expansion of the material at temperature T
and Tre f denotes the reference temperature.

The coefficient of thermal expansion of the insulating varnish after curing can be
measured using a linear thermal expansion meter, with the results presented in Figure 7.

Figure 7. Thermal expansion coefficient curve of cured insulating varnish.

The coefficient of thermal expansion throughout the curing process is given by
Equation (18) [57]:

αCTE(T, α) =

⎧⎨
⎩

αv
CTE, α < αgel

αr
CTE, α ≥ αgel, T ≥ Tg(α)

α
g
CTE, α ≥ αTg , T < Tg(α)

(18)

where αv
CTE, αr

CTE, and α
g
CTE represent the thermal expansion coefficients for the viscous

state, rubbery state, and glassy state, respectively, αgel denotes the degree of cure at the gel
point, and αTg represents the degree of cure at the glass transition point.

Assuming that the insulating varnish is isotropic, the shrinkage is uniform in all
directions during the curing process. The following equation can describe the chemical
shrinkage strain of the resin:

εc =
3
√

1 + Δv − 1 (19)

where εc represents the curing strain, and Δv denotes the volume change rate.
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As shrinkage strain occurs mainly after the gel state; it can be expressed as a function
of the degree of cure and total volume change ΔV, as shown in Equation (20):

Δv =
(

α − αgel

)
ΔV (20)

where α represents the current degree of cure and αgel denotes the degree of cure at the
gel point.

Thus, the expression for the chemical shrinkage strain of the insulating varnish can be
derived, as shown in Equation (21) [58].

εc =
3

√
1 +

(
α − αgel

)
ΔV − 1 (21)

The linear elastic constitutive model is commonly used to predict the curing deforma-
tion of composite materials. Its general form is given by:

{σ} = [E]({ε} − {ε0}) + {σ0} (22)

where {σ} and {σ0} represent the stress and initial stress to be solved, respectively; [E] is
the stiffness matrix; {ε} and {ε0} are the total strain and initial strain in tensor form.

During the curing process of insulating resin materials, the material properties evolve, de-
pending on both temperature and curing degree. Consequently, the formula in Equation (22)
cannot fully capture the material behavior during curing. To address this limitation, the
CHILE (Cure Hardening Instantaneous Linear Elastic) model is introduced, which incorpo-
rates the time-dependent characteristics of the elastic modulus to account for the dynamic
changes in the material properties throughout the curing process.

Bogetti et al. proposed the CHILE (α) model, based on the curing degree, which
assumes that the modulus of the resin varies linearly with the curing degree [58]. This
model describes the evolution of the elastic modulus during the curing of composite
materials by considering the material properties at different curing stages. The fundamental
stress–strain relationship in this model is given by Equation (23):

{σ} = [Q(α, T)]{ε} (23)

where [Q(α, T)] is the time-dependent stiffness matrix, which is a function of both tempera-
ture and curing degree.

The Poisson’s ratio ν of the insulating varnish is an important parameter in the stiffness
matrix. To this end, uniaxial tensile tests were conducted on fully cured insulating varnish
samples according to the ASTM D638 standard, and the deformation was measured using
strain gauges. The measured Poisson’s ratio of the fully cured insulating varnish was 0.37.
It has been found that the variation in Poisson’s ratio during curing has a negligible impact
on the residual stress accumulation [59–61]. Therefore, in this study, for the sake of model
simplification, the Poisson’s ratio of the insulating varnish is assumed to be 0.37.

The change in the modulus during the curing process of insulating varnish can be
divided into three stages: In the first stage, the epoxy resin behaves as a fluid with a low
storage modulus. In the second stage, as the curing reaction progresses, the insulating var-
nish transitions from a viscoelastic state to a gel state, and then to a glassy state. The storage
modulus in this stage is a function of the curing degree. In the third stage, after the curing
reaction is complete, when the temperature is below the glass transition temperature, the
resin undergoes minimal deformation under external forces. The storage modulus becomes
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large and remains almost constant. In this study, we used the CHILE (α) model to describe
the modulus of elasticity of the resin during curing, E, as shown in Equation (24) [58,62]:

E =

⎧⎪⎨
⎪⎩

E0
r , α < αgel(

1 − α−αgel
αgt−αgel

)
E0

r +
α−αgel

αgt−αgel
E∞

r , αgel < α < αgt

E∞
r , α > αgt

(24)

E0
r and E∞

r represent the modulus of elasticity of the resin before and after curing, αgel and
αgt denote the gel point cure and glass point cure of the resin.

Since the viscosity of the insulating varnish is not considered, the storage modulus is
used as a substitute for the elastic modulus and it was determined through DMA using a TA
Q800 instrument. The test was conducted at a frequency of 1 Hz with a three-point bending
setup, and with a heating rate of 3 ◦C/min from 0 ◦C to 200 ◦C, and the resulting storage
modulus and loss factor are shown in Figure 8. The insulating varnish was determined to
have E0

r = 2.7 MPa and E∞
r = 2729 MPa.

Figure 8. DMA test results.

3.3.2. Boundary Setup

Considering only the insulating varnish curing process on a single copper wire during
the stator dripping process, the surface between the copper wire and the insulating varnish
is set as a continuous boundary, with a fixed constraint applied on the other side of the
copper wire. In the simulation software, the solid heat transfer and solid mechanics
nodes can be used to simulate the thermal expansion of the cured insulating varnish.
However, since the total strain ε during curing is the sum of the thermal strain εt due
to thermal expansion and the contraction strain εc due to the curing of the insulating
varnish, it is necessary to add an external strain sub-node under the solid mechanics–linear
elastic material node. Equation (21) is incorporated into this node to simulate the cure
shrinkage strain. In addition, to improve the convergence of the model, the “free rigid body
inhibition” node can be added. This node functions to prevent the solid mechanics module
from generating multiple non-converging solutions, and the deformation results from the
simulation with this node better align with the real deformation results.

3.4. Simulation Setup

The simulation was conducted using COMSOL’s automatic tetrahedral meshing.
Differentiated mesh sizes were applied to the copper conductor, insulating varnish, and
external stator slot regions. To ensure higher resolution at the interface between the
insulating varnish and copper conductor, this region was assigned a maximum element
size of 0.1 mm and a minimum of 0.02 mm, while the external stator slot used a maximum
size of 0.4 mm and a minimum of 0.2 mm. The final mesh contained 2,112,621 elements.
The mesh result is shown in Figure 9.
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Figure 9. Finite element mesh for the simplified curing module.

The glass transition temperature of the material was determined using the DiBenedetto
equation. The parameters for the equation, including λ, were fitted using glass transition
temperatures obtained at various curing degrees through MDSC experiments. In the
simulation, the glass transition temperature before curing (Tg0), after full curing (Tgu), and
the parameter λ were defined.

To model the material behavior during curing, the elastic modulus and the coefficient
of thermal expansion (CTE) were defined based on the curing state of the insulating
paint. The CTE after curing was modeled as a temperature-dependent function, fitted
to the experimental thermal expansion data using an analytical function in the software.
Additionally, the heat capacity, thermal conductivity, and density were defined as functions
of the degree of cure, consistent with the assumptions outlined in the manuscript.

For the curing shrinkage, the curing strain was defined as a function of the degree
of cure based on Equation (21). This strain was implemented as an external strain in the
solid mechanics module to simulate the effects of curing shrinkage. The curing volumetric
shrinkage was calculated based on the density change before and after curing.

The simulation in this study uses a step-by-step solution approach. The transient
solver in COMSOL is applied to solve the bidirectional coupling of the curing kinetics
model and the heat transfer model. Then, the steady-state solver is used to inherit the
solution from the transient solver to calculate the solid mechanics model.

Given the spatial effects involved in the curing process, a 3D model was employed to
ensure accurate simulation. A 2D model would not capture the asymmetry of the stator
slots or the heat transfer characteristics effectively. The use of a 3D model provides a more
realistic representation of the curing process. While the results are presented in 2D plots,
they clearly show the temperature and stress distribution within the stator slots.

4. Results Discussion

Using the aforementioned physical field setup and the material properties obtained
from experimental data, a Multiphysics-coupled simulation under the same conditions as
the experiment is conducted. The temperature and strain results from both the experiment
and simulation are compared to analyze the stress–strain behavior during the insulating
varnish curing process.

4.1. Simulation Results Validation

The temperature–time curve and strain–time curve of the simulation results were
compared with the experimental values, as shown in Figure 10. The comparison indicates
that the simulation model can generally reflect the strain and temperature conditions of
the actual curing process of the insulating paint. Some data points do not fully match
the experimental data because the strain test curve was obtained through decoupled
calculations, and approximations in the calculation process may have affected some values.
Additionally, some material properties were derived from empirical formulas, which may
not correspond to the actual values during the curing process. These discrepancies can be
addressed through subsequent optimization of the model.

184



Polymers 2024, 16, 3514

Figure 10. Comparison of strain and temperature simulation curves with experimental data.

4.2. Results Analysis

Figure 11 shows the stress distribution of the copper wire cross-section at the end
of curing and after cooling to room temperature. The figure illustrates that the cured
insulating varnish experiences the highest stress at the interface with the copper wire,
reaching 45.1 MPa, with a difference of nearly 40 MPa compared to the minimum stress
within the insulating varnish, indicating a stress concentration phenomenon. This is a key
factor contributing to insulation defects.

Figure 11. Stress distribution in the cross-section of copper wire and insulating varnish.

Figures 12 and 13 show the distribution of the curing degree and temperature in
the initial stage, mid-stage, complete curing, and final stage of the insulating varnish
curing process.

In the initial stage of curing, the temperature of the insulating varnish near the copper
wires rises first due to the high thermal conductivity of the copper, allowing the varnish
to reach the external preset temperature more quickly. During the 15–31 min, the varnish
begins curing, with a temperature distribution that is lower at the edges and higher in
the center. By 83 min, when the external preset temperature reaches 150 ◦C and has been
maintained for almost 10 min, the temperature distribution becomes more uniform. At this
point, the varnish is nearly fully cured, and the temperature is close to the preset value. In
the cooling phase after 83 min, the varnish near the copper wire cools faster, similar to the
heating phase.

The curing and crosslinking of the varnish are temperature driven, so the distribution
of the curing degree is similar to that of the temperature. As the temperature increases,
the varnish near the copper wire begins to cure first, with the curing degree following a
stepwise pattern. By 31 min, the curing reaction weakens or disappears, and the curing
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degree is nearly complete. Although the temperature starts to drop after 83 min, the low
thermal conductivity of the varnish causes a noticeable thermal lag during both the heating
and cooling phases. As a result, the temperature and curing degree distributions align more
closely, reaching a steady state and indicating that the curing process is nearing completion.

Figure 12. Degree of cure distribution in the cross-section of copper wire and insulating varnish.

Figure 13. Temperature distribution in the cross-section of copper wire and insulating varnish.

The strains in the curing process of insulating varnish primarily consist of the shrink-
age strain generated during curing and the thermal strain caused by temperature changes.
While the material composition influences the shrinkage strain, the thermal strain is af-
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fected by the material’s thermal expansion coefficient and the temperature difference. This
paper presents a preliminary study of the effect of the cure temperature on the cure stress.

The curing process was modified by adjusting the maximum temperature of the post-
rise phase to 130 ◦C. The resulting stress distribution is shown in Figure 14a. The results
show that when the maximum cure temperature is reduced to 130 ◦C, the maximum stress
value decreases to 38.6 MPa, representing a 14.4% reduction.

Figure 14. (a) Stress distribution; (b) strain curve of measurement points.

Figure 14b shows the strain curves of the measured points after optimization. Fol-
lowing the reduction in the post-heating stage temperature, the glass transition of the
insulating varnish exhibits hysteresis, and the strains observed during and at the end of
curing are smaller than those before optimization. This indicates that the post-heating stage
temperature has a significant effect on the residual stress.

5. Conclusions

In this study, the curing process of insulating varnish for a hair-pin motor stator was
monitored with respect to temperature and strain using FBG sensors. The curing kinetics
of the insulating varnish material was investigated, and a simulation model of the process
was developed using the finite element method, leading to the following conclusions:

(1) Both strain and temperature influence FBG sensors, and the temperature can be
monitored using packaged FBG sensors. By analyzing the wavelength shift due to tempera-
ture changes, it is possible to decouple the strain variations. Through non-isothermal differ-
ential scanning calorimetry (DSC) experiments, the curing kinetics model of Voltatex® 4200
insulating varnish, primarily composed of unsaturated polyimide resin, was investigated.
The curing reaction of this insulating varnish is characterized as a self-catalyzed reaction
with a relatively large pre-exponential factor, allowing for rapid curing. Additionally, a
comparison was conducted between the curing kinetics model obtained using the Starink
method and the experimental data, which demonstrated a high degree of consistency.

(2) Based on the material properties of the insulating varnish after curing and the DSC
test data, a three-dimensional simulation model of the curing process was established to
analyze the temperature, degree of cure, and stress distribution. Given that the thermal
conductivity of the flat copper wire is significantly higher than that of the resin and the
silicon steel stator slot, there is a pronounced hysteresis phenomenon in heat transfer within
the stator slot during curing. The temperature and degree of cure of the insulating varnish
near the flat copper wire are greater than those near the stator slot.

In terms of the strain field, thermal strain is the primary influencing factor as curing
nears completion, while shrinkage strain predominates during the initial stages of curing.
The temperature and degree of cure of the insulating varnish near the flat copper wire are
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higher than those near the stator slot. Regarding the strain field, the strain in the insulating
varnish during the initial curing phase is primarily shrinkage strain. In contrast, thermal
strain becomes the primary influencing factor as curing approaches completion.

(3) After curing, the maximum stress occurs at the interface between the flat copper
wire and the insulating varnish, with a maximum stress value of 45.1 MPa. There is
a significant phenomenon of stress concentration, which is a major factor contributing
to insulation defects. By modifying the temperature during the post-heating stage and
using the established simulation model for stress prediction, the results indicate that the
temperature of the post-heating stage also affects the residual stress. Specifically, when the
maximum temperature during the post-heating stage is reduced to 130 ◦C, the maximum
residual stress decreases by 14.4%.

However, there are some limitations to the present study that should be considered
for future research:

(1) The relationships between density, constant pressure specific heat, and thermal
conductivity with the degree of cure are based on assumptions, which may limit the
accuracy of the predictions.

(2) The influence of flow consolidation, which could affect the material’s behavior
during curing, was not incorporated into the simulation model.

(3) The simulation model employs a modified linear elastic constitutive model to
represent the material’s behavior, which replaces the viscoelastic model. This simplifi-
cation might not fully capture the time-dependent behavior of the material during the
curing process.

(4) The long-term effects, such as thermal fatigue, were not specifically investigated.
Thermal fatigue can be a critical factor in materials subjected to cyclic thermal loading, as
the mismatched thermal expansion between the copper wire and the insulating varnish
can lead to further stress accumulation and degradation over time. This could affect the
material’s long-term performance and reliability, which warrants further investigation in
future research.
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Abstract: Acteoside (ACT) is an important medicinal component, but its content is scarce.
To obtain higher purity of ACT, the adsorption method was used to purify it. In this study,
a broad-pore-domain hyper-crosslinked polymer (BHP-Kae) was prepared to adsorb ACT
from Cistanche tubulosa, which is a medicinal plant. BHP-Kae-3 possessed a unique broad-
pore-domain structure. This structure reduced the transfer resistance of ACT and facilitated
the rapid diffusion of ACT into BHP-Kae-3, increasing the adsorption capacity. In addition,
the surface and pore channels of BHP-Kae-3 contained abundant functional groups (-OH,
C=O), which provided a large number of adsorption sites and facilitated ACT adsorption,
thereby improving selectivity. The experimental results showed that BHP-Kae-3 exhibited
a good adsorption capacity for ACT; the adsorption capacity was 105.12 mg/g, and the
selectivity was 3.41. This study demonstrates the potential for efficient separation of natural
products using broad-pore-domain adsorbents.

Keywords: hyper-crosslinked polymer; mesopore; separation; bioactive component

1. Introduction

Cistanche tubulosa is a perennial parasitic plant, which is widely distributed in Inner
Mongolia, Ningxia, Gansu, Qinghai, and Xinjiang [1–5]. It is known for its distinctive
flowers and unique method of obtaining nutrients by parasitizing other plants. The stems
of Cistanche tubulosa are highly valued for their medicinal properties and were recorded
in ancient Chinese medical literature such as Shengnong’s Classic of Materia Medica and
Compendium of Materia Medica [6]. In recent times, the medicinal value of Cistanche tubulosa
has been further explored through pharmacological studies [7]. Acteoside (ACT) (Figure S1)
in Cistanche tubulosa has been found to possess a wide range of therapeutic effects [8].
These include neuroprotective properties [9,10], immune system modulation, anti-aging ef-
fects, prevention of osteoporosis, intestinal laxative properties, and liver protection [11–16].
There are various methods for extracting the active ingredients of ACT from Cistanche
tubulosa. Conventional methods like chromatographic separation and extraction have been
used [17,18], but they have shown limitations in terms of yield. For example, previous
studies by Li et al. using high-speed counter-current chromatography obtained low yields
of ACT [19]. Similarly, Nie et al. used deep eutectic solvent to extract ACT, and the yield
was only 2.13 mg/g [20]. However, a more promising method for extracting bioactive
components from natural products is adsorption [21]. This technique has been proven to
be efficient, energy-saving, easy to operate, and environmentally friendly. Research using
this method has the potential to improve ACT yield and purity.

The adsorption performance of an adsorbent primarily hinges on its physical and
chemical structure [22–24]. Porous organic polymers are a novel type of porous material
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formed through covalent bonding of organic monomers [25,26]. Thanks to their excellent
chemical and thermal stability, high specific surface area, and customizable pore structure,
they have garnered significant attention in recent times [27]. In particular, hyper-crosslinked
polymers possess the advantages of being highly stable [28,29], having a high specific sur-
face area and low density [30], making them an incredibly desirable adsorbent [31,32].
Their stability ensures that they do not degrade in harsh environments or with prolonged
use. Their high specific surface area allows for more adsorption sites, thereby increasing
their adsorption capacity. Hyper-crosslinked polymers are easy to handle and transport
due to their low density, which makes them lightweight [33]. From a synthesis standpoint,
hyper-crosslinked polymers can be rapidly produced by a one-step Friedel–Crafts alkyla-
tion reaction, and the reaction uses inexpensive reagents and mild reaction conditions [34].
The production of hyper-crosslinked polymers not only reduces the production costs, but
also minimizes the environmental effect associated with the use of hazardous reagents and
energy-intensive processes [35]. Overall, the unique physical and chemical properties of
hyper-crosslinked polymers and their ease of synthesis make them a highly attractive ad-
sorbent for various applications, such as gas separation [36], water purification [37,38], and
environmental remediation [39–41]. Researchers and industries are increasingly focusing
on exploring the potential of hyper-crosslinked polymers and developing new techniques
to further enhance their adsorption properties [28].

Kaempferol is a naturally occurring flavonol that contains high concentrations of
phenolic hydroxyl groups [42,43], which contribute to its antioxidant properties [44]. Due
to its polyphenol structure, it is an ideal monomer for the synthesis of hydrophilic hydroxyl
hyper-crosslinked polymers (BHP-Kae) [45,46]. BHP-Kae, synthesized via a Friedel–Crafts
alkylation reaction, possesses a broad-pore-domain structure. This unique structure is
conducive to reducing the transfer resistance of ACT into BHP-Kae, facilitating rapid in-
ward diffusion of ACT and improving the adsorption efficiency of BHP-Kae. Furthermore,
the surface of BHP-Kae is characterized by the presence of hydroxyl groups and benzene
rings. These functional groups have a significant effect on enhancing the interaction forces
between BHP-Kae and ACT. This study also explored the effects of different adsorption
conditions on the adsorption performance of BHP-Kae. The effects of pH [47], temper-
ature [48], and adsorption time on the adsorption process were investigated [49]. The
findings of this study provide valuable insights and guidance for future research in this
field.

2. Experimental Section

BHP-Kae was synthesized using the Friedel–Crafts method. First, 0.18 g of
kaempferol and 0.48 g of 4,4′-bis(chloromethyl)-1,1′-biphenyl were mixed with 40 mL
of 1,2-dichloroethane and sonicated to dissolve completely. Next, 0.30 g of iron (III) chlo-
ride was added to the mixture and then heated at 80 ◦C for a duration of 20 h while being
agitated to complete polymerization. After completion of the reaction, it was cooled to
room temperature and the solid product was collected through centrifugation and washed
three times with ultra-pure water. Finally, methanol was employed as the extraction solvent
for Soxhlet extraction. The resulting product was dried under vacuum at 50 ◦C, resulting in
the formation of a dark green solid powder, which was designated as BHP-Kae-3 (Figure 1).

To examine the effect of reaction time on the adsorption capability of the adsorbent,
BHP-Kae-1, BHP-Kae-2, and BHP-Kae-4 were also synthesized following the same proce-
dure as BHP-Kae-3, but with different reaction times of 4 h, 12 h, and 28 h, respectively.
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Figure 1. Illustration of BHP-Kae synthesis.

3. Results and Discussion

3.1. Characterization of BHP-Kae

Figure 2 displays scanning electron microscope (SEM) and transmission electron
microscope (TEM) images of BHP-Kae at different reaction times. The images revealed
that BHP-Kae possessed a rough microsphere structure, with spheres ranging in diameter
from 300 nm to 1 μm. Figure 2a,b,e,f show rough microsphere structures, which are
caused by short reaction times and incomplete crosslinking. Moreover, the surfaces of
these microspheres became smoother as the reaction time increased, indicating that the
microstructure of BHP-Kae could be adjusted by manipulating the reaction time. Figure 2c,g
provide evidence that when the reaction time reached 20 h, BHP-Kae-3 exhibited a grape-
like structure. Figure 2d,h show that BHP-Kae-4 displayed irregular clusters, which were
attributed to a prolonged reaction time and higher degree of crosslinking. It could be
concluded that controlling the reaction time can adjust the structure of BHP-Kae.

The adsorption–desorption curve and pore size distribution of the adsorbent BHP-
Kae were observed, as shown in Figure 3. In Table S1, the specific surface area and
pore structure parameters of BHP-Kae are given. From the observation of Figure 3a, the
adsorption–desorption curve for BHP-Kae was classified as Type IV, and it showed distinct
H3 hysteresis loops. From these characteristics, it could be inferred that BHP-Kae was a
mesoporous material. The specific surface area and pore size of BHP-Kae varied depending
on the duration of the reaction. Figure 3b shows the broad-pore-domain structure of BHP-
Kae-3, and this structure can effectively reduce the transfer resistance when ACT enters
BHP-Kae. The molecules inside BHP-Kae could be rapidly and inwardly diffused as well,
which would help improve adsorption efficiency.

Based on the parameters shown in Table S1, it was observed that the specific surface
area and pore volume of BHP-Kae initially increased and then decreased as the reaction
time increased. Among the samples, BHP-Kae-3 exhibited the highest specific surface
area of 82.36 m2/g and the largest pore size of 17.07 nm. June et al. [50] reported that
HCP-Fe was 64 m2/g, and this difference may be related to the sample treatment method
in the experiment. The high specific surface area and large pore size of BHP-Kae-3 could
be attributed to a couple of reasons. On the one hand, when the crosslinking time was
either too long or too short, it hindered the formation of microspheres, leading to a de-
crease in the specific surface area. On the other hand, excessive crosslinking led to pore
clogging, which reduced the specific surface area and pore volume. Theoretically, the high
specific surface area and large pore volume provided a significant number of adsorption
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sites. This facilitated transfer and improved the adsorption performance of BHP-Kae from
Cistanche tubulosa.

Figure 2. SEM (a–d) and TEM (e–h) images of BHP-Kae.

Figure 3. N2 adsorption and desorption isotherms (a), and pore size distributions (b) of BHP-Kae.
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To investigate the effect of different reaction times on the hydrophilicity of BHP-Kae,
water contact angle tests were carried out on the adsorbent. The test results are displayed
in Figure 4. It was observed that the water contact angle of BHP-Kae gradually decreased
from 40.1◦ to 23.2◦ as the reaction time increased from 4 h to 28 h. Significantly, when
the reaction time reached 28 h, the water contact angle of BHP-Kae-4 hit its lowest point.
This decline in the water contact angle could be attributed to the presence of abundant
phenolic hydroxyl groups on the surface of BHP-Kae. These phenolic hydroxyl groups
greatly contributed to the hydrophilicity of BHP-Kae, making it exhibit a strong affinity
towards water. These findings highlight the importance of reaction time in determining the
hydrophilicity of the BHP-Kae adsorbent. Consequently, the adsorbent became more and
more hydrophilic, as evidenced by the progressive decrease in the water contact angle.

Figure 4. Water contact angle of BHP-Kae.

In Figure 5, the Fourier transform infrared spectroscopy (FTIR) of BHP-Kae is shown.
The prepared BHP-Kae exhibited a distinctive peak at 3445 cm−1, indicating the presence of
the -OH group on kaempferol. This peak confirmed that the -OH group was not consumed
during the crosslinking process. Additionally, a new peak appeared at 2920 cm−1, which
was attributed to the stretching vibration of the -CH- bonds on the benzene ring. This
peak indicated that the benzene ring was successfully incorporated into the structure of
BHP-Kae. Moreover, the disappearance of the characteristic peak at 725 cm−1 indicated that
the C-Cl bond in 4,4′-bis(chloromethyl)-1,1′-biphenyl was substituted by the benzene ring,
resulting in the embedding of the two aromatic rings into the polymer backbone. These
findings confirm the successful occurrence of the crosslinking reaction and the successful
preparation of BHP-Kae.

Figure 6 presented the zeta potential, which measured the surface charge of BHP-
Kae-3 under different pH conditions. The graph revealed that the zeta potential gradually
decreased as the pH increased from 2 to 6. This was the same as the experimental results of
Li et al. [51] and Wang et al. [52]; in a neutral environment, the zeta potential was negative.
Moreover, the zero charge point (pHZPC) of BHP-Kae-3 was precisely calculated to be 2.82.
This meant that at a pH of 2.82, the surface charge of BHP-Kae-3 was neutral. In general, a
zero charge adsorbent was advantageous for the formation of hydrogen bonds between
the adsorbent and ACT. This was because a neutral adsorbent could establish a strong
interaction through hydrogen bonding. Conversely, negatively charged adsorbents tended
to exhibit an electrostatic attraction to positively charged target molecules, and vice versa.
Notably, in the context of this study, ACT was an acidic molecule, but the zeta potential of
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the ACT solution at this time was −1.2 mV. During the adsorption process of BHP-Kae-3,
the electrostatic interaction was found to be comparatively weak. Instead, the primary
force responsible for adsorption was the formation of hydrogen bonds.

Figure 5. FTIR spectra of BHP-Kae.

Figure 6. Zeta potential of BHP-Kae-3 at different pH.

3.2. Adsorption Evaluation
3.2.1. Effect of Adsorbent Reaction Time

The results depicted in Figure 7 provide insights into the adsorption capacity and selec-
tivity of BHP-Kae for ACT at different reaction times (BHP-Kae-1, BHP-Kae-2, BHP-Kae-3,
and BHP-Kae-4 correspond to 4 h, 12 h, 20h, and 28 h respectively). (High performance
liquid chromatography (HPLC) was used for analysis, and HPLC was used for gradient
elution. The elution conditions were set as showed in Table S2. The fitting standard curves
of ECH and ACT obtained by HPLC are shown in Table S3. The HPLC diagrams of echi-
nacoside (ECH) and ACT were showed in Figure S2.) They clearly demonstrate that the
adsorption capacity and selectivity of BHP-Kae for ACT displayed an initial increment
followed by a subsequent decrement as the reaction time increased. It is noteworthy that
BHP-Kae-3 exhibited the most favorable adsorption performance for ACT, the adsorption
capacity of 77.52 mg/g and a selectivity of 3.41 among the adsorbents examined. This su-
perior performance could be attributed to two main reasons. On the one hand, BHP-Kae-3
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possessed a broad-pore-domain structure. This unique pore structure facilitated the fast
inward diffusion of molecules, thereby enhancing the monolithic transferred capacity of the
adsorbent. On the other hand, BHP-Kae-3 contained hydroxyl and benzene rings, which
interacted with ACT through multiple forces of interaction. These multiple interactions fur-
ther enhanced the selective adsorption of ACT. The hydroxyl groups and benzene rings in
BHP-Kae formed various types of interactions (hydrogen bonding, Van der Waals force and
π–π interactions) with ACT, resulting in an improvement in the adsorption performance of
BHP-Kae-3. Therefore, the following studies were all aimed at the adsorption evaluation
of BHP-Kae-3.

Figure 7. Adsorption performance of the BHP-Kae obtained at different reaction times.

3.2.2. Effect of ACT Concentration

Figure 8 depicts the influence of various initial concentrations on the adsorption
performance of BHP-Kae-3. The observed trend indicated that the adsorption capacity of
BHP-Kae-3 for ACT consistently rose as the concentration of ACT increased until it reached
a point of adsorption equilibrium. As the concentration of ACT in the adsorption solution
gradually increased, the number of ACT present also increased. It should be noted that the
adsorption sites available on the surface of BHP-Kae-3 were limited. Therefore, the number
of ACT occupying the adsorption sites on BHP-Kae-3 also increased as the concentration of
ACT continued to rise. This led to a gradual accumulation of ACT on the BHP-Kae-3 until
all the adsorption sites became fully occupied.

Figure 8. Effect of initial concentrations of ACT on BHP-Kae-3 adsorption performance.
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3.2.3. Effect of pH

Figure 9 illustrates the adsorption performance of BHP-Kae-3 for ACT under various
pH. The pH of the solution directly influenced the stability of ACT and the formation of
hydrogen bonds between the adsorbent and ACT. ACT is an acidic molecule that requires
specific pH conditions to maintain its stability in solution. Therefore, it is crucial to control
the pH of the solution within the range of 2 to 7. Further analysis of Figure 9 shows that
altering the pH had a significant effect on the adsorption process of the adsorbent. The
adsorption capacity of BHP-Kae-3 for ACT increased initially and then decreased with the
increase in pH. Considering both the adsorption capacity and selectivity of BHP-Kae-3 for
ACT, it was found that the optimal pH value of the adsorption solution was 5.

Figure 9. Effect of pH on BHP-Kae-3 adsorption performance.

The reason behind this phenomenon is that the adsorbed solution had a strong polarity
at pH = 2. This strong polarity inhibited the formation of hydrogen bonds between BHP-
Kae-3 and ACT. In the absence of hydrogen bonding, BHP-Kae-3 had a lower adsorption
capacity for ACT. The polarity of the adsorbed solution was weakened as the pH value
increased, allowing BHP-Kae-3 and ACT to form stronger interactions. These hydrogen
bonds facilitated the adsorption process, which led to a higher adsorption capacity of
BHP-Kae-3 for ACT. This suggests that the adsorbent possessed enhanced adsorption
capacity towards ACT and effectively captured more ACT at pH = 5.

3.2.4. Influence of Adsorption Temperature

Figure 10 illustrates the adsorption performance of BHP-Kae-3 for ACT at various
temperatures. The figure clearly shows that as the temperature increased from 20 ◦C to
40 ◦C, the adsorption capacity and selectivity gradually decreased. This decline could be
attributed to the fact that the adsorption process of BHP-Kae-3 for ACT was an exothermic
reaction, meaning that lower temperatures were more favorable for the adsorption of ACT
by BHP-Kae-3. Considering the desired adsorption capacity and selectivity, it could be
concluded that the optimal temperature for adsorption was 20 ◦C.
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Figure 10. Effect of adsorption temperature on BHP-Kae-3 adsorption performance.

3.3. Study on Adsorption Kinetics of BHP-Kae-3

A series of experiments were conducted to further explore the adsorption kinetics
of BHP-Kae-3 for ACT. Upon analyzing Figure 11a, it was observed that the adsorption
capacity of BHP-Kae-3 for ACT gradually increased with the passage of time until it
reached the equilibrium state. Based on the experimental findings, it was found that the
adsorption of BHP-Kae-3 for ACT reached equilibrium after approximately 50 min. It could
be concluded that the adsorption of BHP-Kae-3 for ACT was a rapid adsorption process.

The results shown in Figure 11b–d and Table S4 clearly illustrate that the theoretical
adsorption capacity predicted by the pseudo-second-order kinetic model closely matched
the experimental value. Additionally, the correlation coefficient of the pseudo-second-
order kinetic model was higher than that of the pseudo-first-order model and Ritchie-
second-order [53,54] kinetic model. Based on these findings, it could be concluded that the
pseudo-second-order kinetic model was more suitable and reliable for characterizing the
adsorption phenomenon of BHP-Kae-3 in ACT.

Figure 11d and Table S5 illustrate the adsorption of BHP-Kae-3 for ACT, depicted
by fitting the curve with the intra-particle diffusion model. The curve obtained from the
experimental data did not intersect the origin, indicating that there was no singular rate-
limiting step in the adsorption process. The adsorption of ACT by BHP-Kae-3 consisted
of three distinct stages. The first stage was known as surface diffusion control stage, in
which ACT diffused from the adsorbed solution to the BHP-Kae-3 surface to complete the
surface adsorption process. The second stage was governed by intra-particle diffusion, in
which ACT penetrated from the surface to the interior of BHP-Kae-3 through its broad-
pore-domain structure. The third stage represented the equilibrium stage of adsorption
and desorption. In this stage, the diffusion rate gradually decreased until it reached zero,
signifying the attainment of equilibrium between the adsorption and desorption processes.
Based on the adsorption kinetics observed for BHP-Kae-3, it could be concluded that the
adsorption of ACT by BHP-Kae-3 was a rapid process.
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Figure 11. Adsorption kinetics of ACT on BHP-Kae-3: adsorption time (a), pseudo-first-order
model (b), pseudo-second-order model (c), Ritchie-second-order model (d), and intra-particle dif-
fusion model (e). (Qt (mg/g) and Qe (mg/g) represent the adsorption capacity at t (min) and the
adsorption capacity at equilibrium, respectively).

3.4. Thermodynamic Study on Adsorption of BHP-Kae-3

Figure 12 investigates the adsorption phenomenon of BHP-Kae-3 for ACT through
thermodynamic studies. The adsorption capacity of BHP-Kae-3 also gradually increased
until it reached a state of equilibrium as the initial concentration of ACT increased, as shown
in Figure 12a. Furthermore, it was evident from different adsorption temperatures that the
adsorption capacity of BHP-Kae-3 for ACT decreased as the adsorption temperature in-
creased. This suggested that the adsorption process was exothermic during the adsorption
of ACT into BHP-Kae-3. The results revealed that the higher initial concentrations and the
lower temperature led to increased adsorption capacity.
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Figure 12. Adsorption isotherms of ACT on BHP-Kae-3: adsorption isotherms (a), Freundlich
isotherm model (b), Langmuir isotherm model (c), Liu isotherm model (d), and thermodynamics of
adsorption (e). (Qe (mg/g) represents the equilibrium adsorption capacity of the adsorbent for ACT.
Ce (mg/mL) represents the equilibrium concentration. Kd represents the partition coefficient).

To study the adsorption process of BHP-Kae-3 for ACT in more detail, the Freundlich,
Langmuir, and Liu [55] isotherm models were employed to fit the adsorption isotherm data
(Figure 12b–d, Table S6). Analyzing the fitted data revealed that the Liu isotherm model
yielded a higher correlation coefficient value compared to the Freundlich isotherm and
Langmuir isotherm models at each adsorption temperature. Furthermore, the adsorption
capacity calculated using the Liu isotherm model exhibited closer agreement with the
experimental value. Consequently, the Liu isotherm model could describe the adsorption
process of BHP-Kae-3 on ACT.

In order to further study the adsorption thermodynamics of the adsorption process, the
change in enthalpy (ΔH), the change in Gibbs free energy (ΔG), and the change in entropy
(ΔS) were calculated to explore the adsorption thermodynamics. The magnitude of ΔH was
less than 40 kJ/mol, indicating that the adsorption process was predominantly governed
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by weak intermolecular forces and was a physical adsorption process. The calculated value
of ΔG was negative and exhibited a decreasing trend with increasing temperature. This
indicated that the surface adsorption process was spontaneous. Furthermore, the positive
value of ΔS indicated that the affinity of BHP-Kae-3 for ACT increased during adsorption
(Table S7). This further supported the spontaneous and exothermic physical adsorption
process for the adsorption of ACT by BHP-Kae-3.

3.5. Adsorption Mechanism
3.5.1. XPS Analysis

Figure 13 presents the XPS spectra of BHP-Kae-3 before and after the ACT adsorption
process. In Figure 13a, it is evident that the peak value of the oxygen element in the
adsorbent BHP-Kae-3-ACT shifted in energy after ACT adsorption, indicating the formation
of hydrogen bonds between BHP-Kae-3 and ACT.

Figure 13. XPS spectra of BHP-Kae-3 before and after adsorption ACT: wide scans (a), O 1s (b), C 1s (c).

In Figure 13b, the XPS spectra of O 1s of BHP-Kae-3 and BHP-Kae-3-ACT are presented.
Before the adsorption process, there was a prominent peak observed at 533.25 eV, indicating
the presence of hydroxyl (-OH) groups on the BHP-Kae-3 surface. After the adsorption of
ACT, the peak shifted slightly to 533.18 eV. This shift suggests that a hydrogen bonding
interaction had occurred between the oxygen atom on BHP-Kae-3 and ACT.

Figure 13c presented XPS spectra of C 1s for two samples, BHP-Kae-3 and BHP-Kae-
3-ACT. The spectrum of BHP-Kae-3 displayed three distinct peaks at 284.29, 284.68, and
283.79 eV, which corresponded to different carbon–oxygen (C-O), carbon–carbon (C-C),
and carbon–carbon double bond (C=C) functionalities present in the benzene ring. The
C-O peak shifted to 284.22 eV, the C-C peak shifted to 284.57 eV, and the C=C peak shifted
to 283.75 eV. These shifts could be attributed to the formation of hydrogen bonds and
π–π interactions between the adsorbent and ACT during the adsorption process. This
information is visually represented in Figure S3, illustrating each force involved in the
adsorption phenomenon.
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3.5.2. Molecular Simulation

In order to fully understand the interaction between BHP-Kae-3 and ACT, DFT cal-
culations (Gaussian 09W) were used to explain the mechanism of their interaction. The
optimal binding configuration and interaction patterns of BHP-Kae-3 and ACT were de-
termined by DFT calculations, as shown in Figure 14. A unit on BHP-Kae-3 was chosen
for the calculation because it could provide binding sites during the adsorption process
and interact with ACT. In addition, the complexes were analyzed by independent gradient
modeling (IGM) using Multiwfn software (Multiwfn_3.8_dev_bin_Win64) [56–58]. It was
observed that hydrogen bonding and van der Waals interactions occurred simultaneously
during the adsorption process. This was consistent with the results of the XPS analysis.

Figure 14. IGM analysis of binding configurations between fragments on BHP-Kae-3 and ACT:
(a–d) four different locations in the BHP-Kae-3 building unit are combined with ACT.

3.6. Study on Regeneration Ability of BHP-Kae-3

The regeneration ability of BHP-Kae-3, a material used for practical applications,
was found to be highly important. In order to evaluate its performance, the change in
the adsorption capacity of BHP-Kae-3 for ACT was analyzed over the course of eight
adsorption–desorption cycles, as depicted in Figure 15. According to the data presented in
the figure, it can be observed that after BHP-Kae-3 was subjected to eight consecutive ex-
periments, the adsorption capacity for ACT decreased from an initial value of 105.12 mg/g
to 87.66 mg/g. Nonetheless, even after these cycles, the adsorption capacity of BHP-Kae-3
remained above 83% of its original value. Table S8 compared the adsorption capacity of
BHP-Kae-3 and other previously reported adsorbents for ACT. Compared with other adsor-
bents, BHP-Kae-3 showed the maximum adsorption capacity and selectivity for ACT. From
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these results, one can confidently infer that BHP-Kae-3 possesses excellent regeneration
ability and is therefore a suitable material for the adsorption of ACT.

Figure 15. Adsorption–desorption cycle experiments of ACT on BHP-Kae-3.

4. Conclusions

In this study, a series of BHP-Kae adsorbents were successfully synthesized using the
Friedel–Crafts reaction method. This method allowed adsorbents to effectively adsorb ACT.
The pore structure of the BHP-Kae adsorbents was adjusted by controlling the reaction
time. Compared with BHP-Kae-1, BHP-Kae-2, and BHP-Kae-4, the pore size of BHP-Kae-3
increased by 8.2%, 2.3%, and 1.7%, the pore volume increased by 1914.3%, 1310.0%, and
74.1%, and the specific surface area increased by 342.3%, 290.0%, and 150.9%, respectively.
Specifically, when the reaction time was 20 h, the resulting BHP-Kae-3 exhibited a broad-
pore-domain structure. Adsorption reached equilibrium quickly because the broad-pore-
domain structure facilitated fast intra-molecular diffusion by reducing transfer resistance.
Moreover, the surface of BHP-Kae-3 was rich in hydroxyl groups and benzene rings.
These chemical groups possessed the ability to interact with ACT through multiple forces,
including hydrogen bonding and π–π interactions. In addition, BHP-Kae-3 demonstrated
excellent regeneration performance. The experimental results showed that, compared with
BHP-Kae-1, BHP-Kae-2, and BHP-Kae-4, the adsorption capacity of BHP-Kae-3 increased
by 111.7%, 85.8%, and 50.9%, and the selectivity was increased by 127.3%, 52.9%, and
42.1%, respectively. Broad-pore-domain adsorbents, as effective adsorbents, open up new
possibilities for the extraction and purification of other bioactive compounds.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym17010079/s1, Figure S1: the structural formula of
ACT; Figure S2: HPLC chromatogram of ACT and ECH; Figure S3, the main interaction between
BHP-Kae-3 and ACT; Table S1, specific surface area parameters and pore structure of BHP-Kae;
Table S2, the gradient elution condition of HPLC; Table S3, the calibration curves of ACT and ECH;
Table S4, kinetics parameters of ACT adsorption on BHP-Kae-3; Table S5, intra-molecule diffusion
coefficient of ACT on BHP-Kae-3; Table S6, adsorption isotherm parameters for BHP-Kae-3; Table S7,
thermodynamic parameters of ACT adsorption; Table S8, comparing the adsorption capacities of
various ACT adsorbents [19,20,59–61].
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Abstract: The microstructure and properties of a new type of carbon black produced by a
domestic company through a new process were systematically characterized by scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), Raman spectroscopy,
and X-ray diffraction (XRD). The vulcanization properties, mechanical properties, and
electrical conductivity of the new carbon black with different filler amounts were inves-
tigated in styrene butadiene rubber (SBR), using the traditional reinforcing filler N660
carbon black as a control. The experimental results demonstrate that the new carbon black
exhibits a stratified structure with a specific surface area of 345.96 m2/g, and its particle
size distribution is primarily concentrated within the 0.1–1 μm range. When the filling
ratio was 30 phr/100 phr, the tensile strength of SBR composites filled with the new carbon
black increased by 12.3% and the tear strength increased by 9.6% compared with those
filled with N660 carbon black. In summary, the new carbon black can significantly improve
the comprehensive performance of SBR composites and reduce the production cost. This
provides a new type of material for the rubber industry that takes into account both econ-
omy and performance while also providing reference data for basic research in the field of
SBR.

Keywords: SBR; new carbon black; N660 carbon black; reinforcement materials

1. Introduction

Carbon black is mainly composed of carbon with small amounts of nitrogen, hydrogen,
and oxygen and has an amorphous carbon structure [1]. With its excellent reinforcing
ability, carbon black is widely used in industrial production [2]. However, the preparation
process of traditional carbon black has high energy consumption and serious pollution
emission, so the development of high-performance rubber-reinforcing materials with
low cost and low pollution characteristics has become a research focus of academic and
industrial attention [3]. SBR is a general-purpose synthetic rubber made from butadiene
and styrene through polymerization, which plays an irreplaceable role in various fields due
to its excellent electrical conductivity, tear resistance, environmental friendliness, and low
cost. However, pure SBR itself has low strength and modulus, and in practical applications,
it is often necessary to enhance its comprehensive performance by adding reinforcing
materials [4].

Chengyu Tang et al. [5] found that the new homemade high-structure carbon black
with high specific surface area and high structural characteristics can significantly improve
the tensile and tear strength of natural rubber while optimizing the vulcanization charac-
teristics and showing excellent reinforcing ability. Lili et al. [6] explored the synthesis of
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graphene oxides and reduced graphene by using graphite foil waste as a carbon precursor,
which provided a new way for the preparation of low-cost graphene materials. Yanchen
Fang et al. [7] used plasma-modified pyrolytic carbon black and filled it into natural rubber,
and found that the modified carbon black had smaller particle size and more uniform
distribution and bonded more tightly with the rubber matrix. They also found that the
fatigue life of the composite material was extended by 107%. Lei Gao et al. [8] showed
that lignin-reinforced emulsion-polymerized SBR could form a good interfacial bond and
significantly improve material properties. Tilun et al. [9] improved the filler dispersion
and mechanical properties of SBR by using a waste catalyst as filler and utilizing its micro
porous structure and active components.

A new carbon black prepared by a domestic company using a new process, while
reducing the emission of pollutants in the production process, retains and improves the
reinforcing properties of carbon black, and the cost is only two-thirds of the traditional
N660 carbon black. As a classic medium reinforcing material, N660 carbon black is widely
used in industrial fields [10]. Compared with the traditional high-reinforcing carbon black,
the comparative study of N660 carbon black and the new carbon black can better reflect
the potential advantages of the new carbon black. By systematically analyzing the effect of
the new carbon black produced by the new process on the performance of SBR, this study
provides important theoretical support and practical reference for the new carbon black to
partially replace the N660 carbon black as a rubber-reinforcing material.

2. Materials and Methods

2.1. Experimental Raw Materials and Formulations

The raw materials and formulations (mass/phr) for the SBR experiments were as fol-
lows: SBR1502 100, zinc oxide (ZnO) 5, stearic acid (SA) 1, Si 69 2, accelerator CZ 1.5, rubber
accelerator TMTD 1.5, sulphur 0.5, N660 carbon black, and new carbon black (variable).

2.2. Instruments and Equipment

BL-6175-BL double-roller opener (Baolun Precision Testing Instrument Co., Ltd., Dong-
guan, China); GT-7016-AR pneumatic automatic slicer (LX-A Shore’s Rubber Hardness
Tester (Shanghai Liuling Instrument Factory, Shanghai, China); MDR2000 Rotorless Vulcan-
izing Instrument (Alpha Corporation, Dulles, VA, USA); HS-100T-2 Rubber Vulcanizing
Machine (Shenzhen Jiaxin Electronics Co., Ltd., Shenzhen, China); GT-AI-7000M Tensile
Tester (High Speed Rail Technology Co., Ltd., Beijing, China); ZGS-170808T-722 Wide-
Frequency Dielectric Impedance Spectrometer (Beijing Huidexin Technology Co., Ltd.,
Beijing, China).

2.3. Experimental Scheme

SBR composites and specimens were prepared to study the effect of new carbon black
on SBR vulcanization characteristics, mechanical properties, and electrical conductivity.
The specific experimental steps are as follows:

Before beginning, clean the rollers of the mixing machine. Next, weigh the SBR and
place it into the mixer to soften it until the rubber surface becomes smooth and uniform,
followed by mixing. Gradually add the temperature-sensitive raw materials, ensuring they
are well mixed, then add the reinforcing materials. Finally, add sulfur, mix thoroughly,
adjust the roller pitch, and perform the triangular package operation 8 times until the
rubber is in sheet form and set aside. After letting the rubber rest for 24 h, measure the
vulcanization curve using a rotorless vulcanizer to determine the optimal vulcanization
time (t90). Then, carry out vulcanization at 160 ◦C for (t90 + 2 min) under a pressure of
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10 MPa and prepare standard samples. Test the prepared SBR composites and analyze
them for vulcanization properties, mechanical properties, and electrical conductivity.

2.4. Performance Test

A scanning electron microscope (SEM) was utilized to observe the microscopic mor-
phology of the new carbon black as well as the cross-section structure of the rubber com-
posite with a resolution of 1 nm (accelerating voltage 15 kV). The vulcanization properties
were tested according to the GB/T 9869-2014 standard, the tensile properties were tested
according to the GB/T 528-2009 standard, and the tear strength was tested according to
the GB/T 529-2008 standard. A broadband dielectric impedance spectrometer was used to
determine the conductivity of the composites. The specific surface area of the new carbon
black was tested using the Brunauer–Emmett–Teller method (BET). Graphitization degree
and structural defects of new carbon black were analyzed by Raman spectroscopy at a
fixed collection angle of 90◦ and by the ratio of the intensity of the D peak to that of the
G peak (ID/IG). X-ray diffraction (XRD) was used to analyze the physical phase of the
new carbon black, and the compacted samples were placed on blank slides and sent to
the sample chamber, using Cu target Kα-rays with a scanning range of 0–90◦. Differential
scanning calorimetry (DSC) was used to characterize the glass transition temperature (Tg)
of the composites.

3. Results and Analysis

3.1. Specific Surface Area and SEM

BET test results show that the specific surface area of the new carbon black is 345.96 m2/g.
Using SEM at 20,000 times magnification to visualize the new carbon black material, as shown
in Figure 1a, it can be seen that the new carbon black has a stratified structure and is irregular
in shape. The stratified structures of different sizes are closely packed together to form carbon
black aggregates, and there is a certain amount of void between the aggregates, contributing
to the overall roughness of the structure. Using SEM at 50,000 times magnification to visualize
the new carbon black material, as shown in Figure 1b, it can be seen that the new carbon black
is mainly in the form of flakes or lumps, with a rough surface and irregular edges, and the
voids between particles are more obvious and have a larger aspect ratio.

  
(a) (b) 

Figure 1. SEM of new carbon black: (a) magnification 20,000 times; (b) magnification 50,000 times.

3.2. Laser Particle Size

Figure 2 shows that the particle size of the new carbon black is more concentrated,
and its peak corresponds to a smaller particle size, mainly in the range of 0.1–1 μm, with
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micrometer and nanometer fine particle characteristics, showing good dispersion and
filling uniformity. This particle size distribution helps the new carbon black form a uniform
dispersion network within the rubber matrix, preventing the issue of stress concentration
caused by particle aggregation [11].

Figure 2. Particle size of new carbon black.

3.3. EDS

As shown in Figure 3, through energy dispersive spectrometer (EDS) analysis of the
new type of carbon black, the carbon mass fraction is 87.13%, and the atomic fraction is
90.95%; the oxygen mass fraction is 10.2%, and the atomic fraction is 7.99%. The presence
of oxygen imparts a certain degree of oxidizing properties to the surface of the carbon
black particles, which facilitates chemical reactions with the rubber matrix and enhances
interfacial bonding. Additionally, the presence of impurities such as aluminum, silicon, and
calcium provides the potential for performance improvement of the composite material.
These impurities create a synergistic effect with the reinforcing role of carbon black, making
it a multifunctional and cost-effective rubber filler.

Figure 3. EDS of the new carbon black.
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3.4. Raman Spectra

The D peak and G peak in Raman spectroscopy are key peaks used to characterize the
properties of carbon materials. The D peak is closely related to the defects and amorphous
carbon in the material, reflecting the degree of disorder, while the G peak is associated with
the C-C stretching vibration in graphite crystals, reflecting the degree of graphitization or
structural order of the material [12].

As shown in the Raman spectra in Figure 4, the D peak of the new carbon black appears
at 1570 cm−1, and the G peak is located at 1485 cm−1. Both peaks are pronounced, with the
ID/IG ratio greater than 1, suggesting a higher content of disordered or defective carbon,
along with some degree of graphitization. The high intensity of the D peak suggests
a greater presence of defective structures and amorphous carbon, while the moderate
intensity of the G peak indicates that the new carbon black possesses both a disordered
structure and the ability to form a conductive network while still maintaining some level of
graphitization. Increased structural disorder and defects in the new carbon black enhance
the number of active sites on its surface, providing more opportunities for bonding with
the rubber matrix or other components. This can strengthen the filler–matrix interactions
and, potentially, improve the properties of the composites.

Figure 4. Raman spectra of the new carbon black.

3.5. XRD

Figure 5 shows the XRD refinement of the new carbon black. The cell parameters
were calculated by performing Rietveld refinement on the XRD patterns using High-
score plus (ver4.8) software with an initial refinement model of C (space group of R-3m,
ICDD = 199,068). The back bottom was fitted using the polynomial function and the peak
profile was fitted using the pseudo-Voigt function. Refinement confidence criteria refer-
ences: Rwp < 10%, Rp < 10% and the goodness of fit (χ2) < 2. The black computed spectral
lines in the refined plots have a better fit to the red measured curves, indicating the high
reliability of the refined results, which is further supported by the lower confidence factors
(Rwp, Rp, and χ2) [13].
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Figure 5. XRD refinement of the new carbon black.

From the match between the Bragg position and the diffraction peaks, it can be seen
that the new carbon black exhibits strong crystalline features with a certain degree of long-
range ordering within its crystal structure. The main diffraction peaks are concentrated
between 2θ = 20◦~30◦, with cell parameters a = b = 2.38416, c = 10.60064, suggesting that
the crystals may have hexagonal symmetry. The lattice angles are α = β = 90◦, γ = 120◦,
the cell volume = 52.183463, and the diffraction peak width is moderate, indicating that
the grain size of the new carbon black is small, with the potential for microscopic strain on
its surface.

4. Discussion of Results

4.1. Dispersibility

Good dispersibility ensures that stress is evenly transferred within the rubber ma-
terial under external forces, preventing stress concentration and improving mechanical
performance [14].

After the NBR composites were subjected to low-temperature embrittlement, the
dispersion of the new carbon black particles in the rubber matrix was observed by SEM.
As shown in Figure 6a, in the 20 phr new carbon black-filled SBR composites, the carbon
black particles were uniformly distributed with moderate particle spacing, indicating
good dispersion and some reinforcing effect. Despite the irregular shape and large size
of the new carbon black particles, the overall interfacial bonding was good. As shown in
Figure 6b, when the filling amount of the new carbon black was increased to 40 phr, the
particle density increased significantly, and significant agglomeration also occurred. The
bright areas show larger agglomerates, which may lead to localized stress concentration.
As shown in Figure 6c, in the 20 phr N660 carbon black-filled SBR composites, the N660
carbon black particles were more uniformly distributed, with finer and denser distribution
of bright spot areas. As shown in Figure 6d, when the filling amount of N660 carbon
black was increased to 40 phr, although the particle density was increased and some
agglomeration phenomenon appeared, the size of the agglomerates was smaller, and the
overall dispersion was better than that of the new carbon black.

From the above analysis, it can be seen that both the new carbon black and N660
carbon black exhibit strong molecular chain adsorption and entanglement in SBR.
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Figure 6. SEM images of different amounts of new carbon black- and N660 carbon black-filled SBR:
(a) filled with 20 phr new carbon black; (b) filled with 40 phr new carbon black; (c) filled with 20 phr
N660 carbon black; (d) filled with 40 phr N660 carbon black.

4.2. DSC

As shown in Figure 7, the glass transition behavior of the SBR composites was inves-
tigated by DSC. It was found that the median Tg of the new carbon black-filled SBR was
−48.9 ◦C, which is slightly lower than that of the conventional N660 carbon black-filled
SBR (Tg = −47.8 ◦C) by about 1.1 ◦C. This suggests that the new carbon black exerts a
weaker restriction on the movement of the rubber molecular chain segments.

Figure 7. The glass transition temperature of 40 phr N660 carbon black- and new carbon
black-filled SBR.

This phenomenon is closely related to the microstructure of the new carbon black
and its interfacial interaction with the matrix due to its high specific surface area and
uniform particle distribution. The new carbon black can form a more homogeneous filler
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network in the matrix. This network helps reduce the excessive binding of the local
chain segments, allowing the rubber molecular chains greater freedom of movement [15].
Additionally, the lower surface energy of the new carbon black may reduce the physical
forces between it and the SBR molecules, thus lowering the stiffness of the composite. The
lower Tg indicates that the material exhibits superior flexibility and cold resistance at low
temperatures, providing a potential advantage for applications involving the new carbon
black in low-temperature conditions.

4.3. Vulcanization Properties

The effects of the dosage of new carbon black and N660 carbon black on the vulcaniza-
tion characteristics of SBR composites are shown in Tables 1 and 2. The maximum torque
(MH) of the SBR composites increased from 16.123 dN·m to 20.754 dN·m with the increase
in the dosage of new carbon black, which reflects the shear modulus of the vulcanized
rubber and represents the strength of interaction between the rubber and the filler. This
change indicates that the incorporation of the new carbon black significantly increased
the cross-link density of the SBR composites. Meanwhile, the minimum torque (ML) in-
creased from 1.057 dN·m to 2.122 dN·m, indicating that the mobility of the composites
gradually weakened with the increase in the content of the new carbon black. In addition,
the difference between the maximum and minimum torque (MH − ML) increased from
15.066 dN·m to 18.628 dN·m, which is an important indicator of the degree of vulcanization
cross-linking [16]. Compared with the S1-S4 samples (filled with N660 carbon black) and
the S5-S8 samples (filled with new carbon black), the degree of cross-linking between the
two samples was similar at 20–30 phr, and with the further increase in filler, the dispersion
of the new carbon black was slightly worse than that of N660 carbon black, resulting in a
slightly lower degree of cross-linking in SBR composites filled with new carbon black than
N660 carbon black.

Table 1. Variable.

Component
Sample Number

S1 S2 S3 S4 S5 S6 S7 S8

New carbon black 0 0 0 0 20 30 40 50

N660 carbon black 20 30 40 50 0 0 0 0

Table 2. Vulcanization properties of N660 carbon black- and new carbon black-filled SBR.

Project
Sample Number

S1 S2 S3 S4 S5 S6 S7 S8

MH/(dN·m) 16.916 19.506 22.384 23.83 16.123 18.275 19.999 20.75
ML/(dN·m) 0.948 1.135 1.304 1.364 1.057 1.397 1.798 2.122

MH − ML/(dN·m) 15.968 18.371 21.08 22.466 15.066 16.878 18.201 18.628
t90/min 7:18 6:37 6:05 5:39 5:47 6:05 6:10 6:17

The small change in t90 indicates that the addition of the new carbon black has a limited
effect on vulcanization efficiency, allowing for the maintenance of high vulcanization
efficiency. The vulcanization time of the S5–S8 samples ranges from 6:05 min to 6:17 min,
which is significantly shorter compared to the S1–S2 formulations using N660 carbon
black. This demonstrates that the new carbon black has a beneficial effect on promoting the
vulcanization reaction. This improvement is primarily due to the active functional groups
on the surface of the new carbon black. As a result, the cross-linking reaction is accelerated,
making the vulcanization system more efficient.
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4.4. Mechanical Properties

The effect of the dosage of new carbon black and N660 carbon black on the mechanical
properties of SBR composites is shown in Table 3. The tensile strength of SBR composites
increased significantly with the increase in carbon black and new carbon black filler. At 20
phr, the tensile strength of the new carbon black-filled SBR was 10.4 MPa, which was 7.2%
higher than that of the N660 carbon black-filled SBR of 9.7 MPa, and the two reinforcing
materials had similar enhancement effects at low filler levels. When the filling amount
increased to 30 phr, the tensile strength of the new carbon black-filled SBR increased
significantly to 18.3 MPa, which was 12.3% higher than that of the N660 carbon black-filled
SBR at 16.3 MPa, showing a better reinforcing effect. When the filling amount was increased
to 40 phr, the tensile strength of the new carbon black-filled SBR was 22.2 MPa, which was
4.4% higher than that of the N660 carbon black-filled SBR at 21.27 MPa. When further
increased to 50 phr, the tensile strength of the new carbon black-filled SBR was 23.6 MPa,
which was 5.2% higher than that of the N660 carbon black-filled SBR of 22.43 MPa. It is
true that the new carbon black is slightly less dispersed compared to N660 carbon black,
but the higher tensile strength observed in the new carbon black-filled SBR composites can
be attributed to its unique lamellar structure as well as a degree of oxidizing properties
on its surface, which facilitates its chemical reaction with the rubber matrix and enhances
the interaction between the carbon black particles and the SBR matrix. In summary, the
tensile strength of the new carbon black-filled SBR was always higher than that of the N660
carbon black-filled SBR at the same filling amount, and the reinforcing effect was the most
significant at 30 phr, but the two reinforcing effects were gradually close to each other with
the increase in the filling amount.

Table 3. Mechanical properties of N660 carbon black- and new carbon black-filled SBR.

Project
Sample Number

S1 S2 S3 S4 S4 S6 S7 S7

Shore A hardness/A 55 59 64 67 54 57 61 64
Tensile strength/MPa 9.7 16.3 21.27 22.43 10.4 18.3 22.2 23.6
Elongation at break/% 214.3 258.7 259.82 232.02 211.8 222.2 279.1 255.4
Tear strength/kN·m−1 22.4 33.46 40.02 47.67 24.46 35.53 43.86 50.87

The tear strength of SBR composites increased with the increase in both carbon black
and new carbon black filler amount. Compared with N660 carbon black, the new carbon
black showed more significant reinforcement effects at different filler levels. The tear
strength of SBR filled with new carbon black was always higher than that of SBR filled
with N660 carbon black under the same filling amount, and the tear strength of SBR filled
with new carbon black reached 43.86 MPa at 30 phr, while that of SBR filled with N660
carbon black reached 40.02 MPa, with an increase in tear strength of 9.6%. The network
structure of the molecular chains of the composites was enhanced with the increase in the
filler amount, and the elongation at break increased significantly. However, when the filler
amount exceeded 40 phr, the elongation at break tended to stabilize or even decrease due
to the decrease in filler dispersion and the appearance of agglomeration phenomenon. At
the same time, the distribution density of filler particles in the matrix increased, forming a
more compact network structure and leading to a further increase in the hardness of SBR.

4.5. Electrical Properties

Figure 8 demonstrates the effect of filling different amounts of N660 carbon black
(S1-S4) and new carbon black (S5-S8), respectively, in a 100 phr SBR matrix on the electri-
cal conductivity of vulcanized rubber. The conductivity of both carbon blacks increases
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with the increase in the filling level. In the N660 carbon black-filled formulation, the
conductivity is gradually improved with the increase in the filling amount. Among them,
S1 has the lowest conductivity of about 5.58485 × 10−8 S/cm, and S4 has the highest
conductivity of about 5.82370 × 10−7 S/cm. In the new carbon black-filled formulation,
the conductivity also increases with the increase in the filling amount. S5 has a conduc-
tivity of 7.64468 × 10−8 S/cm, which is about 4% higher than that of the N660 carbon
black-filled SBR composite with the same filling amount. The conductivity of S5 was
7.64468 × 10−8 S/cm, which was about 4% higher than that of N660 carbon black-filled
SBR composites with the same filling amount, and the conductivity of the S8 formula
reached 6.55498 × 10−7 S/cm, which was about 13% higher than that of N660 carbon
black-filled SBR composites with the same filling amount.

Figure 8. Electrical conductivity of N660 carbon black- and new carbon black-filled SBR.

Comparative results show that the conductivity of the new carbon black is overall
better than that of N660 carbon black at the same filler level, and this difference is more
significant at high filler levels. This could be attributed to the microstructure and interfacial
properties of the new carbon black, which allows it to form a more efficient conductive
network within the composites. This performance advantage highlights the potential of
new carbon black for applications in conductive materials [17].

5. Conclusions

By analyzing the properties of the new carbon black, the following conclusions were
drawn: the new carbon black can partially replace N660 carbon black as a reinforcing filler
for SBR. When the filling amount of the new carbon black is 30 phr per 100 phr of SBR, the
tensile strength is increased by 12.3% and the tear strength is increased by 9.6% compared
with N660 carbon black-filled SBR composites, while the hardness is reduced. The new
carbon black helps improve the vulcanization efficiency of SBR, which can shorten the
vulcanization time t90 of SBR and ensure the uniformity and stability of the vulcanization
reaction. In addition, the new carbon black has a stronger conductive reinforcement effect
due to its lamellar structure, larger specific surface area, and multi-defect structure. Finally,
the new carbon black has economic and environmental advantages—its price is only two-
thirds of N660 carbon black and environmental protection is higher—to meet the green
low-carbon production requirements.
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Abstract: The tribological performance of Glass Fiber Reinforced Polymer (GFRP) compos-
ites is essential for applications in automotive, aerospace, and industrial sectors. This study
investigates the effect of fiber weight fraction ratio (wf.) (50%, 65%, and 70%), applied load,
and sliding speed on the tribological behavior of twill-woven GFRP using a pin-on-disc
tribometer. Experimental trials were carried out to assess the impact of control factors on
the coefficient of friction, specific wear rate, and contact temperature. Statistical analyses
based on generalized linear models (GLM) method or multi-factor ANOVA, identified
the most significant factors and their contributions. Results indicate that sliding speed
contributes the highest to COF (46.51%), while fiber wf. primarily influences wear rate
(34.15%). The applied load was found to have the strongest impact on contact tempera-
ture (39.08%). Furthermore, SEM and EDS analyses reveal dominant wear mechanisms,
including abrasive wear and transfer layer formation. This study introduces the novelty of
using statistical modeling to optimize GFRP for high-performance tribological applications,
providing a more precise and efficient approach to enhancing their properties.

Keywords: glass fiber; tensile strength; friction coefficient; abrasive wear; pin-on-disc
tribometer; design of experiments; statistical analysis; GLM method

1. Introduction

In recent years, the development of next-generation materials has progressed signifi-
cantly. Traditional materials are increasingly being replaced by composite materials due to
their superior properties, including high tensile strength, excellent strength to wf., and low
thermal expansion [1]. Moreover, they exhibit full biodegradability through composting
processes and do not emit toxic or harmful components [2].

FRP composites have been extensively employed in diverse engineering fields because
of their outstanding combination of stiffness and strength relative to weight. Among them,
GFRP composites have gained widespread adoption across multiple industries due to their
exceptional strength to wf., corrosion resistance, and adaptability to diverse environmental
conditions. These materials are extensively used in the automotive, aerospace, and marine
sectors, where friction and wear performance significantly influence component longevity

Polymers 2025, 17, 720 https://doi.org/10.3390/polym17060720
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and operational efficiency. Additionally, GFRP composites offer highly flexible design
solutions, remarkable durability, and cost-effective production and assembly processes [2].

The mechanical characteristics of GFRP composites are influenced by multiple factors,
such as the type of fiber and its volume proportion, distribution, orientation, and void
content. Furthermore, interfacial bonding characteristics and load transfer mechanisms
at the fiber-matrix interface play a critical role in determining the composite’s mechan-
ical behavior [3]. Davallo et al. [4] demonstrated that flexural properties derived from
force-deflection data of composites containing 20 wf. and 30 wf. randomly oriented contin-
uous fibers exhibited flexural strength values of 84 MPa and 110 MPa, respectively, with
corresponding flexural modules of 7 GPa and 10 GPa.

Experimental studies from the literature suggest that the tensile strength of GFRP
composites is greatly influenced by different environmental conditions [3,4]. Abdullah
et al. [5] investigated two commercial GFRP composites: chopped glass fiber composites
and 0/90 woven fiber-reinforced composites with an unsaturated polyester matrix. Their
results revealed that the composite with chopped fibers exhibited higher Young’s modulus,
maximum stress, and yield strength compared to the 0/90 composite. Likewise, Wazery
et al. [3] observed that tensile strength ranged from 28.25 MPa to 78.83 MPa, flexural
strength varied between 44.65 MPa and 119.23 MPa, and impact energy at room temperature
fluctuated between 3.5 Joules and 6.5 Joules, depending on the glass fiber content (15 wt.%
to 60 wt.%). These studies underscore the significant enhancement in mechanical properties,
such as tensile and flexural strength, conferred by glass fiber reinforcement in polyester
resin matrices [3].

Beyond mechanical performance, FRP composites also represent a vital class of tribo-
materials. In applications involving sliding contact, understanding and optimizing the
tribomechanical behavior of GFRP composites is essential for improving performance
and durability. Tribological performance is influenced by multiple parameters, including
operating conditions, fiber and matrix characteristics, manufacturing processes, interfacial
properties, and contact conditions [6]. Numerous studies have been carried out in this area
to improve the durability and frictional performance of these materials.

Zhao et al. [7,8] and Karsli et al. [9] have investigated various sliding conditions, such
as dry adhesion sliding, abrasion, and erosion. Their findings suggest that wear perfor-
mance under different sliding conditions is not necessarily correlated due to distinct wear
mechanisms governing each case. The wear and friction characteristics of GFRP composites
are mainly influenced by fiber weight fraction, applied force, and sliding velocity.

These factors influence critical indicators like the coefficient of friction (COF), specific
wear rate, and contact temperature. Experimental studies indicate that optimizing these
parameters can significantly improve wear resistance and friction efficiency, broadening
the application scope of these advanced materials [10–15].

However, optimizing tribomechanical parameters remains challenging due to the
complex interplay between material properties and operational conditions. Traditional ex-
perimental approaches often fail to fully capture these intricate relationships, necessitating
the application of advanced statistical models for comprehensive analysis. Techniques such
as analysis of variance (ANOVA) and Grey Relational Analysis (GRA) have been success-
fully employed to optimize the tribomechanical behavior of composite materials [15–20].
Also, in [10], based on the ELECTRE decision-making method, the tribological parame-
ters have been optimized by assigning weighted factors to the coefficient of friction and
specific wear rate. However, the effect of control factors on tribological parameters was
not analyzed. The type of reinforcement and the tribological system strongly influence
the wear rate, friction coefficient, and wear mechanisms, making them crucial factors in
composite selection for specific applications [6]. From the literature survey, few research
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studies deeply investigated the effect of control factors on tribological properties of different
composite materials.

Zaghloul et al. [21] found that glass fiber reinforcement in thermoplastic polymers,
particularly at a 33% volume fraction, significantly improved wear resistance. However,
increased fiber volume fractions inversely affected wear resistance, highlighting the com-
plex relationship between mechanical properties and tribological performance. GFRP
composites exhibit improved tensile strength with increased fiber volume fractions, with
optimal performance at 25% to 50% volume fractions [21].

Lower friction coefficients are observed at optimal fiber orientations and volume
fractions, enhancing the material’s suitability for applications like bearings and gears [22].

Abdurohman et al. [23] suggested that different manufacturing processes (e.g., vacuum
infusion, hand lay-up) affect the compressive and shear properties of GFRP, with vacuum
infusion yielding superior mechanical performance.

Ali et al. [24,25] focus on the tribological properties of glass fiber reinforced polymer
composites (GFRP), highlighting that different thicknesses of GFRP exhibit varying wear
rates and sliding characteristics, with thicker samples demonstrating superior performance
in mechanical tests and real-world applications.

The number of research papers published in the last two decades focusing on the
wear of materials at different fiber volumetric fractions has been limited. The scarcity of
studies in previous years has been a key motivation for evaluating the wear performance
of reinforced polymers by adjusting fiber volume fractions. Considering the research gaps
highlighted in the review article by Zaghloul et al. [21], this study aims to optimize the
tribological parameters of a pin-on-disc friction system, where the pin is made of steel,
and the disc consists of a GFRP composite. The experimental investigation will analyze
the effects of fiber wf. (50%, 65%, and 70% wf.), applied load (10 N, 20 N, and 30 N), and
sliding speed (0.1 m/s, 0.25 m/s, and 0.36 m/s) over 120 min. Statistical techniques, based
on generalized linear models (GLM) method or multi-factor ANOVA, have been used to
identify the most influential factors and their contributions to tribological performance. By
optimizing these factors, this study seeks to offer meaningful contributions to the design
and advancement of high-performance composite materials for tribological applications.
SEM and EDS analyses identify key wear mechanisms, such as abrasive wear and the
formation of a transfer layer.

2. Materials and Methods

2.1. Materials and Samples Manufacturing

Three testing samples were manufactured from glass fiber reinforced polymer com-
posite materials at different fiber wf. of 50%, 65%, and 70%. A thermosetting polymer
matrix was chosen, specifically the MGS LR135 epoxy resin, which was combined with the
MGS LH136 hardener at a mixing ratio of 100:35 ±2 g. Both components were supplied by
Hexion (Duisburg, Germany). The epoxy resin MGS LR135, used in manufacturing our
composite, is supplied by the manufacturer Hexion, and its material properties, including
thermal behavior, are well-documented by the supplier. The heat treatment in the GFRP
curing process, according to the tested cycle, includes a curing stage of 3 h at 120 ◦C. As is
known, the resin withstands temperatures up to 10 degrees lower than the temperature
it was exposed to during the heat treatment in the curing process, without its properties
being affected. According to experimental results, the temperature during the tribological
testing process did not reach this value. In this study, we relied on the resin manufacturer’s
documentation, which specifies the resin’s heat treatment and curing procedure for certain
applications. The reinforcement of the composite material was achieved using 270 g/m2

twill-woven glass fiber fabrics to ensure mechanical stability and performance.
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The production of GFRP plates with fiber wf. of 50%, 65%, and 70% adhered to
a strictly regulated process to ensure uniformity and high-quality test specimens. The
primary impregnation method utilized was the hand lay-up technique, wherein fiber layers
were manually arranged and impregnated with epoxy resin. A total of six layers of twill-
woven glass fiber fabric were used, each measuring 500 mm × 300 mm. The fibers were
thoroughly impregnated with the resin matrix to protect them and facilitate effective load
transfer. After applying the resin and fabric layers simultaneously, the entire surface was
manually rolled to remove any air bubbles trapped between the overlapping layers.

In the subsequent stage, the GFRP material was covered with a release film, and a
breather being placed inside a vacuum bag, as shown in Figure 1. For the curing procedure,
an autoclave manufactured by Maroso (Maroso SRL, Veneto, Italy) was employed. This
equipment enabled precise control of temperature and pressure during the curing process.
The vacuum bag was subjected to a vacuum pressure of −0.9 bar during all curing cycle
steps. The autoclave parameters were, Step 1, temperature increased at 80 ◦C, pressure
4 bars 30 min; Step 2, temperature increases at 120 ◦C pressure at 4 bars, 30 min; Step 3,
temperature 120◦ C, 180 min, pressure 4 Bars; and Step 4, cooling procedure at 25 ◦C,
120 min.

Figure 1. Vacuum bagging technique of the laminated sample and autoclave curing process.

The vacuum bagging process used in this study was carefully controlled to minimize
defects and ensure uniform resin impregnation. However, as with any composite manufac-
turing process, a certain degree of porosity may be present. The wet resin impregnation
method was employed, followed by vacuum bagging and autoclave curing. From a prac-
tical standpoint, it is impossible to achieve a completely pore-free structure using this
method, which is considered one of the most effective in minimizing porosity. Any porosity
that does occur is not present within the bulk material structure but manifests as a very
slight surface porosity on the composite plates. When using pre-impregnated material, the
structures obtained with these technologies may exhibit lower porosity. This is due to the
reinforcement weight fraction ratio imposed by manufacturing companies. In this study,
the main challenge was to achieve a controlled reinforcement weight fraction ratio at the
initially established values while ensuring that the resin was not expelled from the rein-
forcement material under high pressures (50 tons/m) during the polymerization process.

As a result of this process, multiple composite plates were obtained, each mea-
suring 500 mm × 300 mm × 2 mm, with reinforcement levels of 70%, 65%, and 50%
(±0.5%). During the post-processing stage, after curing, the composite parts may require
cutting, finishing, or mechanical processing to achieve the final dimensions and specifica-
tions. Any defects identified can be rectified through additional application of resin and
reinforcing materials.

The prepared test specimens included:
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• Tribological test discs: 50 mm in diameter and 2 mm in thickness, used for wear
resistance analysis (Figure 2a);

• Tensile test specimens: 250 × 25 × 2 mm, prepared according to ASTM D3039-17
standard [26] (Figure 2b);

• Bending test specimens: 80 × 13 × 2 mm, prepared in accordance with the ASTM
D7264D standard (Figure 2c).

(d)

Figure 2. Specimens of GFRP composites (50%, 65%, and 70% wf.) used for: (a) mechanical tensile
tests; (b) mechanical flexure tests; (c) tribological tests; and (d) 52100-chromium-alloyed steel balls
used in tribological tests.

Compliance with these standards ensured consistent sample quality, enabling accurate
and reproducible mechanical testing. In the initial phase, the polymeric semi-couples
manufactured for experimental testing are presented in Table 1 and Figure 2a,b.

Table 1. Laminated composite—name and composition.

Laminated Composite Symbolization Fiber (%) Epoxy Resin (%)

Laminated epoxy/glass fiber composite
(wf. 50%)—GFRP_50 50 50

Laminated epoxy/glass fiber composite
(wf. 65%)—GFRP_65 65 35

Laminated epoxy/glass fiber composite
(wf. 70%)—GFRP_70 70 30

Bearing balls made of 52100-chromium-alloyed steel (RKB Bearing Industries Group,
Balerna, Switzerland) measuring 12.7 mm in diameter were utilized during the wear tests
based on the recommendations of the ASTM A295 standard, (Figure 2d). Bearing balls
were used in the wear tests as counter pieces against the circular composite material
specimens (discs).
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2.2. Mechanical Tests

The analysis of experimental data related to the tribological and mechanical testing
of FRP materials involves several systematic steps, from processing primary data to in-
terpreting and comparing the results. The mechanical testing of GFRP specimens was
conducted in accordance with ISO 527-1:2019 (standard for tensile testing) and ISO 178:2003
(standard for flexural testing). The ISO standards correspond to ASTM D638-14 (Standard
Test Method for Tensile Properties of Plastics) and ASTM D790-03 (Standard Test Methods
for Flexural Properties of both Unreinforced and Reinforced Plastics).

The mechanical testing was conducted in the Accredited Mechanical Testing Labora-
tory of the Department of Mechanical Engineering, Technical University of Cluj-Napoca,
using a mechanical testing machine, specifically the Instron 8801 (Instron, Norwood, MA,
USA), with a maximum load capacity of 100 kN. The equipment automatically records the
loading process in the form of a stress-strain curve, which represents the applied stress in
the specimen and the corresponding strain. Each test involved five specimens. The applied
load was controlled at a crosshead speed of 2 mm/min until specimen failure, under
ambient conditions of 18 ◦C temperature and 50% relative humidity. For flexural testing,
the specimens (Figure 2b) were evaluated using a three-point bending test with a universal
testing machine, Instron 3366-10 kN (Instron, Norwood, MA, USA). The parameters set for
the flexural tests were identical to those used for the tensile tests.

2.3. Wear Tests

Tribological testing is crucial for evaluating the behavior of materials under conditions
similar to their actual operational environment, enabling the understanding and optimiza-
tion of performance in industrial applications. In this context, the tests performed on GFRP
specimens in contact with steel balls aimed at characterizing the composite material’s
behavior under specific dry friction conditions. The experimental procedures for these
tests follow established standards, including ASTM G99 (Wear Testing with a Pin-on-Disk
Apparatus) and ASTM F732 (Wear Testing of Polymeric Materials).

The study of surface interactions and behaviors in relative motion is highly dependent
on operating conditions, which play a fundamental role in evaluating the performance of
systems and materials. The establishment and control of operating conditions, as detailed
in Table 2, are essential for ensuring accurate and relevant results. Tribological variables
such as the coefficient of friction and wear rate can be significantly influenced by working
parameters and environmental conditions during the experiment.

Table 2. Testing parameters.

Parameters Operating Conditions

Load (Force) 10, 20, 30 N
Sliding Speed 0.1, 0.25, 0.36 m/s

Rotational Speed (RPM) Max 215 (±3) rpm
Relative Humidity 40 (±5)%
Initial Temperature 20 (±2) ◦C

Test Duration 120 min
Conditions Dry friction

Materials Disc and Ball GFRP composites and
52100-chromium-alloyed carbon steel balls

Roughness of the Disc and Ball [Ra] 0.32 μm and 0.04 μm

Prior to testing, specimen preparation involved careful cleaning with technical alcohol
and weighing using an analytical balance with 0.1 mg precision. After each test, both the
steel balls and composite discs were replaced with new ones to ensure consistency and
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avoid cross-contamination. By establishing and maintaining appropriate and consistent
operating conditions, reliable and reproducible data can be obtained, enabling the evalua-
tion and comparison of different materials or systems across various operating scenarios.
Moreover, this approach allows for the identification of key factors influencing tribological
behavior and the development of effective strategies for improving the performance and
durability of studied materials. During the experimental trials, operating conditions were
strictly monitored and controlled to guarantee precision and reliability of the obtained data,
allowing for meaningful and applicable conclusions to be drawn from the results.

The tribological analysis focused on abrasive wear evaluation, material transfer mech-
anisms, and thermal stability, with continuous monitoring of humidity, chamber tem-
perature, and local frictional temperature. Additionally, the coefficient of friction was
continuously recorded, and wear assessments were performed. Surface wear images were
captured, test parameters were documented, and material transfer was analyzed.

Friction and wear tests were conducted using a pin-on-disc tribometer under the
conditions outlined in Table 2. To improve the reliability of the results, each experiment
was repeated five times, with the reported values representing the average measurements.
The dispersion of results was highlighted using error bars, representing the corresponding
standard deviation.

For each test, a new ball and disc were utilized, and prior to experimentation, they
were cleaned with ethanol and then dried in a controlled environment. Throughout the test,
temperature, worn surface, and friction force were continuously monitored. Coefficients
of variation (CV) of the tribo-mechanical parameters were calculated based on standard
deviation and mean values. The coefficient of variation is a measure of spread that describes
the variation in the data relative to the mean. CV coefficients less than 10% were determined,
which confirm the repeatability of the experiments.

The test was conducted for 120 min, during which the coefficient of friction was
recorded in real time, capturing both the initial run-in phase and the steady-state friction
regime. The temperature generated during the experiments was also continuously mon-
itored. After a specified number of cycles, the test was temporarily halted to perform a
topographic surface analysis, allowing for wear quantification and assessment of surface
roughness evolution.

To achieve a more comprehensive understanding of the wear phenomenon and mate-
rial removal mechanisms, 3D optical microscopy (OM) was employed to examine the worn
surfaces of the ball and the running surface of the disc after each test. Surface modifications
were assessed using the 3D Nano Focus optical microscope (NanoFocus AG, Oberhausen,
Germany), which incorporates advanced μsurf technology for high-precision 3D surface
measurements [16].

Accurate measurement of the wear track is functionally essential. The profilomet-
ric measurement method is particularly useful but is susceptible to measurement errors.
Factors such as human judgment and measurement techniques significantly influence
the accuracy of wear track evaluation. The best practice involves performing a complete
surface measurement of the wear track. The number of scans represents the most critical
factor in measuring the wear track in the pin-on-disc configuration, with a higher number
of scans being required for non-homogeneous wear tracks. In this study, eight scans were
performed on each disc at a 45◦ angle between them, allowing for a more precise estimation
of volumetric wear, which led to a reduction in uncertainty. To validate the measurements,
in addition to μsurf technology, the discs were also scanned using the wear modulus
of the Tribometer TRB3 (Anton Paar GmbH, Graz, Austria). The modelization and tri-
bometer software share the same InstrumX user interface with modular technology, which
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enables a complete integration of various data in a single document including tribometer
measurements and modelization, image management, statistics, and reporting functions.

The wear rate (K, mm3/Nm) was determined using Equation (1) [16]:

Kdisc =
Vdisk

Lsliding·F ; Kball =
Vball

Lsliding·F (1)

where it is noted that:

• Vdisk—wear volume of the disc (mm3);
• Vball—wear volume of the ball (mm3);
• F—normal force (N);
• Lsliding—total sliding distance (m);
• Kdisk, Kball—wear factors of the disc and ball (mm3/Nm).

The wear volume of the specimens was calculated by measuring the width and depth
of the wear tracks using advanced μsurf technology. These calculations were derived from
empirical mathematical equations, assuming the ideal geometric accuracy of the ball as a
model for the wear marks.

Additionally, an infrared thermal camera, FLIR E5xt (Teledyne FLIR Company,
Wilsonville, OR, USA), equipped with MSX and Wi-Fi technology, within a temperature
range of −20 ◦C to +400 ◦C, a 160 × 120-pixel resolution, and a 9 Hz refresh rate, was used
to monitor temperature variations during the tests.

2.4. Design of the Experiments and Statistical Method

The tribological experimental plan was designed to assess the impact of three control
factors—fiber weight fraction (wf.), applied force (F), and sliding speed (v)—on three
response variables: coefficient of friction (COF), specific wear rate (K), and temperature (T).
Each control factor was evaluated at three distinct levels, as detailed in Table 3.

Table 3. Control factors and their levels for statistical analysis.

Targets Glass Fiber, wf. Applied Load, F Sliding Speed, v

Symbol Value [%] Symbol Value [N] Symbol Value [m/s]

Coefficient of friction
Specific wear rate
Temperature

1 50 1 10 1 0.10
2 65 2 20 2 0.25
3 70 3 30 3 0.36

A general full factorial design with 27 factor combinations was implemented to
examine the effects of control factors on target variables. Statistical analysis was conducted
using Generalized Linear Models (GLM) or multi-factor ANOVA in Minitab 19 software
(Coventry, UK). The percentage contribution ratio (PC%) of individual factors and their
interactions was determined. Significant control factors were identified from the ANOVA
tables based on F-values and p-statistical parameters. Graphical methods, including main
effects plots, interaction effects plots, and interval plots of target variables against control
factors, were utilized for data visualization. Lastly, ANOVA assumptions were verified to
ensure the validity of the analysis.

2.5. Morphological Analysis

The JEOL JSM-5600LV Scanning Electron Microscope (SEM), manufactured by JEOL
Ltd., Tokyo, Japan, analyzes samples in both high and low vacuum modes, enabling the
investigation of conductive and non-conductive materials. Equipped with a tungsten
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filament electron gun, secondary electron (SE), and backscattered electron (BSE) detectors,
it provides high-resolution imaging and compositional contrast.

For elemental analysis, the ULTIM MAX 65 Energy Dispersive X-ray Spectroscopy
(EDX) detector from Oxford Instruments, High Wycombe, UK, is used. Featuring Aztec 4.2
software, it ensures precise spectral acquisition, real-time element identification, and high-
sensitivity mapping. The SEM-EDX system supports microstructural and compositional
studies across various scientific and industrial applications.

3. Results and Discussion

3.1. Results of Mechanical Testing

For mechanical testing, five specimens were prepared for each type of GFRP and sub-
sequently subjected to tensile and flexural testing using the standardized testing methods
described above. The mean values of the mechanical properties, along with their standard
deviations for all tested specimens, are summarized in Tables 4 and 5. Specifically, the
results of the tensile tests are detailed in Table 4. Flexural tests are used to evaluate the
material’s resistance to forces acting perpendicular to its length, measuring failure mode
and deformation under bending stresses, and the results are shown in Table 5.

Table 4. Tensile properties of GFRP specimens.

Specimen
Tensile Strength [MPa]/

SD [MPa]/CV [%]

Tensile Strain at Maximum
Load [%]/

SD [%]/CV [%]

Elastic Modulus E [MPa]/
SD [MPa]/CV [%]

GFRP 70% 480.1/(25.92)/5.39 2.94/(0.03)/1.02 22,181.7/(253.2)/1.14
GFRP 65% 376.57/(24.37)/6.47 2.63/(0.02)/0.76 18,720.6/(316.36)/1.73
GFRP 50% 318.8/(22.45)/7.04 2.41/(0.02)/0.82 14,602/(301.25)/2.06

SD—Standard Deviation; CV—Coefficient of Variation

The increase in glass fiber content significantly improves tensile strength: GFRP 70%
exhibits 59% higher tensile strength compared to GFRP 50%. The elastic modulus also
increases, indicating higher stiffness. Figure 3 illustrates the variation in tensile strength
and elastic modulus for GFRP specimens with different fiber content (70%, 65%, and 50%),
highlighting the direct correlation between increased fiber reinforcement and enhanced
mechanical performance, particularly in terms of strength and stiffness.

Figure 3. Tensile strength and elastic modulus of GFRP 70%, GFRP 65%, and GFRP 50% specimens.
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Table 5. Flexural properties of GFRP specimens.

Specimen
Flexural Strength [MPa]/

SD [MPa]/CV [%]
Flexural Strain [%]/

SD [%]/CV [%]
Elastic Modulus E [MPa]/

SD [MPa]/CV [%]

GFRP 70% 464.8/(11.47)/2.46 3.77/(0.16)/4.24 21,009/(392)/1.52
GFRP 65% 415.5/(21.56)/5.18 3.08/(0.13)/4.22 18,218/(484)/2.65
GFRP 50% 388.6/(36.8)/9.46 2.36/(0.25)/9.59 14,935/(199)/2.94

SD—Standard Deviation; CV—Coefficient of Variation

Flexural tests confirm similar trends observed in tensile testing, demonstrating an
increase in resistance to forces acting perpendicular to the specimen’s length. GFRP 70%
reaches a flexural strength of 464.8 MPa, approximately 19.6% higher than that of GFRP
50%, which exhibits a strength of 388.6 MPa. The flexural elastic modulus follows the
same trend (Figure 4 and Table 4), reaching 21,009 MPa for GFRP 70%, a 40.7% increase
compared to GFRP 50%. A notable observation is the variation in flexural strain, where
GFRP 50% shows the highest deformation (3.8%), while GFRP 65% exhibits the lowest
value (2.4%), indicating a possible nonlinear influence of fiber content on flexural behavior.

Figure 4. Flexural strength and elastic modulus of GFRP 70%, GFRP 65%, and GFRP 50% specimens.

Overall, increasing the fiber weight fraction significantly enhances the strength and
stiffness of the material, enhancing its suitability for applications that demand a high
load-bearing capacity. However, as fiber becomes more dominant in the polymer matrix,
ductility may decrease, potentially affecting tribological behavior, particularly in terms of
wear particle formation and friction coefficient. These findings suggest that optimizing the
tribological and mechanical performance of GFRP composites requires balancing strength,
stiffness, and deformation capacity to achieve the best overall performance.

3.2. Tribological Testing Results

Tribological testing results provide essential data for determining the coefficient of
friction, wear rate, and understanding the degradation mechanisms of the fiber-reinforced
composite material in relation to the contact material of the ball.

Throughout the 135 experimentally validated tests conducted for the friction pair,
special attention was given to strict control and monitoring of the operating conditions. This
rigorous approach ensured the precision and significance of the acquired data, allowing
meaningful and applicable conclusions to be drawn from the experimental results. The
results of the tribological analysis are summarized in Table 6, highlighting the control
factors (fiber weight fraction, applied force, and sliding speed) and the target parameters
(coefficient of friction, specific wear rate, and temperature).
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Table 6. Experimental results of dry sliding wear.

Experimental Parameters Mean of Measured Parameters

Exp.nr.
Applied Load

F [N]
Sliding Speed

v [m/s]
Glass Fiber

wf. [%]
Specific Wear Rate K

[10−5 mm3 × (Nm)−1]

Coefficient of
Friction [μ]

Average of the Last
60 min

Temperature
Average of the Last

60 min [◦C]

1 10 0.1 50 5.758 0.54 32.7
2 10 0.1 65 3.42 0.5 29.4
3 10 0.1 70 1.5488 0.43 35.1
4 10 0.25 50 20.985 0.4 35
5 10 0.25 65 12.267 0.39 36.2
6 10 0.25 70 6.4267 0.38 31
7 10 0.36 50 14.907 0.39 40.2
8 10 0.36 65 16.022 0.38 41.4
9 10 0.36 70 9.59 0.34 25.1
10 20 0.1 50 15.208 0.54 32
11 20 0.1 65 14.189 0.48 29.2
12 20 0.1 70 11.456 0.41 35.9
13 20 0.25 50 24.906 0.45 47.5
14 20 0.25 65 32.737 0.43 45.7
15 20 0.25 70 6.12 0.42 37.8
16 20 0.36 50 26.019 0.37 48.7
17 20 0.36 65 23.291 0.36 51.7
18 20 0.36 70 4.42 0.35 46.3
19 30 0.1 50 21.671 0.51 40.8
20 30 0.1 65 18.256 0.49 34.9
21 30 0.1 70 14.426 0.48 62.7
22 30 0.25 50 32.385 0.37 52.4
23 30 0.25 65 23.727 0.36 52.7
24 30 0.25 70 14.341 0.33 47.1
25 30 0.36 50 14.488 0.49 61.3
26 30 0.36 65 19.191 0.48 62.7
27 30 0.36 70 10.492 0.47 34.2

The mass reduction of the chromium-alloyed steel balls was negligible, whereas for the
disc, the measured weight loss across all experimental tests ranged from 0.001 to 0.030 g,
increasing with both sliding speed and applied force. Consequently, the wear rate (K,
mm3/Nm) was determined using the results obtained through 2D Optical Scanning.

Figure 5a–c shows the 2D optical images of the wear track profiles obtained on the
GFRP discs in contact with the 52100-steel ball. Based on the experimental profilometry
findings, Table 6 presents the wear rate range of the composite disc for three different
sliding speeds and corresponding normal values of the applied force.

The minimal wear (Figure 5) observed on the 52100-chromium-alloyed steel balls
when in contact with GFRP discs of varying fiber weight fractions (50%, 65%, and 70%)
can be attributed to several key factors related to the material properties and tribological
interactions. The 52100-steel is a high-carbon, chromium-alloyed bearing steel with excel-
lent wear resistance and high hardness (60–64 HRC), which significantly limits material
removal due to abrasive contact. Given that GFRP is significantly softer than steel, the
interaction results in minimal wear on the steel balls, as the primary material loss occurs
within the polymeric matrix of the composite rather than on the metallic counter face.
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(a)

(b)

(c)

Figure 5. (a) A 2D profilometry measurement of wear tracks of the GFRP50 wf. specimen after the dry
friction test with F = 30 N, v = 0.25 m/s, duration of 120 min, in contact with a chromium-alloyed steel
ball (left) and 3D optical profilometry images (right); (b) similar images for GFRP65 wf.; (c) similar
images for GFRP70 wf.

3.3. Results of Statistical Analysis

The key findings of the statistical analysis for the coefficient of friction, specific wear
rate, and temperature are presented in Table 7. A control factor was considered to have
a significant influence on the target parameters when the p-value was lower than the
significance threshold of 0.05.

The most significant percentage contribution ratios on the coefficient of friction were
46.51% obtained for sliding speed, 32.51% for applied force to sliding speed interaction,
and 11% for glass fiber wf. ratio, as is shown in Table 7. The applied load factor and the
other two interactions between factors had lower percentage contributions to the coefficient
of friction.

This behavior can be explained by the complex interplay of tribological mechanisms
that govern friction behavior in glass fiber-reinforced polymer (GFRP) composites under
different operating conditions.

The effect of applied load on COF is primarily related to the contact pressure at the
interface between the 52100-chromium-alloyed steel ball and the GFRP composite. At
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lower loads, the contact pressure remains moderate, resulting in stable friction behavior.
However, as the load increases, localized deformation at the interface intensifies, leading
to fiber-matrix detachment, increased material transfer, and potential modifications in the
surface topography. These effects can either increase or decrease COF, depending on the
extent of the deformation and wear mechanisms involved.

Sliding speed also plays a critical role in COF variation. At lower speeds, friction
remains relatively high due to limited thermal effects. As the sliding speed increases,
frictional heating causes localized softening of the polymer matrix, reducing adhesion
and lowering the COF. However, at very high speeds, excessive heat accumulation may
degrade the polymer surface, potentially increasing COF due to surface roughening or
instability in the wear mechanism.

The interaction between load and sliding speed emerges from their combined influence
on surface deformation, material transfer, and thermal effects. At high loads and low speeds,
stronger adhesive interactions increase COF due to intensified fiber-matrix detachment. As
the speed increases under high load conditions, frictional heating facilitates the formation
of a polymeric transfer layer, reducing direct contact and lowering COF. However, at high
loads and very high speeds, excessive heat buildup can degrade the composite surface,
leading to unstable friction behavior. In contrast, low loads combined with high speeds
result in lower contact pressure, reducing heat generation and stabilizing COF.

These findings align with our SEM and EDS analyses, which indicate that increased
load and sliding speed alter wear mechanisms by affecting fiber exposure, polymer ma-
trix softening, and transfer layer formation. The observed trends further support the
explanation of this significant interaction effect.

The glass fiber weight fraction (wf.) exhibited the most significant impact on the
specific wear rate, contributing 34.15%, followed by the applied load at 21.87% and the
sliding speed at 14.11%, as detailed in Table 7. The interactions among these factors were
not statistically significant, as their p-values exceeded the 0.05 significance threshold, as
shown in Table 7.

Table 7. The statistical results for coefficient of friction, specific wear rate, and temperature.

COF K T

Source F-Value p-Value PC [%] F-Value p-Value PC [%] F-Value p-Value PC [%]

wf 18.17 0.001 11 17.08 0.001 34.15 0.84 0.466 2.71
F 5.07 0.038 3.07 10.94 0.005 21.87 12.13 0.004 39.08
v 76.85 <0.001 46.51 7.05 0.017 14.11 3.85 0.068 12.39
wf*F 0.81 0.551 0.98 1.47 0.296 5.89 0.06 0.992 0.4
wf*v 2.90 0.094 3.51 2.07 0.177 8.28 4.23 0.039 27.24
F*v 26.86 <0.001 32.51 1.92 0.200 7.7 0.82 0.546 5.3

Error - - 2.42 - - 8 - - 12.88
Total - - 100 - - 100 - - 100

Note: “*” signifies the interaction between factors.

The applied load and the interaction between glass fiber weight fraction (wf.) and
sliding speed were the most influential factors affecting temperature, contributing 39.08%
and 27.24%, respectively. In contrast, the individual effects of wf. and sliding speed, along
with other factor interactions, had lower contributions to temperature, as shown in Table 7.

The graphical results of statistical analysis for all three targets (COF, K, and T) are
explained based on the main effects plot, interaction plot and interval plot.

The maximum average values of COF were obtained for wf. 50%, force at level 3
(30 N) and sliding velocity at level 1 (0.1 m/s), as shown in Figure 6a. It was observed that
there was a decreasing trend for COF with increasing wf., an increasing trend for COF
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with increasing F, and a large decrease in COF from level 1 to level 2 of v, followed by a
small increase. The lowest mean values of COF were obtained for wf. = 70%, F = 10 N, and
v = 0.25 m/s.

(a) (b)

(c)

Figure 6. Main effects plot for: (a) coefficient of friction; (b) specific wear rate; and (c) temperature.

The main effects plot results indicate that the highest mean values of K were observed
for a glass fiber weight fraction (wf.) at level 1 (50%), an applied force at level 3 (30 N),
and a sliding speed at level 2 (0.25 m/s), as illustrated in Figure 6b. The specific wear
rate decreases with an increase in glass weight fraction. The specific wear rate raises with
increasing load applied. It was observed that there was a large increase in K from level 1
(0.1 m/s) to level 2 (0.25 m/s) of v, followed by a small decrease to level 3 (0.36 m/s).

The primary effects on temperature were identified for the glass fiber weight fraction
(wf.) at level 1 (50%), the applied force at level 3 (30 N), and the sliding speed at level
3 (0.36 m/s), as illustrated in Figure 6c. Additionally, it was observed that temperature
decreased as the glass fiber weight fraction increased.

The interaction between applied force (F) and sliding speed (v) had a significant effect
on the coefficient of friction, as illustrated in Figure 7a and confirmed in Table 7. Minimal
interactions between factors were observed for the specific wear rate, as shown in Figure 7b.
Additionally, the interaction between glass fiber weight fraction (wf.) and sliding speed (v)
had a notable impact on temperature, as depicted in Figure 7c.
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(a) (b)

(c)

Figure 7. Interaction effects plot for: (a) coefficient of friction; (b) specific wear rate; and (c) temperature.

The interval plots with standard error bars for each factor in relation to the coefficient
of friction are presented in Figure 8. The difference between the means for coefficient of
friction in v, were significant because the interval bar for level 1 (v = 0.1 m/s) and the
interval bars for level 2 (v = 0.25 m/s) and 3 (v = 0.36 m/s) did not overlap (Figure 8c).
The differences for glass weight fraction and applied force were probably not significant
because all the interval bars have over-lapped (Figure 8a,b).

(a) (b)

Figure 8. Cont.
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(c)

Figure 8. Interval plot of the coefficient of friction (COF) factor with: (a) wf.; (b) F; and (c) v. Individual
standard deviations were used to calculate the interval plot. Bars are standard errors of the mean.

The interval plots of factors versus specific wear rate are shown in Figure 9. The lowest
mean values of K were recorded for wf. = 70% (level 3), F = 10 N (level 1), and v = 0.1 m/s
(level 2). Similarly, the interval plots of each factor versus temperature are illustrated in
Figure 10. The lowest mean temperature values were observed for wf. = 70%, F = 10 N,
and v = 0.1 m/s. The difference in temperature means for sliding speed (v) was statistically
significant, as indicated by the non-overlapping interval bars between levels 1 and 3.

(a) (b)

(c)

Figure 9. Interval plot of the specific wear rate (K) factor with: (a) wf.; (b) F; and (c) v. Individual
standard deviations were used to calculate the interval plot. Bars are standard errors of the mean.
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(a) (b)

(c)

Figure 10. Interval plot of the temperature (T) factor with: (a) wf.; (b) F; and (c) v. Individual standard
deviations were used to calculate the interval plot. Bars are standard errors of the mean.

Normal probability plots were obtained for residuals of COF, K, and T, that con-
firmed the generalized linear models were adequacy [27–30]. Figure 11 shows the normal
probability plot for COF. Similar distributions were obtained for K and T.

Figure 11. Normal probability plots of residuals for coefficient of friction (COF).

3.4. Results of the Morphological Analysis

Based on the results obtained from the statistical analysis, a thorough investigation of
the worn surface and an SEM analysis were necessary for a complete characterization of
the wear mechanism. Thus, after 120 min, the following investigations were performed:
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optical microscopic investigations of the appearance of the GFRP disc and the steel ball
used in the test, as well as SEM and EDS investigations of the worn surfaces of the GFRP
samples (50%, 65%, and 70% wf.).

After a 120 min test interval, the GFRP disc and the steel ball subjected to the test
parameters look as in Figure 12. Around the contact area of the ball with the disc, material re-
moved by abrasion from the glass fiber reinforced polymer composite disc can be observed.

Figure 12. Aspects of wear marks on (a) the GFRP disc and (b) the steel ball, 52100.

Various factors, including sliding speed, significantly influence the wear rate (K) in
the GFRP/chromium-alloyed steel tribo-system. In general, an overall decrease in the
wear rate is observed as sliding speed increases. A possible explanation for this trend is
the effect of sliding speed on the development of a transfer layer. At low sliding speeds,
the interaction between the ball and the disc results in the accumulation of wear particles,
promoting abrasive wear and increasing the wear rate. However, as sliding speed increases,
wear particles are partially displaced from the contact area and partially redeposited onto
the counterface surface, aiding in the formation of a transfer layer that helps reduce the
wear rate.

The wear rate shows a direct increase with sliding duration for all tested specimens.
Additionally, higher glass fiber content correlates with a lower wear rate, while composites
with lower fiber content experience an increased wear rate. These findings are consistent
with the conclusions of Kukureka et al. [19,20], who studied rolling-sliding contact in a
similar material system.

The GFRP 50 wt.% specimen demonstrated higher sensitivity to sliding speed com-
pared to composites with greater fiber content, especially under a normal load of 10 N.
This wear pattern is attributed to surface property modifications as the glass fiber content
decreases in the polymer matrix. A notable difference emerges when the normal load
increases to 30 N and the sliding speed reaches approximately 0.25 m/s, especially for the
GFRP 50 wf. specimen. At this higher load, the rougher metallic surface asperities of the
steel ball deform the polymeric surface, leading to brinelling effects, micro-cutting, and
the development of abrasive wear tracks. The observed wear is attributed to the abrasive
action of metallic asperities, which is further intensified by the interaction with fragmented
glass fiber debris.

Glass fibers demonstrate abrasive and lubricating effects on the sliding surface, signifi-
cantly contributing to friction reduction, especially during the running-in period. This dual
behavior arises from their hard and rigid nature. In the early sliding stages, glass fibers
may protrude from the polymer matrix, causing mechanical abrasion on the steel ball, as
illustrated in Figure 13.

Although glass fibers are harder than steel, they are embedded in an epoxy polymer
matrix, this serves as a protective layer, minimizing direct contact between the fibers and
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the steel surface. This prevents the aggressive abrasive interactions typically responsible
for severe metallic wear. Additionally, a thin transfer layer consisting of polymeric material
from the GFRP forms on the steel ball’s surface during the test, further reducing friction and
shielding the steel from direct abrasive action. This transfer layer minimizes the plowing
effect of the fibers and helps stabilize the coefficient of friction (COF), which remains within
a low range (~0.35–0.54), indicating the absence of severe adhesion or three-body abrasion.

Figure 13. Wear marks on the chromium-alloyed steel ball at a sliding speed of 0.25 m/s under a
30 N load, after sliding on: (a) GFRP50 wf. specimen; (b) GFRP65 wf. specimen and (c) GFRP70 wf.

Moreover, the variation in fiber weight fraction (50%, 65%, and 70%) within the GFRP
does not significantly impact the wear behavior of the steel balls. Since the primary wear
mechanisms in this system involve polymer matrix degradation and fiber pull-out, rather
than direct fiber-to-steel abrasion, the steel balls remain largely unaffected in all tested cases.
While increasing the fiber content strengthens the composite, the absence of direct fiber
contact with the steel means that no notable increase in steel ball wear occurs, regardless of
the fiber weight fraction.

In conclusion, the minimal wear of the 52100-steel balls across all test conditions is
due to their intrinsic hardness and wear resistance, the cushioning effect of the polymer
matrix, the development of a protective transfer layer, and the absence of severe wear
mechanisms such as adhesion or deep abrasive plowing. These findings confirm that
52100-steel maintains its integrity in GFRP tribological applications, making it a suitable
material for prolonged frictional use without significant degradation.

The SEM images presented in Figure 14 illustrate the microstructural modifications of
the worn surfaces of GFRP samples (50%, 65%, and 70% wf.) after 120 min of testing under
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a 30 N load and a sliding speed of 0.25 m/s. These images highlight the differences in
wear behavior of the composites, emphasizing the dominant mechanisms that contribute
to material degradation.

Figure 14. Cont.
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Figure 14. SEM images of wear tracks on GFRP samples after 120 min of dry sliding against a
52100-steel ball under a 30 N load and a 0.25 m/s sliding speed: (a,b) GFRP 50% overview and
detailed wear track and EDS spectra; (c,d) GFRP 65% overview and detailed wear track and EDS
spectra; and (e,f) GFRP 70% overview and detailed wear track and EDS spectra.

In the case of the GFRP 50%, sample, prominent abrasive wear marks are observed,
characterized by significant removal of the polymer matrix and exposure of the glass fibers.
This sample exhibits the deepest wear marks, indicating lower friction resistance and
accelerated degradation under load. In contrast, the GFRP 65% sample shows uniform
wear marks with reduced material removal, suggesting a more stable interface between
the epoxy matrix and glass fibers. The GFRP 70% sample presents a relatively smoother
surface, indicating improved wear resistance and greater protection against abrasion.

The main identified wear mechanisms include micro cutting and the formation of fine
grooves, which are more pronounced in the GFRP 50% sample, suggesting a higher material
fragility. Delamination wear is evident in samples with a lower fiber content, where the
composite’s surface layer separates more easily under frictional forces. In the GFRP 65%
and 70% samples, the formation of a transfer layer is observed, which contributes to surface
protection and reduces the coefficient of friction.

The local temperature in the contact area increases with the applied load, leading
to localized softening of the polymer matrix under the influence of the high temperature
generated by friction. As the matrix softens, it loses rigidity, which can result in reduced
adhesion between the glass fibers and the epoxy matrix, promoting delamination wear and
fiber extraction. However, in samples with a higher fiber content (70% wf.), the contact
temperature is lower compared to the 50% and 65% samples due to more efficient heat
dissipation through the fiber network. This observation correlates with a reduction in the
coefficient of friction and the volume of material removed during the tribological tests.

Energy-dispersive X-ray spectroscopy (EDS) detected the presence of aluminum and
silicon elements on the worn surfaces, with an increase in their concentration as the fiber
content increases. In the case of the GFRP 50% sample, the surface layer contains smaller
amounts of silicon and aluminum, suggesting faster wear of the polymer matrix. In
contrast, for the GFRP 65% and 70% samples, the worn layer contains a higher proportion
of these elements, indicating a protective effect of the glass fibers on the composite. The
silicon detected in the EDS analysis primarily originates from the glass fibers of the GFRP
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composite, being released because of abrasive wear and tribological phenomena. Part of
this silicon plays a crucial role in the formation of a protective layer on the contact surface,
which explains the reduction in the friction coefficient at higher fiber contents (65–70%).
The source of the aluminum detected in the wear layer is its natural presence in the glass
fibers in the form of aluminosilicates.

The SEM and EDS results confirm that a higher fiber content improves the wear
resistance of GFRP composites, reducing the coefficient of friction and dissipating thermal
energy more efficiently during friction. Additionally, the microstructural analysis shows
that abrasive wear is the dominant mechanism for GFRP 50%, while in GFRP 70%, the
formation of a transfer layer enhances surface protection. These findings are crucial for
optimizing the use of GFRP composites in tribological applications, where reducing friction
and improving wear resistance are critical factors.

3.5. Interactions and Transformations Between Wear Mechanisms

The tribological behavior of GFRP composites in contact with 52100-chromium-alloyed
steel balls is governed by multiple wear mechanisms that act concurrently. These mecha-
nisms include abrasive wear, transfer layer formation, and polymer matrix degradation,
each influenced by applied load, sliding speed, and fiber weight fraction. The transition
between these mechanisms determines the wear performance and surface integrity of the
composite material.

At low sliding speeds and high loads, abrasive wear is the dominant mechanism. The
mechanical interaction between the steel ball and the composite leads to the removal of
polymer matrix material, exposing the reinforcing glass fibers. However, as sliding speed
increases, the frictional heat softens the polymer matrix, facilitating the formation of a
transfer layer. This layer, consisting of polymeric material adhered to the steel counterface,
acts as a protective barrier and reduces direct abrasive interactions, leading to a lower
wear rate.

At very high sliding speeds, the accumulated heat can exceed the thermal stability of
the polymer matrix, leading to localized softening or degradation. This weakens the inter-
facial bonding between fibers and the matrix, increasing the likelihood of fiber pull-out and
adhesive wear. Additionally, thermal degradation can result in an unstable transfer layer,
which may intermittently detach and expose fresh material to wear, creating fluctuations in
the wear rate.

The interplay between these wear mechanisms is evident from SEM and EDS analyses,
which reveal signs of both abrasion marks and polymer transfer layers. The transformation
between these mechanisms is primarily dictated by the tribological parameters. At low
loads and low speeds, minimal wear occurs, with limited fiber exposure and negligible poly-
mer degradation. An optimal transfer layer is formed at moderate loads and sliding speeds,
balancing wear resistance and reducing COF. At high loads and high speeds, polymer
degradation intensifies, leading to increased fiber pull-out and fluctuating wear behavior.

The combination of abrasive, adhesive, and thermal effects explains the observed
wear trends in the experimental results. These findings highlight the complex interactions
between material properties and tribological conditions, providing valuable insights into
the optimization of GFRP composites for frictional applications.

3.6. Correlation Between Structural Changes and Tribological Performance

The SEM and EDS analyses provide critical insights into the microstructural evolution
of the worn surfaces and their direct impact on tribological behavior. The morphologi-
cal differences observed among GFRP composites with varying fiber content reveal that
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higher fiber weight fractions contribute to lower polymer degradation and improved heat
dissipation, ultimately enhancing wear resistance.

The EDS analysis of transfer layers further clarifies the role of material transfer in
stabilizing frictional performance. The presence of silicon and aluminum elements from the
glass fibers in the worn layers suggests that these components contribute to the formation
of a protective surface layer. This helps reduce the coefficient of friction and mitigates
excessive material removal.

Additionally, fiber pull-out and polymer degradation observed in SEM images indicate
that at high loads and sliding speeds, weak fiber-matrix interfacial bonding accelerates
surface damage, leading to increased wear. In contrast, composites with higher fiber
content maintain structural integrity for longer durations, delaying wear initiation and
improving overall tribological performance.

4. Conclusions

This study investigated the mechanical and tribological performance of twill-woven
glass fiber-reinforced polymer (GFRP) composites with different fiber weight fractions (50%,
65%, and 70%). The research evaluated the influence of fiber content, applied load, and
sliding speed on the coefficient of friction, specific wear rate, and contact temperature. Ex-
perimental results and statistical analysis provided an in-depth understanding of the wear
mechanisms and the key factors influencing the tribological behavior of these materials.

The results demonstrate that the coefficient of friction is significantly influenced by
sliding speed, which accounts for 46.51% of its variation. Additionally, the interaction
between applied load and sliding speed had a considerable impact (32.51%), while the fiber
weight fraction had a lower contribution (11%). Samples with a higher fiber content (70%)
exhibited the lowest friction coefficient values, indicating improved wear resistance and
reduced abrasive interaction at the contact surface. The maximum COF was obtained for a
wf. of 50%, force of 30N, and v of 0.1m/s.

The analysis of specific wear indicated that fiber weight fraction is the most influential
factor, contributing 34.15%, followed by applied load (21.87%) and sliding speed (14.11%).
Wear decreased as the fiber content increased, confirming that a higher proportion of glass
fibers enhances the material’s resistance to wear. In samples with 50% fibers, abrasive wear
was more intense, whereas in those with 70% fibers, a protective effect was observed due
to the formation of a transfer layer. The minimum K was obtained for a wf. of 70%, a force
of 10 N, and v of 0.1 m/s.

Contact temperature was primarily influenced by applied load (39.08%) and the
interaction between fiber fraction and sliding speed (27.24%). Temperature increases
favored localized softening of the polymer matrix, leading to reduced adhesion between
fibers and the epoxy matrix, thus promoting delamination wear. However, in composites
with 70% fiber content, temperature was lower compared to 50% and 65% samples due to
more efficient heat dissipation through the fiber network. This observation correlates with
a reduction in the friction coefficient and specific wear rate.

SEM and EDS results confirmed that abrasive wear is the dominant mechanism
in samples with 50% fibers, where pronounced micro-cutting and delamination marks
were observed. In samples with 65% and 70% fibers, analysis revealed the presence of a
transfer layer and an increase in aluminum and silicon concentrations on the worn surface,
indicating a protective effect of the glass fibers. These observations support the conclusion
that a higher fiber content contributes to stabilizing tribological interactions and improving
the wear behavior of GFRP composites.

These findings are essential for optimizing the use of GFRP composites in industrial
applications where friction and wear are critical factors, such as the aerospace, automotive,
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and mechanical engineering industries. Future studies should explore the long-term
behavior of these materials under varying load and environmental conditions, as well
as analyze the impact of other types of reinforcements on their tribological performance.
Additionally, using predictive models based on machine learning could help optimize
operating parameters and improve the durability of these advanced composites.
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Abstract: Polyphenylene sulfide (PPS) is becoming increasingly valuable in the electrical,
electronic, and automotive industries. In particular, PPS composites reinforced with glass
fiber (GF) have better dimensional stability and mechanical properties than conventional
PPS materials and can be used in applications like electric vehicle capacitor housing. In
the electric vehicle industry, the epoxy-molding process is essential for manufacturing
capacitor housings, where the bonding strength between the PPS/GF composites and epoxy
significantly affects the durability of the product. However, the inert surface characteristics
of polymers like PPS limit their interaction with epoxy, decreasing the bonding strength.
This study was aimed at enhancing the bonding strength between PPS/GF composites
and epoxy by modifying the PPS surface using atmospheric-pressure plasma treatment.
The surface modification resulted in increased surface roughness and the introduction
of polar functional groups, which improved both mechanical interlocking and chemical
affinity to the epoxy. Surface changes were analyzed using atomic force microscopy and
scanning electron microscopy, and chemical characterization was conducted using X-ray
photoelectron spectroscopy and Fourier-transform infrared spectroscopy. Surface energy
was determined via contact angle measurements, and bonding strength was evaluated
through single-lap shear tests. The results showed a 55% increase in surface energy and a
24.8% improvement in bonding strength due to the surface modification.

Keywords: polyphenylene sulfide; glass fiber; composites; surface modification; atmospheric-
pressure plasma; bonding strength

1. Introduction

Polyphenylene sulfide (PPS) is a super-engineered plastic known for its outstanding
thermal stability, chemical resistance, and mechanical properties. In particular, PPS exhibits
excellent dimensional stability and electrical insulation, making it widely used in electron-
ics, aerospace, and automotive applications [1–3]. Compared with other thermoplastics
like polyethylene terephthalate (PET) or polyamide (PA), PPS offers higher temperature
resistance, flame retardancy, and long-term mechanical stability. In addition, compared
with conventional thermosetting polymers such as epoxy and rigid polyurethane (RPU),
PPS exhibits distinct advantages in terms of long-term performance and environmental
resistance. Epoxy resins are prone to cracking and stress concentration under complex
loading conditions, and their hydroxyl-rich molecular structure readily absorbs moisture,
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leading to hydrolysis, plasticization, and fiber/matrix debonding [4]. RPU is inherently
brittle, and despite various reinforcement strategies, its mechanical limitations continue to
hinder broader application [5]. In contrast, PPS offers excellent thermal resistance, chemical
stability, mechanical performance, and recyclability due to its thermoplastic nature. Re-
cent studies have demonstrated its potential as a reliable alternative in high-performance
composite systems [1].

To improve its mechanical strength, PPS is often reinforced with fibers such as carbon
fiber (CF) or glass fiber (GF). PPS-based composites reinforced with carbon fiber (CF) or
glass fiber (GF) are lightweight and possess enhanced mechanical strength and dimensional
stability compared with PPS [6–8]. Compared with CF, GF offers better cost-effectiveness
and electrical insulation, which are desirable properties for electrical components such as
capacitor housings. Therefore, GF-reinforced PPS (PPS/GF) is a promising material for
applications such as capacitor housings in electric vehicles [9].

In electric vehicles, the fabrication of capacitor housings requires epoxy molding,
where the bonding strength between the PPS/GF composites and the epoxy resin is a
crucial factor influencing the final product’s performance. However, polymers like PPS
inherently possess inert surfaces; therefore, formation of chemical bonds with adhesives is
difficult. This issue arises owing to their non-polar nature, low surface energy, and lack
of polar functional groups, all of which contribute to their weak bonding strength [10,11].
To overcome these limitations, surface treatments are essential for improving adhesion
performance [12–14]. Several surface modification strategies have been explored, including
chemical grafting, silane coupling, nanoparticle coating, laser pattering, and plasma treat-
ment. Tutunchi et al. introduced a two-step chemical method combining acid oxidation and
epichlorohydrin grafting, which significantly enhanced bonding strength with epoxy resin
through strong chemical interactions. This method offers robust surface functionalization
but involves multi-step wet chemistry and environmental concerns due to acid usage [15].
Nurazzi et al. reviewed silane-based treatments, showing that they are cost-effective and
widely applicable for natural fibers, although they are sensitive to moisture and require
precise control of reaction conditions [16]. Hwang et al. employed laser patterning micro-
patterned CFRP surfaces, which improved adhesion via enhanced mechanical interlocking
without significant damage to the fibers. However, the requirement for expensive equip-
ment and the limited scalability remain key drawbacks [17]. Du et al. utilized silane
coupling agents and carbon nanotube coatings to reinforce carbon fiber surfaces, achieving
increased mechanical strength of the composites [18]. While effective, this hybrid approach
involves complex surface preparation and material costs. In contrast, atmospheric-pressure
plasma (APP) treatment is a promising surface modification technique that enables mass
production via continuous processing, while preserving the intrinsic properties of materials
by minimizing excessive energy exposure [19,20]. In addition, APP treatment is a dry,
eco-friendly process, unlike wet chemical surface modification, making it suitable for heat-
sensitive polymer materials. This plasma treatment was applied to PPS/GF composites and
improved the bonding strength with epoxy through several mechanisms: (1) removal of
organic surface contaminants; (2) etching-induced surface roughness enhancement, which
increases the adhesive contact area; and (3) introduction of polar functional groups such as
hydroxyl (–OH) and carboxyl (–COOH) groups, facilitating stronger chemical interactions
with epoxy adhesives [21–23].

Although previous studies have examined plasma treatment on various thermoplas-
tics [21–23], systematic analysis focusing on how plasma-treatment parameters (e.g., treat-
ment speed) affect the adhesion of PPS/GF composites has not been sufficiently explored.
Furthermore, few studies provide comprehensive correlation among surface chemistry,
roughness, and mechanical bonding strength in PPS-based composites. In this study, we
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investigated the effects of APP treatment on the surface properties of PPS/GF composites
and examined the influence of varying plasma-treatment speeds on the surface structure
and bonding strength. The aim of this study is to enhance the adhesion performance in the
epoxy-molding process of PPS/GF-based capacitor housings for electric vehicles through a
simple, rapid, and effective atmospheric-pressure plasma treatment. In addition, the opti-
mal plasma-treatment speed that is needed to maximize bonding strength is investigated.
The chemical composition and functional group introduction were analyzed using X-ray
photoelectron spectroscopy (XPS) and Fourier-transform infrared (FT-IR) spectroscopy.
The changes in surface morphology and roughness were examined using atomic force
microscopy (AFM) and scanning electron microscopy (SEM), whereas energy-dispersive
spectroscopy (EDS) was used to evaluate the elemental composition of the etched surfaces.
Contact angle measurements were conducted to assess the changes in surface energy, and
the bonding strength was assessed using a single-lap shear test.

2. Materials and Methods

2.1. Preparation of PPS/GF Composites

The PPS compounds reinforced with 65 wt% short glass fiber were supplied by Toray
Advanced Composites Corporation (Tokyo, Japan). The PPS matrix (TORELINATM series,
Toray Advanced Composites Corporation, Tokyo, Japan) exhibits excellent thermal and
mechanical properties, including a tensile strength of approximately 150 MPa, a tensile
modulus of ~6.0 GPa, a flexural strength of ~496 MPa, and a heat deflection tempera-
ture (1.8 MPa) of approximately 237 ◦C. The glass fiber contributes additional strength,
with a tensile strength of ~610 MPa and a tensile modulus of ~33.8 GPa. The resulting
PPS/GF composites exhibit a composite density of approximately 1.73 g/cm3. The plate
samples, with dimensions of 100 mm (width) × 100 mm (length) × 3 mm (thickness), were
manufactured using an injection molding process at a barrel temperature of 300 ◦C and a
mold temperature of 140 ◦C, injection pressure of 80 MPa, cooling time of 30 s, and mold
holding time of 10 s [9]. Furthermore, the injected plate samples were cut to dimensions
of 25 mm × 100 mm × 3 mm (width × length × thickness) for the single-lap shear test. A
schematic illustration of the sample preparation is shown in Figure S1.

2.2. Atmospheric-Pressure Plasma Surface Treatment

The surfaces of the composites were treated using an atmospheric-pressure plasma
apparatus (3D i REV, Applied Plasma Inc., Gumi, Republic of Korea) at an exposure power
of 950 W. The plasma apparatus was supplied with compressed air at a pressure of 0.3 MPa
and a frequency of 60 Hz. A nozzle with a diameter of 60 mm was fixed to the plasma
apparatus, and the plate on which the composites were placed was moved back and forth
at speeds of 1, 2, or 6 m/min. A slower plasma-treatment speed resulted in greater surface
plasma irradiation. The area that can be treated at once is mainly determined by the width
of the plasma nozzle because this width controls how wide the plasma spreads when it
exits [24]. In this study, the nozzle width was 60 mm, while the specimen was only 25 mm
wide, meaning that the entire surface could be moved back and forth to treat the entire
surface at one time. As a result, all parts of the surface were equally exposed to the plasma,
enabling uniform treatment. Figure 1 shows a schematic of the atmospheric-pressure
plasma-treatment apparatus. Each specimen was treated with plasma once, and specimens
without plasma treatment were used as control samples. Additionally, considering that
the specimen length is 100 mm, even at the slowest treatment speed of 1 m/min, the
plasma exposure takes only about 6 s. Thus, the total processing time remains under 10 s,
demonstrating the high efficiency and speed of the proposed method.
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Figure 1. (a) Scheme of atmospheric-pressure plasma treatment for PPS/GF composites (Horizontal
arrow: Nozzle diameter, Vertical arrow: Distance from specimen), (b) Photograph of PPS/GF
composites under atmospheric-pressure plasma treatment.

2.3. Characterization
2.3.1. Structural Analysis

The surface chemical composition of the PPS/GF composites was analyzed using
XPS (Nexsa G2, Thermo Fisher, Waltham, MA, USA) with a monochromatic Al Kα X-ray
source (1486.6 eV). For the XPS analysis, samples were prepared with dimensions of
25 mm × 25 mm × 3 mm. The oxygen functional groups introduced onto the PPS/GF
composites were examined using attenuated total reflectance (ATR)-FT-IR spectroscopy
(IRAffinity-1S, Shimadzu, Kyoto, Japan). The analysis was carried out in transmittance
mode over the scanning range of 600–4000 cm–1.

2.3.2. Morphological Analysis

The surface roughness change of the PPS/GF composites was analyzed using AFM
(NX20, Park Systems, Suwon, Republic of Korea) in the non-contact mode. The surface
morphologies of the PPS/GF composites were observed using field-emission (FE)-SEM
(JSM-IT700HR, JEOL, Tokyo, Japan). The surface elemental distribution of the PPS/GF
composites was analyzed using EDS data collected from the SEM. The specimens used
for SEM analysis were prepared with dimensions of 12.5 mm × 12.5 mm × 3 mm using a
diamond saw cutting machine.

2.3.3. Wettability Analysis

The surface energies of the PPS/GF composites were determined by measuring the con-
tact angles (Phoenix 300, SEO, Suwon, Republic of Korea) using the Owens–Wendt equation.

γS = γD
S + γP

S (1)

(1 + cosθ)γLV = 2
(

γD
S γD

LV

)1/2
+ 2

(
γP

S γP
LV

)1/2
(2)

where γS is the total surface energy of the PPS/GF composites; γLV is the surface tension
of the liquid; and γD

S and γP
s represent the dispersive and polar components, respectively.

The contact angle ( θ) measurements were performed using the sessile drop method with
deionized (DI) water and diiodomethane. The surface tensions of the liquids are listed in
Table 1 [25].
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Table 1. Surface tension values of DI water and diiodomethane.

Liquid
γLV

(mN/m)
γD

LV
(mN/m)

γP
LV

(mN/m)

DI water 72.8 51.0 21.8
Diiodomethane 50.8 50.8 0

2.3.4. Single-Lap Shear Testing

The adhesive used to evaluate the bonding strength was prepared using epoxy and a
hardener provided by ESP Chem (Hwaseong, Republic of Korea). The epoxy and hardener
were mixed in a weight ratio of 10:9, followed by degassing in a vacuum oven for 20 min.
Subsequently, in accordance with the ISO 4587 standard, the adhesive was applied to the
PPS/GF composites over an area of 12.5 mm × 25 mm [26]. Finally, plastic was attached to
the grip to prevent specimen slippage and to ensure uniform load application during the
bonding strength measurement.

The bonding strength between the PPS/GF composites and the epoxy adhesive was
evaluated using a universal testing machine (AG-50kNX, Shimadzu, Kyoto, Japan) with a
50 kN load cell at a crosshead speed of 5 mm/min. The fractured surfaces after the single-
lap shear test were observed using optical microscopy (OM; HVM0850D, Hana-vision,
Seoul, Republic of Korea) to analyze the failure modes. Figure 2a shows the ISO 4587
standard dimensions of the specimen. Figure 2b,c show a schematic and a photograph of
the PPS/GF composite specimen for the single-lap shear test.

Figure 2. (a) Scheme of specimen dimensions in accordance of the ISO 4587 standards, (b) Schematic
illustration of the single lap shear test specimen, and (c) Photograph the bonded region of the PPS/GF
composites specimen for the single lap shear test.

3. Results

3.1. Structural Analysis of PPS/GF Composites

XPS is a widely recognized technique for detecting all elements, except hydrogen and
helium, within ~10 nm of a polymer surface. The elemental composition of the samples
was analyzed by deconvoluting the XPS spectra using CASA XPS software (version 2.3.26).
Additionally, the chemical composition of the PPS/GF composite surface before and after
plasma treatment was quantitatively characterized using XPS.

Figure S2 shows the XPS profiles of the PPS/GF composite surfaces obtained at vary-
ing plasma-treatment speeds. Table 2 shows the percentage of C, O, and S (at.%) and the
oxygen ratio to carbon on the composites. The chemical changes were observed to be
closely related to the plasma-treatment speed. As the treatment time increased, the concen-
tration of oxygen atoms increased, corresponding to a lower treatment speed, whereas the
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carbon atom content decreased. The carbon content decreased from 86.51% in the untreated
sample to 73.32% in the sample treated with plasma at a speed of 6 m/min. This reduction
is attributed to plasma treatment, which removes organic pollutants from the surface and
breaks or oxidizes carbon-based bonds. Conversely, the oxygen (O) ratio increased from
11.73% in the untreated specimen to 18.93% and 20.49% in the samples treated with plasma
at speeds of 6 m/min and 1 m/min, respectively. As the plasma-treatment speed decreased,
the plasma irradiation time on the surface increased, leading to greater incorporation of
oxygen-containing functional groups. Meanwhile, the sulfur (S) ratio increased from 1.04%
in the untreated specimen to 5.61% and 5.48% at 6 m/min and 2 m/min, respectively.
This increase may be due to the removal of superficial low-molecular-weight contami-
nants or surface oxidation products during mild plasma exposure, thereby revealing more
sulfur-containing groups of the PPS matrix. In addition, short-term plasma exposure may
induce surface chain re-orientation, resulting in greater surface accessibility of sulfur atoms.
However, at a treatment speed of 1 m/min, the sulfur content decreased to 2.11% owing to
oxidation by the plasma treatment. At this lower speed, the plasma exposure was more
intense and prolonged, potentially leading to excessive oxidation and surface etching. This
could result in the formation of volatile sulfur compounds such as SO2 and SO3, which
were subsequently desorbed and removed from the surface [27,28].

Table 2. Percentage of elements on surface of PPS/GF composites at varying plasma-
treatment speeds.

Plasma-Treatment Speed
Surface Elements (at.%)

C O S O/C

No plasma 86.51 11.73 1.04 13.55
6 m/min 73.32 18.93 5.61 25.82
2 m/min 72.13 20.25 5.48 28.08
1 m/min 75.38 20.49 2.11 27.18

The XPS C1s spectra of the PPS/GF composites at varying plasma-treatment speeds
are shown in Figure 3 and summarized in Table 3. C1s peaks were deconvoluted into C–C
(285 eV), C–OH (286.2 eV), C=O (286.9 eV), and COOH (288.7 eV) [29]. Comparing the
control PPS/GF composites and the plasma-treated PPS/GF composites, the C–C/C–H
ratio in the untreated sample was 89.67%, which decreased to 78.85%, 79.5%, and 77.45% at
6, 2, and 1 m/min, respectively. This reduction was likely due to the removal of organic
contaminants from the surface and oxidation caused by the plasma treatment. On the
contrary, the C–OH and COOH ratios increased from 2.05% (no plasma) to 4.02% (1 m/min
plasma) and from 1.53% (no plasma) to 5.22% (1 m/min plasma), respectively. However,
the C=O ratio, which increased from 6.74% to 11.91%, decreased to 8.11% at a speed of
2 m/min and to 3.46% at a speed of 1 m/min. This phenomenon is presumed to be due to
the conversion of C=O to COOH, and this tendency becomes more pronounced as plasma
irradiation increases.

Table 3. Percentage of carbon bonds on surface of PPS/GF composites at varying plasma-
treatment speeds.

Plasma-Treatment Speed
Carbon Bonds (at.%)

C–C/C–H C–OH C=O COOH

No plasma 89.67 2.05 6.74 1.53
6 m/min 78.85 4.02 11.91 5.22
2 m/min 79.57 6.48 8.11 5.83
1 m/min 77.45 13.14 3.46 5.93
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Figure 3. C1s spectra of PPS/GF composites at varying plasma-treatment speeds: (a) No plasma,
(b) 6 m/min, (c) 2 m/min, and (d) 1 m/min. The orange curve represents the original C1s spectra
before peak deconvolution.

The XPS S2p spectra of the PPS/GF composites at varying plasma-treatment speeds
are shown in Figure 4 and summarized in Table 4. The S2p peaks were deconvoluted
into –S– (163.9 eV), S=O (165.0 eV), and O=S=O (168.4 eV) peaks [27,30]. The –S– ratio
of the control specimen, initially at 68.99%, decreased to 63.83%, 62.11%, and 56.28% at
plasma-treatment speeds of 6, 2, and 1 m/min, respectively. This reduction was attributed
to the etching effect induced by the plasma treatment and the oxidation of sulfur, leading
to the formation of S=O and O=S=O bonds. At a speed of 6 m/min, the S=O and O=S=O
ratios slightly increased from 29.09% (no plasma) to 33.29% and from 1.91% (no plasma)
to 2.86%, respectively. However, at speeds of 2 and 1 m/min, the S=O ratios decreased
to 30.01% and 30.07%, whereas the O=S=O ratios increased to 7.86% and 13.64%. These
results indicate that the S=O bonds are gradually converted into O=S=O bonds, which are
more stable [27].

Table 4. Percentage of sulfur bonds on surface of PPS/GF composites at varying plasma-
treatment speeds.

Plasma-Treatment Speed
Sulfur Bonds (at.%)

−S− S=O O=S=O

No plasma 68.99 29.09 1.91
6 m/min 63.83 33.29 2.86
2 m/min 62.11 30.01 7.86
1 m/min 56.28 30.07 13.64
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Figure 4. S2p spectra of PPS/GF composites at varying plasma-treatment speeds: (a) No plasma,
(b) 6 m/min, (c) 2 m/min, and (d) 1 m/min. The orange curve represents the original S2p spectra
before peak deconvolution.

FT-IR spectroscopy is a widely used analytical technique for identifying functional
groups and characterizing chemical bonds on polymer surfaces. ATR-FT-IR spectroscopy
allows the direct analysis of the composite surface by measuring the IR absorption of the
evanescent wave that penetrates a few micrometers into the material. The acquired spectra
were analyzed to investigate the chemical modifications induced by the plasma treatment.
The FT-IR spectra of the surface of the PPS/GF composites at varying plasma-treatment
speeds are shown in Figure 5 and summarized in Table 5. Figure 5a shows the entire
wavenumber range of 600–4000 cm−1. As shown in the 2750–4000 cm−1 region (Figure 5b),
the plasma-treated specimens exhibit distinct peaks in the ranges of 3433–4000 cm–1,
3190–3417 cm−1, and 2750–3086 cm−1, indicating the formation of O–H and N–H groups.
Specifically, the peaks in the 3190–3417 cm−1 range were attributed to C–OH, whereas those
in the 2750–3086 cm−1 range were assigned to O–H and COOH groups. The intensities
of these peaks increased as the plasma-treatment speed decreased, indicating enhanced
surface functionalization. Figure 5c shows a zoom-in of the 1200–1800 cm−1 region. The
peaks at 1682 cm−1 and 1751 cm−1 correspond to the C=O stretching vibrations of the
conjugated aldehyde and carboxylic acids, respectively. Additionally, the peak at 1631 cm−1

is attributed to the N–H bending vibration. The presence of O–H, N–H, COOH, and C=O
peaks indicate surface modification induced by plasma treatment. The peaks at 1470 cm−1

and 1516 cm−1 are related to the aromatic ring in the PPS molecule structure. The peak at
1516 cm–1 corresponds to the C=C stretching vibration of the aromatic ring, and its intensity
increased as the surface organic contaminants were removed by plasma treatment. The
peak at 1470 cm−1 exhibited weaker intensity as the plasma-treatment speed decreased,
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indicating the breaking of C–H bonds. The sulfone group exhibits two S=O stretching
peaks, one of which appears at 1240 cm−1. Figure 5d presents a magnified view of the
wavenumber range of 600–1200 cm−1, where the other sulfone peak can be observed at
~1087 cm−1. The peaks at 875 cm−1 and 817 cm−1 correspond to the out-of-plane C–H
bending vibrations of the aromatic ring within the PPS structure, while the peak at 702 cm–1

represents the stretching vibration of the C–S bond [31,32].

 

Figure 5. FT-IR spectra of the PPS/GF composites with various plasma treatment speeds (No plasma,
6 m/min, 2 m/min, 1 m/min), highlighting the formation and evolution of oxygen-containing func-
tional groups: (a) Full range spectra (600–4000 cm−1), (b) O–H stretching region (2750–4000 cm−1),
(c) carbonyl and aromatic C=C region (1200–1800 cm−1) and (d) Fingerprint region (600–1200 cm−1).

Table 5. FT-IR spectral peak assignments of PPS/GF composites treated with plasma at atmo-
spheric pressure.

Wavenumber (cm–1) Assignment

3433–4000 O–H stretching of alcohol
3190–3417 O–H, N–H stretching
2750–3086 O–H stretching of hydroxyl group

1751 C=O stretching of carboxylic acid
1682 C=O stretching of conjugated aldehyde
1631 N–H bending of amine
1516 C=C stretching of aromatic ring
1470 C–H (in-plane) bending of aromatic ring

1240, 1087 S=O stretching of sulfone
1006 S=O stretching of sulfoxide

875, 817 C–H (out-of-plane) bending of aromatic ring
702 C–S–C stretching of PPS
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3.2. Morphology of PPS/GF Composites

The surface roughness profile and 10-point average roughness (Rz) of the PPS/GF
composites at varying plasma-treatment speeds are shown in Figure 6. At a plasma-
treatment speed of 6 m/min, Rz increased by 64%, from 42.74 nm to 70.02 nm. This increase
can be explained by the partial removal of surface contaminants and mild surface etching
caused by reactive species in the plasma. At lower plasma-treatment speeds of 2 m/min
and 1 m/min, the Rz significantly increased to 206.52 nm (+383%) and 392.21 nm (+817%),
respectively, compared with the control sample. At lower treatment speeds, the longer
exposure time allows the plasma to more strongly react with the surface. This causes more
noticeable etching, forming uneven microstructures. These structures increase the surface
area, improving mechanical interlocking with the epoxy adhesive.

Figure 6. Surface roughness profile of PPS/GF composites at varying plasma-treatment speeds:
(a) No plasma, (b) 6 m/min, (c) 2 m/min, and (d) 1 m/min. (e) Roughness profile of the arrow
section along the longitudinal direction of the 5 μm scale.

SEM images and EDS mapping of the PPS/GF composites at varying plasma-treatment
speeds are shown in Figure 7. These images clearly illustrate the etching effects on the
composite surface as a function of the plasma-treatment speed, confirming the trend
of increasing surface roughness with prolonged plasma irradiation. Additionally, EDS
analysis revealed that oxygen was concentrated in the plasma-treated regions, whereas
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the carbon and sulfur contents were partially reduced. This suggests that surface etching
and oxidation occurred simultaneously, removing surface impurities while activating the
surface chemically.

Figure 7. SEM images and EDS mapping of PPS/GF composites at varying plasma-treatment speeds:
(a) No plasma, (b) 6 m/min, (c) 2 m/min, and (d) 1 m/min.

3.3. Wettability Analysis of PPS/GF Composites

Wettability describes how well a liquid spreads on a solid surface and plays a crucial
role in bonding strength. Higher wettability increases the contact area between the adhesive
and substrate, leading to stronger bonding. Wettability is typically evaluated using contact
angle measurements, where a lower contact angle corresponds to better wettability. The
contact angles—measured using diiodomethane (the dispersive component) and DI water
(the polar component)—are shown in Figure 8. The water contact angle in the control sam-
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ple was 78.9◦, whereas at a plasma-treatment speed of 6 m/min, it decreased significantly
to 31.5◦, indicating a sharp increase in wettability. At speeds of 2 m/min and 1 m/min,
the contact angles decreased further to 28.5◦ and 17.5◦, respectively. This trend indicates
that lower plasma-treatment speeds introduce a greater number of oxygen-containing
functional groups onto the surface, thereby enhancing wettability. For diiodomethane,
the contact angle of the control sample was 38.8◦, which decreased to 28.0◦, 21.0◦, and
15.0◦ at 6, 2, and 1 m/min, respectively. Because diiodomethane contains only dispersive
components, the reduction in contact angle can be attributed to the increase in surface
roughness caused by the plasma treatment, which likely enhances wettability.

 

Figure 8. Contact angles measured using DI water and diiodomethane on the surface of the PPS/GF
composites at varying plasma-treatment speeds: (a,e) No plasma, (b,f) 6 m/min, (c,g) 2 m/min, and
(d,h) 1 m/min. (a–d) show DI water droplets, and (e–h) show diiodomethane droplets. Red lines
indicate the fitted tangent at the droplet-solid interface used to calculate the contact angle, and blue
lines represent the baseline of the solid surface.

The surface energy components calculated by applying the Owens–Wendt equation are
shown in Figure 9 and are summarized in Table 6 [33]. The total surface energy of the control
sample was 47.7 mN/m, with 44.9 mN/m from the dispersive component and 2.8 mN/m
from the polar component, indicating that the surface was predominantly dispersive and
relatively inert. After plasma treatment at 6 m/min, the total surface energy increased by
43% to 68.2 mN/m, with 47.3 mN/m from the dispersive component and 20.9 mN/m from
the polar component. While the dispersive component showed a slight increase, the polar

256



Polymers 2025, 17, 1344

component clearly increased, leading to an increase in the total surface energy. Similarly, at
a speed of 2 m/min, the total surface energy reached 72.2 mN/m (48.3 mN/m dispersive,
23.9 mN/m polar), and at 1 m/min, it further increased to 74.0 mN/m (48.8 mN/m
dispersive, 25.2 mN/m polar), representing increases of 51% and 55%, respectively. These
results indicate that lower plasma-treatment speeds introduce a greater number of polar
functional groups on the surface, leading to a significant increase in surface energy. This
enhancement in surface energy is expected to improve the interfacial interactions between
the PPS/GF composites and the epoxy adhesive, ultimately contributing to the improved
bonding strength.

 

Figure 9. Variation in surface energy with plasma-treatment speed of the PPS/GF composites.

Table 6. Polar, dispersive, and surface energies of the PPS/GF composites at varying plasma-
treatment speeds.

Plasma-Treatment Speed γD
S (mN/m) γP

S (mN/m) γS

No plasma 44.9 2.8 47.7
6 m/min 47.3 20.9 68.2
2 m/min 48.3 23.9 72.2
1 m/min 48.8 25.2 74.0

3.4. Adhesive Behavior of PPS/GF Composites

Figure 10 illustrates the failure modes observed after single-lap shear testing and the
trends in failure behavior according to the speed of plasma treatment. Figure 10a shows a
partial adhesive failure mode, in which the epoxy adhesive delaminates from the composite
surface due to insufficient interfacial bonding between the PPS/GF composites and the
epoxy. The presence of residual epoxy on the composite surface is clearly visible in Figure
S3, an optical microscope (OM) image. In contrast, Figure 10b presents a stock-break failure
mode, where the failure occurs within the PPS/GF composite itself, indicating that the
interfacial bonding strength exceeded the cohesive strength of the composite. Figure 10c
summarizes the overall failure mode trends with respect to the plasma-treatment speed. All
control samples exhibited partial adhesive failure. At a treatment speed of 6 m/min, some
stock-break failures were observed. However, the failure mode was still predominantly
adhesive. In contrast, most samples treated at 2 m/min and 1 m/min exhibited stock-
break failure, indicating significantly improved adhesion. This change in failure mode is
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attributed to the increased incorporation of hydrophilic functional groups and the enhanced
surface roughness caused by longer plasma exposure times, both of which contribute to
stronger bonding with the epoxy [34].

Figure 10. Representative failure morphologies and failure mode distribution according to plasma-
treatment speed: (a) partial adhesive failure showing interfacial debonding, (b) stock-break failure
indicating cohesive fracture within the substrate, and (c) failure mode distribution (partial adhesive
vs. stock-break) across different plasma-treatment speeds.

The effect of plasma-treatment speed on mechanical performance is further demon-
strated in Figure 11, which shows the stress–strain curve and bonding strengths, and in
Table 7, which summarizes the numerical values. Compared with the control sample, a
treatment speed of 6 m/min resulted in a 4.5% increase in bonding strength (from 3.76 MPa
to 3.93 MPa). At speeds of 2 m/min and 1 m/min, the bonding strength further increased
to 12.8% (4.24 MPa) and 24.8% (4.69 MPa), respectively, indicating a trend of lower plasma-
treatment speeds leading to higher bonding strengths. Similarly, the elastic modulus
increased compared with the control sample (113.76 MPa), reaching 146.52 MPa (+ 12.87%)
at 6 m/min, 156.51 MPa (+13.76%) at 2 m/min, and 170.60 MPa (+ 15%) at 1 m/min. As
discussed earlier, samples treated at speeds of 2 m/min and 1 m/min predominantly ex-
hibited stock-break failure, which corresponds to their higher bonding strength and elastic
modulus values. A lower speed of plasma treatment leads to improved interfacial adhesion,
as evidenced by the transition from partial adhesive failure to stock-break failure and the
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enhancement in mechanical properties. Furthermore, as shown in Figure S4, there is a clear
positive correlation between surface energy and bonding strength. The increase in surface
energy, attributed to the introduction of polar functional groups, directly contributed to
enhanced wettability and chemical interaction with the epoxy adhesive. Among all tested
conditions, a plasma-treatment speed of 1 m/min was found to be the optimal, yielding
the highest bonding strength.

 

Figure 11. (a) Stress–strain curves and (b) bonding strength between PPS/GF composites and epoxy
adhesives at varying plasma-treatment speeds.

Table 7. Bonding strength and failure mode of PPS/GF composites at varying plasma-
treatment speeds.

Plasma-Treatment
Speed

Bonding Strength
(MPa)

Elastic Modulus
(MPa)

Failure Mode

No plasma 3.76 ± 0.09 113.76 ± 6.80 Partially adhesive
6 m/min 3.93 ± 0.06 146.52 ± 5.62 Partially adhesive
2 m/min 4.24 ± 0.11 156.51 ± 7.88 Stock-break
1 m/min 4.69 ± 0.10 170.60 ± 4.21 Stock-break

4. Conclusions

In this study, the bonding strength between PPS/GF composites and epoxy was
successfully enhanced through atmospheric-pressure plasma surface treatment. As the
treatment speed decreased, the bonding strength increased, accompanied by a distinct
transition in failure mode from partial adhesive failure to stock-break failure. This improve-
ment is attributed to the increased introduction of oxygen-containing functional groups,
such as hydroxyl (–OH) and carboxyl (–COOH) groups on the surface of the composites
during prolonged plasma exposure, which promoted stronger chemical bonding with the
epoxy adhesive. Additionally, the plasma treatment induced the surface etching of the
PPS/GF composites, increasing surface roughness. This enhanced roughness expanded
the contact area with the epoxy adhesive, thereby improving mechanical interlocking and
further contributing to the enhanced bonding strength. At the optimized treatment speed
of 1 m/min, the plasma treatment resulted in an 817% increase in surface roughness, a
55% increase in surface energy, and ultimately a 24.8% improvement in bonding strength
compared with control samples. The findings of this study demonstrate that a simple and
facile plasma treatment significantly improves adhesion performance, which plays a crucial
role in the fabrication of capacitor housings for electric vehicles.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym17101344/s1. Figure S1: A schematic illustration of PPS/GF
composites specimen preparation for single lap test. Figure S2: XPS spectra of PPS/GF composites
with various plasma treatment speeds: (a) No plasma, (b) 6 m/min, (c) 2 m/min, and (d) 1 m/min.
Figure S3: OM image of fractured surface showing partially adhesive failure at a plasma treatment
speed of 6 m/min. Figure S4: Correlation between surface energy and bonding strength of PPS/GF
composites treated by plasma irradiation with different treatment speeds. The red regression line
illustrates the positive trend between increasing surface energy and corresponding bonding strength.
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Abstract: In this study, we comprehensively compare electrical conduction behavior under
an applied electric field and electrical conductivity variation with temperature in low-
density polyethylene (LDPE)/CNT composites with different dispersions and covalent
functionalizations. Composites with different dispersions were prepared using solution
and melt mixing processes. The solution-mixed composites exhibited better dispersion
and higher electrical conductivity compared to the melt-mixed composites. At a high
critical content (beyond the percolation threshold), the current–voltage (I–V) curve of the
solution-mixed composites exhibited linear conduction behavior due to the formation of a
continuous conductive network. In contrast, the melt-mixed composites exhibited nonlin-
ear conduction behavior, with the conductive mechanism attributed to the field emission
effect caused by poor interfacial contact between the CNTs. Additionally, LDPE/CNT-
carboxyl (LDPE/CNT-COOH) and LDPE/CNT-hydroxy (LDPE/CNT-OH) composites
demonstrated better dispersion but displayed lower electrical conductivity and similar
nonlinear conduction behavior when compared to unmodified ones. This is attributed to
the surface defects caused by the modification process, which lead to an increased energy
barrier and a decreased transition frequency in the field emission effect. Furthermore, the
temperature-dependent electrical conductivity results indicate that the variation trend in
current with temperature differed among LDPE/CNT composites with different disper-
sions and covalent functionalizations. These differences were mainly influenced by the gap
width between CNTs (mainly affected by dispersion and aspect ratio of CNTs), as well as
the electrical conductivity of CNTs (mainly influenced by surface modification and intrinsic
electrical conductivity of CNTs).

Keywords: dispersion; covalent functionalization; CNT-based composites; electrical
conduction; temperature; field emission

1. Introduction

Carbon nanotubes (CNTs) are one-dimensional nanotubular materials with a structure
in which carbon atoms are predominantly sp2-hybridized [1,2]. In recent years, carbon
nanotubes have attracted much attention due to their large aspect ratio, excellent electrical
conductivity, and outstanding mechanical properties [3]. They are often incorporated as
conductive particles into polymers to prepare conductive polymer composites, which are
widely used in the fields of electromagnetic shielding [4,5], electric heating [6], antistatic-
ity [7,8], etc. Due to the high aspect ratio and pronounced entanglement characteristics

Polymers 2025, 17, 1940 https://doi.org/10.3390/polym17141940
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of CNTs, CNTs can easily agglomerate within a matrix. Thus, the dispersion of CNTs
is a critical factor that significantly influences the electrical conductivity and mechanical
properties of CNT–polymer composites [9,10].

The dispersion of conductive fillers in polymer composites is influenced by various
factors, including the preparation method (including shear force) [11,12], surface mod-
ification, the length of CNTs [13], the viscosity of polymers [14], etc. For instance, Bai
et al. [13] investigated the effect of nanotube length and aggregate size on the mechanical
and electrical properties of composites and reported that the length and aggregate size
had a very clear impact on the dispersion and dielectric properties of the composites.
Sui et al. [15] found that the effect of preparation methods on dispersion and electrical
conductivity is related to the content of CNTs. Faraguna et al. [16] prepared differently
functionalized-CNT–polystyrene (PS) nanocomposites by melt and solution mixing, re-
vealing that the solution-mixed nanocomposites exhibited lower percolation thresholds
due to better dispersion compared to the melt-mixed composites. These studies have
provided important guidance for the effect of CNT dispersion on the electrical conductivity
and percolation threshold of CNT–polymer composites. However, the investigation of
the influence of CNT dispersion on electrical conduction behavior under electric fields
remains sluggish.

Most previous studies reported that the electrical conductivity of polymer composites
increased with the increase in electric field when the filler content approached the percola-
tion threshold [17–19]. That is, the intensity current–voltage (I–V) curve shows a nonlinear
characteristic [20]. Previous studies have suggested that the nonlinearity of each element
may be responsible for its intrinsically nonlinear characteristic [21]. Alternatively, it has
been proposed that the transition from insulating to conducting channels under strong local
fields could account for nonlinear electrical conductivity [22]. This transition is likely due
to the nonlinear hopping or tunneling of charge carriers. He et al. [23] have demonstrated
that a combination of nonlinear conduction induced by internal field emission and linear
conduction contributed by a conducting network governs the overall electrical conduction
process in percolating systems. Although these studies have described nonlinear electrical
conduction for composites with different contents near the percolation threshold, none of
them have focused on the investigation of electrical conduction under an electric field for
composites with different dispersion states.

In most cases, it is necessary to chemically modify the surface of CNTs in order to
achieve good dispersion in CNT–polymer composites and strong interfacial adhesion
between CNTs and polymer matrices [24–27]. However, chemical modification processes
may destroy the surface structure of CNTs. For example, Sui et al. [15] reported that
carboxyl–CNT (COOH-CNT) had better dispersion than unmodified CNT, while COOH-
CNT/thermoplastic polyether urethanes (TPU) composites had lower conductivity and
higher percolation thresholds, which can be attributed to the structure defects and the
reduced length of CNTs caused by the acidification process. Similarly, Trinh et al. [28]
also demonstrated that COOH-CNT nanofluids showed lower electrical conductivity due
to structure defects in CNTs, in comparison to unmodified CNT nanofluids, which even
revealed a higher agglomerated size. These investigations have focused on the effect
of surface chemical modification on dispersion, mechanical properties, and thermal and
electrical conductivity [26,27,29]. However, the influence of surface chemical modification
on electrical conduction behavior under electric fields is not very clear. Furthermore,
there is a lack of research exploring how the covalent functionalization method affects the
electrical conductivity variation as a function temperature for CNT based composites.

In order to systematically investigate the effect of CNT dispersion on electrical con-
duction behavior under the applied electric field and the temperature-dependent electrical
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conductivity variation, the low-density polyethylene (LDPE)/CNT composites with differ-
ent dispersion states were prepared by the melt and solution mixing methods. The reason
for using LDPE as the matrix is due to its ability to melt at high temperatures and dis-
solve in the solvent xylene [30], and its excellent mechanical properties [31]. What is more,
COOH-CNT and OH-CNT were employed as the conductive fillers of the composites to sys-
tematically investigate the influence of surface chemical modification on CNT dispersion,
electrical conduction behavior under an applied electric field, and temperature-dependent
electrical conductivity variation.

2. Experimental Section

2.1. Materials

Low-density polyethylene (LDPE) was provided by Dongguan Shanhe Plastic Technol-
ogy Co., Ltd., Dongguan, China. Multi-walled CNT (TNM1), the corresponding carboxyl-
CNT (COOH-CNT, TNMC5) and hydroxy-CNT (OH-CNT, TNMH5) with 5–15 nm diameter
and 98% purity were provided by the Chengdu Organic Chemicals Pty Ltd., Chengdu,
China. Xylene (AR grade) was purchased from Chengdu Jinshan Chemical Co., LTD.,
Chengdu, China. Anhydrous ethanol (AR grade) was provided by Chengdu Colon Chemi-
cal Co., LTD., Chengdu, China.

2.2. Preparation of Composites

For the melt mixing process, the dried unmodified CNT and LDPE were mixed in a
Torque Rheometer (Rheoccord System 40, Haake Technik GmbH, Vreden, Germany) at
200 ◦C. The mixing speed was set at 60 and 120 rpm, respectively. Then the LDPE/CNT
composites were hot-pressed at 190 ◦C and 10 MPa for 5 min into a sheet with a size of
50 × 50 × 2 mm3 for different characterizations. A series of LDPE/CNT composites with
different volume fractions of unmodified CNT (0.7, 1.4, 2, 2.8, 3.5, 4.5, 5, and 6 vol.%) were
prepared. The LDPE/CNT-COOH and LDPE/CNT-OH composites with the same volume
fraction were fabricated using the above process with a mixing speed of 120 rpm.

For the solution mixing process, a certain amount of CNTs was suspended in ethanol
by sonication. The LDPE was dissolved in the xylene at 130 ◦C by magnetic stirring. When
the mixture became transparent, the CNT/ethanol suspension was slowly dropped into the
LDPE/xylene solution, and the mixture was stirred for 1 h. Subsequently, the mixture was
filtered and vacuum dried at 60 ◦C for 72 h to remove the xylene. By measuring the weight,
we confirmed that the xylene had been completely evaporated. Finally, the composite was
put into the mold and hot pressed at 190 ◦C and 10 MPa for 20 min to obtain a plate-like
sample with a size of 50 × 50 × 2 mm3. The volume fraction of CNT in the LDPE/CNT
composites prepared by the solution mixing method is 0.7, 1.4, 2, 2.8, 3.5, 4.5, 5, and 6 vol.%.

The obtained LDPE/CNT composites prepared by different methods were marked
as CNT-60-x, CNT-120-x, and CNT-solution-x, respectively, where x stands for the CNT
content. The composites with and without grafting groups were named as CNT-x, CNT-
COOH-x, and CNT-OH-x, respectively, where x represented the CNT content.

2.3. Material Characterization

The cross-sectional morphology of the LDPE/CNT composites was characterized
by scanning electron microscopy (SEM, Helios 5 CX, Thermo Scientific, Waltham, MA,
USA). The cross-section was obtained by brittle fracture in liquid nitrogen. The tensile
and flexural tests were conducted using an electronic universal testing machine (68TM-10,
Instron Corporation, Boston, MA, USA). The specimens have a size of 50 × 10 × 2 mm3.
The loading rate was 50 mm/min and the gauge length was 25 mm. The flexural test was
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carried out with a loading rate of 10 mm/min, and the flexural displacement was set to
8 mm, at which point the test stopped.

2.4. Electrical Performance Characterizations

The volume electrical conductivity of the composites was examined using the RTS-11
four-probe resistivity tester (Shenzhen Junda Times Instrument, Shenzhen, China) when
the electrical conductivity was above 10−6 S/cm and the ZST121 electric resistance meter
(Avic Xi’an Aircraft Industry Group Company Ltd., Xi’an, China) when the electrical
conductivity was below 10−6 S/cm. The electrical conductivity of CNTs was examined by
the RTS-11 four-probe resistivity tester after the CNTs were pressed into a sheet at 15 MPa.
The electrical conductivity of the sample was calculated using the following equation:

σ =
t

R × S
(1)

where σ is the electrical conductivity, t is the thickness, R is the electrical resistance, and S
is the area of the samples.

The electrical conduction was carried out using a DC voltage source (DC1203D, Dingce
Power Technology, Dongguan, China). The electrical conduction and the volume electrical
resistivity at different temperatures (−40–80 ◦C) were measured in a freezer and a drying
oven. The connection area of the equipment was wrapped with insulation foam to ensure
the accuracy of the temperature.

The effective aspect ratio of CNTs in the matrix was calculated by substituting the
percolation threshold into the following equations, which are given below [32–34]:

ψc =
18S2

11 − 9S11

18S2
11 − 3S11 − 4

(2)

S11 = S22 =

⎧⎪⎪⎨
⎪⎪⎩

α

2(1−α2)
3
2

[
cos−1 α − α

(
1 − α2) 1

2

]
, α < 1

α

2(α2−1)
3
2

[
α
(
1 − α2) 1

2 − cosh−1α

]
, α > 1

(3)

where ψc is the volume fraction of the percolation threshold, α is the aspect ratio of CNT,
and S11 and S22 are the components of the shape-dependent depolarization tensor S of
associated phases. For fillers with spherical symmetric shape, S11 = S22 = 1/3 [32]. For fillers
with an asymmetric axis 3, such as carbon nanotubes, graphene, and other ellipsoidal fillers,
S11 can be calculated by the formula mentioned above [33]. Previous research reports that
the percolation threshold (ψc) is a strictly geometrical parameter [34], which represents the
onset of the connective networks through the composite. It is only related to the aspect ratio
of the fillers and can be used to calculate ψc [35,36]. Therefore, in this study, we inversely
used the above equations to calculate the effective aspect ratio of CNTs in the matrix.

3. Results and Discussion

3.1. The Effect of CNT Dispersion on the Electrical Conduction Under an Electric Field for the
LDPE/CNT Composites

The LDPE/CNT composites with different dispersion states were fabricated using melt
and solution mixing methods. The dispersion of the LDPE/CNT composites was observed
by SEM. At a low volume fraction (3.5 vol.%), for the melt-mixed composites, as depicted in
Figure 1a, the distribution of CNTs was less uniform, with some agglomerations observed
for the composites subjected to a stirring speed of 60 rpm (see the red dashed boxes). When
the stirring speed increased to 120 rpm, the amount of the CNT agglomerates reduced,
as depicted in Figure 1b, exhibiting a better CNT dispersion primarily due to enhanced
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shear force. The solution-mixed composites exhibit a more uniform dispersion, without any
noticeable agglomerates (Figure 1c,d). As shown in Figure 1c,d, the CNTs were observed
to be in contact with each other, thereby establishing a continuous conductive network
within the solution-mixed composites. When the volume fraction was increased to 6 vol.%
(Figure 1e–h), the agglomeration of CNTs in the melt-mixed composites was more obvious,
while the solution-mixed composites still exhibited the best dispersion. For the melt-mixed
composites with a stirring speed of 120 rpm, the CNTs formed interconnected conduction
paths but failed to establish a continuous network. When the stirring speed decreased to
60 rpm, obviously isolated CNTs were observed (Figure 1e). The aforementioned results
demonstrated that the dispersion of CNT in the solution-mixed composite surpassed that in
the melt-mixed composite, and that an increase in shear force can enhance CNT dispersion.
This result was in agreement with other previous studies [11,16,37]. They have reported
that a better dispersion enabled CNTs to form continuous conducting networks more easily.

 

Figure 1. The SEM morphology of the LDPE/CNT composites prepared by different mixing processes:
(a) CNT-60-3.5 100,000×; (b) CNT-120-3.5 100,000×; (c) CNT-Solution-3.5 100,000×; (d) CNT-Solution-
3.5 200,000×; (e) CNT-60-6 100,000×; (f) CNT-120-6 100,000×; (g) CNT-Solution-6 100,000×; (h) CNT-
Solution-6 200,000×.

In order to further confirm the dispersion state of the LDPE/CNT composites with
different preparation methods, the mechanical properties were tested. Figure 2a,b show
the tensile modulus and tensile strength of the LDPE/CNT composites with different
preparation methods, respectively. It can be clearly observed that the solution-mixed
LDPE/CNT composites exhibit the highest tensile modulus and strength at both low and
high contents. The melt-mixed composites with a stirring speed of 120 rpm exhibited
higher tensile modulus and strength compared to those with a stirring speed of 60 rpm.
These results should be related to the homogeneity of CNT. The excellent dispersion of CNT
in LDPE resulted in the interconnection between the polymer matrix and CNTs, thereby
reducing the slip and enhancing the mechanical strength of the composites [38,39]. In
addition, a decline in tensile strength was observed at 6 vol.% CNTs, which was likely
attributed to the more agglomeration resulting in poor stress transfer [15]. Figure 2c shows
the flexural strength of the LDPE/CNT composites with different preparation methods.
The solution-mixed LDPE/CNT composites also exhibited the highest flexural strength
at both low and high contents. These results suggest that the solution-mixed LDPE/CNT
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composite exhibited superior dispersion, while the melt-mixed composite with a stirring
speed of 60 rpm showed the poorest dispersion.

Figure 2. The mechanical strength of the LDPE/CNT composites prepared by different mixing
processes at different CNT volume fractions: (a) tensile modulus; (b) the ultimate tensile strength;
(c) the flexural strength and strain curves.

Figure 3a shows the volume electrical conductivity of the LDPE/CNT composites
prepared by different methods. For the melt-mixed composites, the electrical conductivity
of the composite with a stirring speed of 120 rpm was higher than that of the composite
with a stirring speed of 60 rpm. The solution-mixed composites demonstrated a higher
electrical conductivity than the melt-mixed composites. The percolation threshold was
calculated using the classical percolation formula, as delineated below [40]:

Σ = σf (ψ − ψc)t (ψ > ψc) (4)

where ψ is the volume fraction of the filler, ψc is the percolation threshold, and σ and σf

are the conductivities of the composite and filler, respectively. In addition, t is a critical
power exponent that depends on the dimensionality of the conducting network and typ-
ically takes the value of ~1.33 for two-dimensional (2D) systems (e.g., in coatings) [41],
For three-dimensional (3D) systems, this is usually taken as ~2 [42]. Log values were
taken for each side of the equation, and a linear line fit was used. The fitting results are
shown in Figure 3b. The percolation thresholds of the melt-mixed composites with stirring
speeds of 60 and 120 rpm were fitted to be 4.2 and 3.2 vol.%, respectively. Moreover, the
corresponding t-values were significantly high at 4.17 and 5.12. Combined with the SEM
results, the reason for such a high t-value was likely attributed to the formation of tunneling
percolation systems [37,43], which were formed by conductive particles located apart from
each other and enclosed by the polymer matrix. This system may arise from extensive
CNT aggregations in the melt-mixed composites. For the solution-mixed composites, the
percolation threshold (2 vol.%) was obviously lower than that of the melt-mixed composites.
Moreover, the t-value reached as high as 5.7, which was significantly higher than that of
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the melt-mixed composites. Such a high t-value was likely due to the formation of a 3D
conductive network (see Figure 1h) as well as the presence of small CNT aggregations.
These results further confirmed the differences in the dispersion state of the LDPE/CNT
composites prepared by different methods.

Figure 3. (a) The volume conductivity (σ) of the LDPE/CNT composites prepared by different mixing
processes; (b) the Log plots of σ versus ψ-ψc and their fit curves.

The electrical conduction under an electric field of the LDPE/CNT composites with
different preparation methods was examined at ambient temperature. The composites
with a volume fraction of 6 vol.% were selected for testing due to their content exceeding
the percolation threshold and showing conductive behavior (σ < 10−4 S/m) [44]. The
current–voltage (I–V) curves are shown in Figure 4a–c. The solution-mixed composite
demonstrated the highest current value at a given voltage among the three groups of
composites, owing to its superior electrical conductivity. The current of all three groups of
composites exhibited an increasing trend with the applied voltage; however, it is evident
that the I–V curves of these three groups have obvious differences. For the solution-mixed
composite, the I–V curve showed a linear characteristic, whereas the I–V curves of the
melt-mixed composites exhibited a nonlinear variation. Moreover, the resistance (R) of
the melt-mixed composites decreased with the applied voltage (Figure 4d). Previous
studies have reported that the nonlinear variation in percolated composites primarily arose
from electron tunneling induced by the field emission effect occurring between isolated
fillers [22]. The internal field emission effect was proposed by Zener in the 1930s [45],
through which a large number of isolated conductive particles that are not connected to
the whole conductive network can also participate in the conduction process by jumping
over the insulating barriers through electron tunneling. The curves were fitted using linear
and field emission formulas, respectively. The specific formulas employed are as follows:

I = a + bV (5)

I = AVnexp (−B/V) (6)

where I is the current intensity; V is the applied voltage; a, b, A, B, and n are constants;
and n is usually between 1 and 3 depending on various corrections included in the theory,
such as the effects of image fields or Coulombic forces [46]. A is a function of tunneling
frequency, i.e., the number of attempts to cross the barrier per second, and B represents the
energy barrier between the insulating matrix and the conducting fillers, which is mainly
related to the gap width between the conducting fillers [47]. In this study, the fitted curves
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and parameters for the two formulas are also shown in Figure 4a–c. The I–V curves of the
melt-mixed composites with stirring speeds of 60 and 120 rpm exhibited a closer adherence
to the field emission equation as compared to that of the linear one. This result suggests that
the dominant conductive mechanism of melt-mixed composites is the field emission effect.
This can be attributed to non-uniform dispersion resulting in insufficient interconnection
between CNTs, see schematic diagram in Figure 5a. Moreover, it is apparent that the
composite stirred at 120 rpm exhibits a higher tunneling frequency (A) and lower potential
barrier (B) compared to the one stirred at 60 rpm (Figure 4e). This can be attributed to the
better dispersion, resulting in a narrower gap width between CNTs in the former.

Figure 4. (a–c) The current intensity variation as a function of applied voltage for the LDPE/CNT
composites prepared by different mixing processes: (a) CNT-60-6; (b) CNT-120-6; (c) CNT-Solution-6.
The solid lines correspond to the best linear-fitting result and fitted curve from the electric field
emission equation, respectively. (d) The resistance variation as a function of applied voltage; (e) the
fitted parameters of transition probability A and the energy barrier B; (f) the current intensity variation
as a function of applied voltage and fitted curve from the electric field emission equation for the
LDPE/CNT composites prepared by different mixing process at a volume fraction of 4.5 vol.%.
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Figure 5. (a) The schematic diagram of the LDPE/CNT composites with CNT aggregates; (b) the
schematic diagram of the LDPE/CNT composites with good dispersion.

The I–V curve of the solution-mixed composite demonstrated a linear characteristic,
indicating that the conductivity mechanism follows the percolation theory. This finding
was different from the melt-mixed composites. It was likely arising from the more effective
interconnection between CNTs, resulting in a reduction in gap width between CNTs, see
schematic diagram in Figure 5b. This results in a decrease in potential barrier (B) derived
from the field emission formula, as shown in Table 1. The B value became zero, leading to
the transformation of the field emission equation into linear equation of I = 0.012 V. When
the CNT content decreased to 4.5 vol.%, the conductive mechanism of the solution-mixed
composite became the field emission effect, as evidenced by the experimental data and its
fitting curve depicted in Figure 4f. A higher B value was obtained (Table 1), which was
likely due to the larger gap width between CNTs. Therefore, the above results indicate that
the CNT dispersion appears to exhibit a similar effect as the filler content, influencing not
only the electrical conductivity and percolation threshold but also the gap width of CNTs
and the electrical conduction behavior under the electric field.

Table 1. The fitted parameters of the field emission equation for the LDPE/CNT composites prepared
by different methods.

Specimens A B n Adj. R-Square

CNT-120-4.5 0.00141 113.86 1.05 0.9964
CNT-Solution-4.5 0.00161 31.68 1.08 0.9977

CNT-60-6 0.00158 40.33 1.06 0.9934
CNT-120-6 0.010 18.79 1.09 0.9942

CNT-Solution-6 0.122 0 — 0.9946

In engineering applications, the variation in electrical conductivity as a function of
temperature serves as a crucial indicator. Therefore, in this study, the electrical properties
of the LDPE/CNT composites with different dispersion states at different environmental
temperatures were investigated. Figure 6a shows the current variation in the composites
with content of 6 vol.% prepared by different preparation methods at environment tem-
peratures of −40–80 ◦C. It can be seen that there is an obvious difference in the current
variation trends of the three LDPE/CNT composites at their respective maximum operating
voltages. When the environmental temperature decreased from 20 to −20 ◦C, the current
values of these composites exhibited an increasing trend. The melt-mixed composite with
a stirring speed of 60 rpm showed a maximum increase value. It can be attributed to its
poorer dispersion, resulting in inadequate contact between CNTs. Consequently, when
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the temperature was reduced, the gap width between CNTs was significantly decreased
due to the matrix contracting to some extent as the temperature dropped [48]. As the
environmental temperature decreased to −40 ◦C, the current values of all three groups of
composites showed a decreasing trend, which was mainly related to the decrease in the
energy of charge carriers at low temperatures [49].

Figure 6. (a) The current variation as a function of temperature for the LDPE/CNT composites
prepared by different mixing processes; (b) the electrical conductivity variation as a function of
temperature for the LDPE/CNT composites prepared by different mixing processes.

As the temperature increased from 20 ◦C to 80 ◦C, the current value of the melt-mixed
composite with a stirring speed of 60 rpm initially exhibited a decreasing trend, followed
by a slight increase. The decrease may be attributed to the increase in the gap width
between CNTs induced by the thermal expansion of the polymer matrix as the temperature
rose [50]. The increase may be due to the fact that the carrier energy was elevated at
higher temperatures [51,52]. The increasing trend also occurred in the current values of
melt-mixed composites with a stirring speed of 120 rpm and the solution-mixed composites.
It is interesting that these two groups did not exhibit a declining trend, potentially due to
the better dispersion state (more effective contact) resulting in less variation in gap width
between CNTs, see schematic diagram in Figure 5. The above results are further confirmed
by the electrical conductivity variation with temperature, see Figure 6b. It can be concluded
that the dispersion states of CNTs have a significant impact on electrical conduction and
conductivity of the composites with temperature.

3.2. The Effect of Covalent Functionalization on the Dispersion of CNT and the Electrical
Conduction Under an Electric Field for the LDPE/CNT Composites

The SEM morphologies of the LDPE/CNT-COOH and LDPE/CNT-OH composites
with a volume fraction of 6 vol.% are shown in Figure 7a,b. It can be seen that there is
no obvious difference in the dispersion of the LDPE/CNT-COOH and LDPE/CNT-OH
composites. When compared to the unmodified LDPE/CNT composites, they exhibited
a smaller agglomeration size and more uniform distribution of CNTs within the matrix.
However, it is worth noting that the LDPE/CNT-COOH and LDPE/CNT-OH composites
have formed conductive paths, while there was a certain gap width between the conductive
chains, and there were some isolated CNTs. In addition, the gap width between CNTs
seemed to be larger than that of the unmodified LDPE/CNT composites. It could be due to
the destruction of the surface structure of the CNT during the acidification modification and
the reduction in length, which was determined by the SEM morphology of COOH-CNT
and OH-CNT (Figure 7c,d).
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Figure 7. The SEM morphology of (a) LDPE/CNT-COOH-6 composite; (b) LDPE/CNT-OH-6
composite; (c) CNT; (d) COOH-CNT; (e) OH-CNT.

Figure 8 shows the tensile modulus, tensile strength, and flexural strength–strain
curves of the LDPE/CNT-COOH and LDPE/CNT-OH composites, respectively. The result
of the unmodified LDPE/CNT composite is also displayed for comparison. It is clearly
observed that the LDPE/CNT-COOH and LDPE/CNT-OH composites exhibit lower tensile
modulus and tensile strength compared to those of unmodified composites at both low
and high contents, see Figure 8a,b. Figure 8c shows the flexural strength of the LDPE/CNT-
COOH and LDPE/CNT-OH composites. It can be seen that the flexural strengths of the
LDPE/CNT-COOH and LDPE/CNT-OH composites are also lower than the unmodified
composites at both low and high contents. The poor reinforcing effect of COOH-CNT and
OH-CNT may be attributed to the reduction in CNT length and the many structural defects.
This indicates that the uniform dispersion of CNTs does not appear to be a critical factor
influencing the enhancement of mechanical properties in the composites as compared to
the structural defects induced by the chemical modification process.

Figure 9a,b show the volume electrical resistivity and the percolation threshold of
LDPE/CNT-COOH and LDPE/CNT-OH composites. It can be seen that the LDPE/CNT-
COOH and LDPE/CNT-OH composites exhibit lower electrical conductivity and higher
percolation thresholds compared with the unmodified LDPE/CNT composite. The percola-
tion thresholds of the LDPE/CNT-COOH and LDPE/CNT-OH composites were as high as 4.0
and 4.3 vol.%, respectively. This result could be attributed to two factors. Firstly, the presence
of structural defects led to a decrease in electrical conductivity [15,29,53]. This was supported
by the results of the electrical conductivity of the modified and unmodified carbon nanotubes
(CNTs), as shown in Figure 9c. The data indicates that the electrical conductivity of COOH-
CNT (1124.3 S/m) and OH-CNT (813.6 S/m) is significantly lower than that of pristine CNT
(2501.7 S/m). Secondly, the existence of structural defects caused a reduction in length, which
affected the formation of conductive networks [54]. This was supported by the calculated
effective aspect ratios of carbon nanotubes (CNTs) in the matrix, obtained using Equations
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(2)–(4). These values were 25.0, 23.2, and 31.7 for LDPE/CNT-COOH, LDPE/CNT-OH, and
unmodified LDPE/CNT composites, respectively.

Figure 8. The mechanical strength of the modified CNT/ LDPE composites at different CNT vol-
ume fractions: (a) tensile modulus; (b) the ultimate tensile strength; (c) the flexural strength and
strain curves.

The current–voltage (I–V) curves of the LDPE/CNT-COOH and LDPE/CNT-OH com-
posites with a fraction volume of 6.0 vol.% are depicted in Figure 9d. It can be observed that
the LDPE/CNT-COOH and LDPE/CNT-OH composites show lower current values than
the unmodified LDPE/CNT composite. The I–V curves of the two modified LDPE/CNT
composites exhibited nonlinear characteristics (Figure 9d,e) and were fitted to the field
emission equation, which was similar to that of the LDPE/CNT composite. Differently,
the two modified composites exhibit significantly larger values of potential barrier (B)
and lower values of tunneling frequency (A) compared with the unmodified composite
(Figure 9f). This could be due to their reduced charge carrier concentration and mobility
of CNT caused by surface defects, leading to a decrease in tunneling frequency (A). Addi-
tionally, the reduction in CNT length increases the gap width between CNTs, leading to
an increase in the potential barriers (B). These results indicate that the structural defects
induced by the chemical modification process seem to be a more critical factor influencing
the enhancement of electrical properties in the composites as compared to that of the
uniform dispersion of CNTs.
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Figure 9. (a) The volume conductivity (σ) of the modified LDPE/CNT composites. (b) The Log plots
of σ versus ψ-ψc and their fit curves. (c) The volume conductivity of CNT, COOH-CNT, and OH-CNT
pressed sheets. (d) The current intensity variation as a function of applied voltage for the modified
LDPE/CNT composites and unmodified LDPE/CNT composites. The solid lines correspond to the
best-fitted curve from the electric field emission equation. (e) The resistance variation as a function of
applied voltage. (f) The fitted parameters of transition probability A and the energy barrier B.

Figure 10a shows the current variation in the LDPE/CNT-COOH and LDPE/CNT-OH
composites with a volume fraction of 6 vol.% at environmental temperatures of −40–80 ◦C.
It can be seen that the two modified LDPE/CNT composites exhibit different current
variations with environmental temperature at their respective operating voltages. When
the environmental temperature changed from 20 ◦C to −40 ◦C, the current variations in
the two modified LDPE/CNT composites initially increased and subsequently decreased,
exhibiting a similar trend to that observed in the unmodified LDPE/CNT composite. It is
worth noting that the change in slope of the two modified composites is higher, which is
likely attributed to the reduced effective aspect ratio of CNT. The shorter CNTs resulted
in a larger gap width between CNTs compared to long CNTs [55]. While the larger gap
width between CNTs may lead to more significant changes during heating or cooling, as
illustrated in the schematic diagram of Figure 11.
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Figure 10. (a) The current variation as a function of temperature for the modified LDPE/CNT
composites; (b) the electrical conductivity variation as a function of temperature for the modified
LDPE/CNT composites.

 

Figure 11. The schematic diagram pre- and post-expansion for (a) the unmodified LDPE/CNT
composites with long CNT and several aggregates and (b) the modified LDPE/CNT composites with
good dispersion but short CNT.

When the environmental temperatures increased from 20 ◦C to 60 ◦C, the current
values of both the modified composites decreased with the increase in temperature, which
was different from the results of the unmodified LDPE/CNT composite. It could be
attributed to the expansion of the matrix at higher temperatures, leading to an increased
gap width between CNTs. As the environmental temperature rose from 60 ◦C to 80 ◦C,
the LDPE/CNT-COOH composite exhibited a slight increasing trend in current. This
behavior was likely due to the effect of the increase in energy of the carriers caused by
elevated temperature, surpassing the effect of the gap width variation. However, the
LDPE/CNT-OH composite continued to show a decreasing trend in current, primarily due
to its more severe structural disruption and lower electrical conductivity of CNTs. The
electrical conductivity of both the modified composites exhibited similar variations with
temperature (refer to Figure 10b). Consequently, we can conclude that the variations in
electrical conductivity with temperature are mainly influenced by the gap width between
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CNTs (mainly affected by dispersion and aspect ratio of CNTs) as well as the electrical
conductivity of CNTs (mainly influenced by surface modification and intrinsic electrical
conductivity of CNTs).

4. Conclusions

In summary, we have studied the effect of CNT dispersion and covalent functionaliza-
tion on the electrical conduction behavior under the applied electric field for LDPE/CNT
composites for the first time. At a high critical content beyond the percolation thresh-
old, the I–V curve showed a linear characteristic for the solution-mixed composite due
to its continuous network of CNTs. While the melt-mixed composites exhibited a nonlin-
ear characteristic, the conductive mechanism was found to be the field emission effect,
which was likely contributed to the poor contact of the CNTs. On the other hand, the
LDPE/CNT-COOH and LDPE/CNT-OH composites demonstrated better dispersion, but
lower electrical conductivity and similar nonlinear conduction behavior compared to that
of the unmodified ones. This was attributed to the surface defects caused by the covalent
functionalization process, which led to an increased energy barrier and a reduced transition
frequency in the field emission effect. Furthermore, the results of the electrical conductivity
variation with temperature showed that the composites with different dispersions and
covalent functionalizations of CNTs exhibited varying trends in current variation with
temperature. Such findings might have critical implications in completing the electrical
conduction mechanism of polymer composites.
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