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Preface to ”Reinforced Polymer Composites”

This Special Issue focuses on the recent advances in reinforced polymer composites. Polymer

materials are widely used in human life, medicine, industry, and so on. However, polymers have

a lot of disadvantages, such as insufficient strength, stiffness, creep, and low usage temperature.

That is why reinforcing fillers are widely used to improve polymer properties. The following factors

should be taken into account to reach high mechanical properties when nanofillers are used: (a)

uniform distribution of the filler in the polymer matrix of a bulk sample will result in a composite

physical and chemical properties uniformity over its volume; (b) filler should not agglomerate inside

the polymer bulk sample because it might act as stress concentrator; and (c) interaction between

fillers and polymer matrix should result in a composite supramolecular structure improvement.

Strong interfacial interaction between polymer matrix and filler surface can improve load transfer

from matrix to reinforcing filler. This Special Issue covers all the fields related to the reinforced

polymer composites, but special attention was given to the aspects related with effect of polymer-filler

interfaces interaction on the composite properties and synthetic and natural fiber fillers for polymers.

Victor V. Tcherdyntsev

Editor
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The development of modern technology requires the elaboration of new materials
with improved operational and technological properties. At the same time, many of the
currently known natural and artificial materials no longer meet the increasing requirements.
The discovery of fundamentally new materials is an extremely rare phenomenon, which
indicates that the overwhelming majority of “simple” materials have already been discov-
ered, and there is no need to expect great achievements in this direction. Therefore, the
main direction in the development of new materials is now the creation and improvement
of composite materials.

The main advantages of composites over traditional types of materials are:

- a unique combination of properties (strength, deformation, elastic, electrical, frictional,
thermophysical, and others), which cannot be achieved for “simple” materials;

- the ability to control the composites’ properties over a wide range by simply changing
their composition and production conditions.

In polymer composites reinforced with dispersive fillers, the matrix is the main ele-
ment undergoing the mechanical loading, and the main purpose of introducing dispersed
particles usually is to increase the elastic modulus of the material. Dispersed filling is also
used to improve the thermophysical characteristics, electrical and magnetic properties,
to reduce friction wear, and to reduce the flammability of the material. In the case of
composites reinforced with continuous fillers, both the matrix and reinforcers play an
important role in the composite mechanical behavior, and the characteristics of composites
are associated strongly with the ability of the interface to transfer the mechanical loading
from the matrix to reinforcers. Initially, the main goal of polymer filling was to reduce the
cost of the material by using an inexpensive filler. Today, reinforced polymer composites
are some of the most numerous and diverse types of materials that are promising for use
in various fields of science and technology, where high requirements are imposed on the
physical, mechanical, and tribological characteristics.

In industry, some polymers have become widespread as antifriction wear-resistant
materials that can work in dry friction conditions and in aggressive environments. Antifric-
tion polymers act as substitutes for such traditional materials as bronze, brass, steel, and
antifriction cast iron. The combination of antifriction properties with high biocompatibility
allows the use of polymers in the creation of implants in the musculoskeletal system. How-
ever, polymers materials in their original form have a number of disadvantages, which
include low strength and hardness and low operating temperature, which significantly lim-
its their use. To improve these properties, researchers are attempting to reinforce polymers
with various fillers and create composite materials based on them. A special class among
composite materials is nanocomposites, in which, due to the use of nanosized particles, a
more uniform distribution of the reinforcing element in the matrix and strong interfacial
interactions between the polymer and the filler are achieved. Nanoparticles are capable of
influencing the crystallization mechanism of polymers, acting as a nucleating agent, on
the surface of which the crystalline phase nucleates. Depending on the size, shape, and
nucleation density of nanoparticles, the formation of various supramolecular structures in
polymers is possible.

Polymers 2021, 13, 564. https://doi.org/10.3390/polym13040564 https://www.mdpi.com/journal/polymers
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To obtain high-strength composites, it is necessary to provide a high transfer capacity
of the load from the matrix to the filler. This ability is determined by the level of adhesion of
the filler to the polymer matrix. The adhesion of the filler to the polymer can be achieved by:

- chemical interaction;
- mechanical adhesion of the filler and matrix;
- electrostatic and van der Waals forces.

The adhesion due to the mechanical adhesion of the filler and the matrix depends
on the geometry of the filler surface and the properties of the polymer, which include the
chemical structure of the polymer, the regularity of the molecular structure, conformational
characteristics, and branching of polymer chains. Furthermore, mechanical adhesion is
affected by the difference in the thermophysical properties of materials. For example,
during the cooling of a composite material, the difference between the coefficients of the
linear thermal expansion of the polymer and the filler can lead to the formation of residual
thermal expansions. In the absence of chemical and mechanical interactions between
the filler and the polymer matrix, the energy for pulling the filler out of the polymer is
composed of electrostatic and van der Waals forces, which provide adhesive bonding.

The hardening mechanisms of reinforcing fillers are different and primarily depend
on the type of filler. For example, when reinforced with continuous fibers, an increase in
strength is achieved due to the redistribution of the load from the matrix to the fiber. The
fiber takes on all the mechanical load, and accordingly, the strength of the composite is
determined by the strength of the reinforcing fiber. The role of the matrix is to redistribute
stresses between fibers and form a single whole composite.

This Special Issue consisting of 21 articles, including three review papers, written by
research groups of experts in the field, considers recent research on reinforced polymer
composites. First of all, it should be noted that all three review papers relate to the fiber
reinforced polymer composites, which are a real hot topic in the field. Rajak et al. [1]
give a general review of the present state of the fiber reinforced polymer composites.
Classifications of composites along with the properties of their constituent elements are
analyzed. Depending on the reinforcing fiber nature, such composites may be divided
into synthetic and natural fiber reinforced ones. Synthetic fibers, such as carbon, glass, or
basalt, provide more stiffness, while natural fibers, such as jute, flax, bamboo, kenaf, and
other, are inexpensive and biodegradable, making them environmentally friendly. Due to
the modern requirements of the environmental safety of the processes of both materials’
manufacturing and the effective recycling or utilization of materials at the end of the life
cycle, using natural materials as reinforcers for polymer composites is a second hot topic in
the field.

As is noted in [1], to acquire the benefits of design flexibility and recycling possibilities,
natural reinforcers can be hybridized with small amounts of synthetic fibers to make them
more desirable for technical applications. One case of such hybrid composites, namely
kenaf/glass reinforced ones, is considered in the review paper of Nadzri et al. [2]. It is sum-
marized that reinforcing of kenaf fiber containing composites, which have great potential
in automotive application, due to being lightweight, eco-friendly, and low-cost, with glass
fiber, is a good way to enhance such composites because glass fiber has better mechanical
and impact properties than kenaf fiber. It is noted that the optimum fiber content and fiber
orientation in such composites is between 30% and 40% and 90◦, respectively. Fiber surface
modification also helps to improve the properties of kenaf/glass hybrid composites.

Mohamed et al. [3] review recent advances in the development of glass and carbon
fiber reinforced polymer composite laminates used in structurally deficient flat slab floor
systems to enhance the two-way shear capacity, flexural strength, stiffness, and ductility. It
is summarized that vertically placed fiber reinforced polymer sheets/laminae/strips are
more effective in resisting two-way shear force. It is noted that further research is needed to
develop models and clear design guidelines for vertically placed fiber reinforced polymer
retrofitting strips that considers the pattern, spacing, material, and concrete properties.

2
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Additionally, the investigation of larger size specimens to predict the response of fiber
reinforced polymer retrofitted slabs is required.

Looking through 18 regular research papers, published in this Special Issue, one can
see that most of them relate to the above-mentioned hot topics. Among them, nine papers
relate to polymer composites reinforced with synthetic fibers. Slonov and co-workers [4]
study the effect of oligophenylene sulfone and polycarbonate additions on the rheological,
mechanical, and thermal properties of polyetherimide reinforced with short carbon fibers.
It is revealed that the addition of oligophenylene sulfone and polycarbonate significantly
reduces the melt viscosity of polyetherimide based carbon filled composites, acting as
a temporary plasticizer. The addition of oligophenylene sulfone results in a significant
increase in the elastic modulus and strength of composites, whereas the introduction of
polycarbonate leads to a decrease in toughness, while the elastic modulus and strength
remain at the level of the initial composite. The introduction of both oligophenylene
sulfone and polycarbonate leads to an increase in carbon fiber length in comparison with
a composite without modifiers. For composites modified with oligophenylene sulfone, a
higher adhesive interaction of the polymer matrix with the surface of the carbon fiber is
observed, and the thermal stability and heat resistance of composites with oligophenylene
sulfone melts are found to be significantly higher than for composites modified with
polycarbonate.

Tian et al. [5] also use short carbon fiber as reinforcers for polymer composite; however,
in this case, the modification is performed by the coating of the carbon fiber surface with
a polydopamine layer. They prepare a high-performance rubber composite by mixing
of dopamine-modified short carbon fiber with natural latex. It is observed that uniform
and widely covered polydopamine coatings are formed on the carbon as a result of the
modification, which significantly improves the interface adhesion between the carbon
fiber and the rubber matrix. The modification of carbon fiber in the solution with the
concentration of dopamine of 1.5 g/L for 6 h shows the best results among the treatment
routes used. Natural fiber latex based composites reinforced with such carbon fibers
show excellent thermal conductivity and dynamic mechanical properties, and their tensile
strength is 10.6% higher than those of the composites containing unmodified fibers.

Zhu and coauthors [6] compare the wear resistance behavior of bearing bushes made
of polyetheretherketone (PEEK), 30 wt % carbon fiber reinforced PEEK, 30 wt % glass fiber
reinforced PEEK, and each 10 wt % of polytetrafluoroethylene, graphite, and carbon fiber
filled PEEK. It is found that due to low thermal conductivity, unfilled PEEK and glass
fiber reinforced PEEK present the much lowest articulating cycles to failure. The presence
of graphite and polytetrafluoroethylene in the PEEK matrix not only reduces the shear
force at the interface, but also minimizes the temperature increase in the bulk material.
The wear mass loss of each 10 wt % of polytetrafluoroethylene, graphite, and carbon fiber
filled PEEK is found to be 0.13 × 10−6 mm3/Nm compared with 4.33 × 10−6 mm3/Nm
for PEEK filled with 20 wt % of carbon fiber. It is concluded that bushes made of PEEK
composite formulated with polytetrafluoroethylene, graphite, and carbon fiber exhibit low
friction, self-lubrication, and low temperature rise and therefore present superior bearing
properties, including enhanced bearing life and reduced energy consumption in machinery.

In [7], the formation of polysulfone based composites reinforced with carbon fiber
fabric via the solution impregnation method using N-methyl-2-pyrrolidone as the solvent is
reported. To improve the adhesion between the polymer matrix and carbon fibers, thermal
oxidation of carbon fibers is carried out. Such oxidation allows for a change in the carbon
fibers’ surface chemical composition, and a greater number of functional groups on the
surface appear as a result of thermal oxidation, resulting in a strong bond between the
polysulfone matrix and carbon fiber. The in-plane shear strength value of polysulfone
reinforced with modified carbon fibers increases by more than 1.5 times compared with
the composites containing untreated carbon fibers. Surface modification of carbon fibers
results also in noticeable improvement in the flexural and tensile properties, as well as
in the thermal stability of polysulfone based composites. Sherif et al. use the same
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solution impregnation technique to obtain polyethersulfone [8] and polysulfone [9] based
composites reinforced with glass fiber fabrics. The preheating of glass fibers is used to
remove the sizing coating of fabrics and to improve the adhesion between the matrix
and reinforcer. It is shown that glass fiber preheating allows increasing the mechanical
properties of composites by 20–40%. For both polymer matrices used, the best mechanical
properties are achieved at a glass fiber-to-polymer weight ratio of 70/30.

Xu and co-workers [10] made a composite of the commercial proton-exchange Nafion
membrane specially fabricated via electrospinning silica nanofibers with a three-dimensional
network structure. The proton conductivity of the silica nanofiber–Nafion composite mem-
brane at 110 ◦C is found to be almost doubled compared with that of a pristine Nafion
membrane, while the mechanical stability of the composite Nafion membrane is enhanced
by 44%. It is found that the silica nanofiber-Nafion composite membrane exhibits great
high-temperature fuel cell performance with a 118 mW/cm2 power density at low humidity,
which is 38% higher than that of the pristine Nafion membrane.

Mao and co-workers [11] report investigations of the effect of the surface modifi-
cation of polyethylene terephthalate fibers on their adhesion to a polypropylene matrix.
Polyethylene terephthalate fiber is modified through solution dip-coating using a novel
synthesized tetraethyl orthosilicate/silane coupling agent KH550/polypropylene maleic
anhydride graft hybrid. As a result of such treatment, SiO2 particles are designed to link
with the maleated polypropylene molecular chain through silane coupling agent KH550,
which forms an organic-inorganic film by the grain structure on the surface of polyethylene
terephthalate fiber. As a result, the bending strength and modulus of the polypropy-
lene reinforced with modified polyethylene terephthalate fiber increase by 21 and 34%,
respectively, compared to the untreated fiber-filled composite.

Huang et al. [12] apply both computer-aided engineering simulation and experimental
methods to investigate the glass fiber feature in a co-injection molding system. Fiber
orientation distributions and their influence on the tensile properties for the single-shot
and co-injection molding are discovered. Results show that based on the 60:40 skin/core
ratio and the same materials, the tensile properties of the co-injection system, including
the tensile stress and modulus, are a little weaker than those of the single-shot system.
To discover and verify the influence of the fiber orientation features, the fiber orientation
distributions of both the co-injection and single-shot systems are observed using micro-
computerized tomography technology to scan the internal structures. It is found that the
fiber orientation tensor in the flow direction of the co-injection system is about 89% of that
of the single-shot system in the testing condition because the co-injection part has lower
tensile properties.

Two papers in this Special Issue cover polymer composites reinforced with natural
fibers. Yeh and Yang [13] test four types of waste bamboo fibers, differing in plant species,
as fillers in polypropylene based composites. It is found that the composites reinforced
with thorny bamboo fibers (Bambusa stenostachya) exhibit the highest moisture content
and water absorption rate due the high hemicellulose content in these fibers, while the
composites reinforced with Makino bamboo fibers (Phyllostachys makinoi) possess better
tensile properties due to the high crystallinity and high lignin content of these fibers.

Roy et al. [14] investigate the effect of jute fiber surface treatment by alkali, stearic
acid, or silane on the properties of natural rubber based composites. They show that
combined alkali/silane treatment is the most efficient surface treatment method to develop
strong interfacial adhesion between the natural rubber matrix and jute fibers. Composites
reinforced with jute fibers modified by combined alkali/silane treatment show considerably
higher torque difference, tensile modulus, hardness, and tensile strength as compared to
either untreated or other surface treated jute fiber filled natural rubber.

The topic of polymer composites reinforced with hybrid fillers containing both syn-
thetic and natural components in this Special Issue is covered by four papers. Shah and
co-workers [15] investigate the impact behavior of epoxy based composites reinforced with
woven glass fabric and bamboo powder and compare the obtained results with the data
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on the neat epoxy and epoxy reinforced with short bamboo fibers. Woven glass fibers are
embedded at the outer most top and bottom layer of the bamboo powder filled epoxy
composites, producing sandwich structured hybrid composites through lay-up and mold-
ing techniques. A significant improvement is observed with the inclusion of woven glass
fibers in the composites. The non-hybrid composites break into pieces during the highest
impact energy that is applied, while the hybrid composites experience only perforation,
and the structure does not totally break. The non-hybrid composites can withstand an
impact energy up to 10 J, while the hybrid composites show total failure at 35 J.

Calabrese et al. [16], using the vacuum-assisted resin infusion technique, prepare
epoxy based composites reinforced with six layers of 2 × 2 twill weave woven flax fabric.
Three layers of plain weave woven glass fabrics are used as external fiber reinforced skins,
and the number of fully reinforced layers is 12. Samples with varying geometrical joint
configurations are exposed to a salt-fog spray test up to 60 aging days, and the effect of the
salt-fog environment on the mechanical behavior of the pinned hybrid glass-flax/epoxy
composites is evaluated. A noticeable modification of the damage mode with increase of
the aging exposition time is evidenced, with a reduction of the bearing phenomenon, thus
favoring premature and catastrophic mechanisms such as shear out and net tension. As a
consequence, the effective mechanical durability of the mechanical joint is limited.

Ibrahim et al. [17] investigate the isolation of lignin from empty oil palm fruit bunch
fibers using formic acid at different concentrations. The isolated organosolv lignin is
modified with graphene nanoplatelets and used as the filler reinforcement for photo-
curable polyurethane in stereolithography 3D printing. Reinforcing of polyurethane with
0.6 wt % of graphene modified lignin provides tremendous enhancement of the hard-
ness at 92.49 MPa, which means a 238% increment from the unmodified photo-curable
polyurethane resin. Moreover, this composite shows higher tensile strength and resistance
against the deformation of the material.

Hayeemasae and co-workers [18] utilize modified palm stearin as a mixed compatibi-
lizer with maleated natural rubber for natural rubbed based composites reinforced with
halloysite nanotubes. The main idea of the study is to use chip natural product, such as
palm stearin, instead of silanes, which are considered to be expensive and require a high
mixing temperature to obtain effective silanization. It is found that the overall properties
of composites based on natural rubber and halloysite nanotubes are clearly improved by
adding maleated natural rubber/modified palm stearin as a dual compatibilizer. Both
maleated natural rubber and modified palm stearin have special functional groups that
form hydrogen bonds with the hydroxyl groups on halloysite surfaces. Moreover, modified
palm stearin can also promote the dispersion of halloysite nanotubes filler in the matrix
due to its waxy character. It is observed that improvement in the filler-matrix interactions
due to the above-mentioned dual compatibilizer addition results in the increase in the
composites’ mechanical properties, such as the tensile strength, modulus, and tear strength.

The remaining three papers in this Special Issue do not relate to polymer composites
reinforced with fiber fillers. Chang et al. [19] investigate the effect of combining two
approaches, namely the addition of nanoparticles and the crosslinking of two different
polymers to create double-network hydrogels, on the mechanical properties of hydrogels.
It is evaluated that the introduction of nanomaterials into the hydrogel network may
allow the consideration of double-network hydrogels for new applications such as self-
healing, shape memory, 3D printing, and dye removal. A mechanistic insight into the role
of nanoparticles in the mechanical properties of double-network hydrogels is provided,
including the elastic moduli and swellability. The existence of a “global” saturation point
for double-network hydrogel nanocomposites is observed, beyond which it becomes less
plausible to enhance the elastic modulus by simply increasing the concentration of the
second network’s hydrogel or nanoparticles.

The effect of Na2CO3 addition on the structure and properties of polyvinyl alco-
hol/carboxyl methyl cellulose sodium composite films is investigated in [20]. It is observed
that the presence of Na2CO3 results in the hydrolysis of the vinyl acetate group of polyvinyl
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alcohol and in the decrease in the crystallinity of the composite film. At the same time,
as the Na2CO3 content increases, more ester groups are hydrolyzed, and the amount of
hydroxyl groups increases, which generates more intermolecular hydrogen bonds and,
thus, increases the melting temperature of the composite. Additionally, the increase in the
Na2CO3 content results in a significant increase in the water sorption properties of the com-
posite films. The elaborated polyvinyl alcohol/carboxyl methyl cellulose sodium/Na2CO3
composites may have prospective applications as biodegradable superabsorbent resins and
polymer electrolytes.

Finally, Lei et al. [21] study polymer blends containing nitrile rubber, brominated
butyl rubber, and ethylene-vinyl acetate copolymer. It is shown that such blends ex-
hibit excellent vulcanization plateaus and mechanical properties. Ethylene-vinyl acetate
copolymer is observed to be the optimal polymer for improving the compatibility of the
nitrile rubber/brominated butyl rubber blend. Hot air thermal aging tests show that the
blends have good stability. Besides the studied blends, nitrile rubber/brominated butyl
rubber/ethylene-vinyl acetate copolymer with a 50/50/30 blend ratio is found to be a
comparatively ideal material for the purpose of high-damping isolation bearings. As the
formation of the polymer blend can be applied to optimize the properties of polymer
composites matrices, the obtained results may be of interest for the elaboration of advanced
reinforced polymer composites.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: V.V.T. wishes to acknowledge the Ministry of Science and Higher Education
of Russia for the funding in the framework of State Assignment Number 075-00268-20-02 dated
03/12/2020, and the state program of basic research “For the long-term development and ensuring
the competitiveness of society and the state” (47 GP) on the basis of the universities, the plan for
basic scientific research Number 718/20 dated 03/06/2020, Project Number 0718-2020-0036.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Rajak, D.K.; Pagar, D.D.; Menezes, P.L.; Linul, E. Fiber-reinforced polymer composites: Manufacturing, properties, and applica-
tions. Polymers 2019, 11, 1667. [CrossRef]

2. Nadzri, S.N.Z.A.; Sultan, M.T.H.; Shah, A.U.M.; Safri, S.N.A.; Basri, A.A. A review on the kenaf/glass hybrid composites with
limitations on mechanical and low velocity impact properties. Polymers 2020, 12, 1285. [CrossRef]

3. Mohamed, O.A.; Kewalramani, M.; Khattab, R. Fiber reinforced polymer laminates for strengthening of rc slabs against punching
shear: A review. Polymers 2020, 12, 685. [CrossRef] [PubMed]

4. Slonov, A.; Musov, I.; Zhansitov, A.; Rzhevskaya, E.; Khakulova, D.; Khashirova, S. the effect of modification on the properties of
polyetherimide and its carbon-filled composite. Polymers 2020, 12, 1056. [CrossRef]

5. Tian, X.L.; Han, S.; Zhuang, Q.X.; Bian, H.G.; Li, S.M.; Zhang, C.Q.; Wang, C.S.; Han, W.W. Surface modification of staple carbon
fiber by dopamine to reinforce natural latex composite. Polymers 2020, 12, 988. [CrossRef]

6. Zhu, J.J.; Xie, F.; Dwyer-Joyce, R.S. PEEK composites as self-lubricating bush materials for articulating revolute pin joints. Polymers
2020, 12, 665. [CrossRef] [PubMed]

7. Chukov, D.I.; Nematulloev, S.G.; Tcherdyntsev, V.V.; Torokhov, V.G.; Stepashkin, A.A.; Zadorozhnyy, M.Y.; Zherebtsov, D.D.;
Sherif, G. Structure and properties of polysulfone filled with modified twill weave carbon fabrics. Polymers 2020, 12, 50.
[CrossRef] [PubMed]

8. Sherif, G.; Chukov, D.; Tcherdyntsev, V.; Torokhov, V. Effect of formation route on the mechanical properties of the polyethersulfone
composites reinforced with glass fibers. Polymers 2019, 11, 1364. [CrossRef]

9. Sherif, G.; Chukov, D.I.; Tcherdyntsev, V.V.; Torokhov, V.G.; Zherebtsov, D.D. Effect of glass fibers thermal treatment on the
mechanical and thermal behavior of polysulfone based composites. Polymers 2020, 12, 902. [CrossRef] [PubMed]

10. Xu, G.X.; Zou, J.; Guo, Z.; Li, J.; Ma, L.Y.; Li, Y.; Cai, W.W. Bi-functional composting the sulfonic acid based proton exchange
membrane for high temperature fuel cell application. Polymers 2020, 12, 1000. [CrossRef]

11. Mao, Y.P.; Li, Q.Y.; Wu, C.F. Surface modification of pet fiber with hybrid coating and its effect on the properties of PP composites.
Polymers 2019, 11, 1726. [CrossRef]

12. Huang, C.T.; Chen, X.W.; Fu, W.W. Investigation on the fiber orientation distributions and their influence on the mechanical
property of the co-injection molding products. Polymers 2020, 12, 24. [CrossRef]

6



Polymers 2021, 13, 564

13. Yeh, C.H.; Yang, T.C. Utilization of waste bamboo fibers in thermoplastic composites: Influence of the chemical composition and
thermal decomposition behavior. Polymers 2020, 12, 636. [CrossRef]

14. Roy, K.; Debnath, S.C.; Tzounis, L.; Pongwisuthiruchte, A.; Potiyaraj, P. Effect of various surface treatments on the performance of
jute fibers filled natural rubber (NR) composites. Polymers 2020, 12, 369. [CrossRef]

15. Shah, A.U.M.; Sultan, M.T.H.; Safri, S.N.A. Experimental evaluation of low velocity impact properties and damage progression
on bamboo/glass hybrid composites subjected to different impact energy levels. Polymers 2020, 12, 1288. [CrossRef]

16. Calabrese, L.; Fiore, V.; Bruzzaniti, P.; Scalici, T.; Valenza, A. Pinned hybrid glass-flax composite laminates aged in salt-fog
environment: Mechanical durability. Polymers 2020, 12, 40. [CrossRef]

17. Ibrahim, F.; Mohan, D.; Sajab, M.S.; Bakarudin, S.B.; Kaco, H. Evaluation of the compatibility of organosolv lignin-graphene
nanoplatelets with photo-curable polyurethane in stereolithography 3D printing. Polymers 2019, 11, 1544. [CrossRef]

18. Hayeemasae, N.; Sensem, Z.; Surya, I.; Sahakaro, K.; Ismail, H. Synergistic effect of maleated natural rubber and modified palm
stearin as dual compatibilizers in composites based on natural rubber and halloysite nanotubes. Polymers 2020, 12, 766. [CrossRef]

19. Chang, A.; Babhadiashar, N.; Barrett-Catton, E.; Asuri, P. Role of nanoparticle-polymer interactions on the development of
double-network hydrogel nanocomposites with high mechanical strength. Polymers 2020, 12, 470. [CrossRef]

20. Zhu, J.F.; Li, Q.Y.; Che, Y.C.; Liu, X.C.; Dong, C.C.; Chen, X.Y.; Wang, C. Effect of Na2CO3 on the microstructure and macroscopic
properties and mechanism analysis of PVA/CMC composite film. Polymers 2020, 12, 453. [CrossRef]

21. Lei, T.; Zhang, Y.W.; Kuang, D.L.; Yang, Y.R. Preparation and properties of rubber blends for high-damping-isolation bearings.
Polymers 2019, 11, 1374. [CrossRef]

7





polymers

Review

Fiber-Reinforced Polymer Composites:
Manufacturing, Properties, and Applications

Dipen Kumar Rajak 1,2,*, Durgesh D. Pagar 3, Pradeep L. Menezes 4 and Emanoil Linul 5,6,*
1 Department of Mechanical Engineering, Sandip Institute of Technology & Research Centre,

Nashik 422212, India
2 Department of Mining Machinery Engineering, Indian Institute of Technology (ISM), Dhanbad 826004, India
3 Department of Mechanical Engineering, K. K. Wagh Institute of Engineering Education & Research,

Nashik 422003, India; durgeshpagar90@gmail.com
4 Department of Mechanical Engineering, University of Nevada, Reno, NV 89557, USA; pmenezes@unr.edu
5 Department of Mechanics and Strength of Materials, Politehnica University of Timisoara,

300 222 Timisoara, Romania
6 National Institute of Research for Electrochemistry and Condensed Matter, 300 569 Timisoara, Romania
* Correspondence: dipen.pukar@gmail.com (D.K.R.); emanoil.linul@upt.ro (E.L.);

Tel.: +91-9470307646 (D.K.R.); +40-728-44-0886 (E.L.)

Received: 20 September 2019; Accepted: 8 October 2019; Published: 12 October 2019

Abstract: Composites have been found to be the most promising and discerning material available in
this century. Presently, composites reinforced with fibers of synthetic or natural materials are gaining
more importance as demands for lightweight materials with high strength for specific applications
are growing in the market. Fiber-reinforced polymer composite offers not only high strength to
weight ratio, but also reveals exceptional properties such as high durability; stiffness; damping
property; flexural strength; and resistance to corrosion, wear, impact, and fire. These wide ranges
of diverse features have led composite materials to find applications in mechanical, construction,
aerospace, automobile, biomedical, marine, and many other manufacturing industries. Performance
of composite materials predominantly depends on their constituent elements and manufacturing
techniques, therefore, functional properties of various fibers available worldwide, their classifications,
and the manufacturing techniques used to fabricate the composite materials need to be studied in
order to figure out the optimized characteristic of the material for the desired application. An overview
of a diverse range of fibers, their properties, functionality, classification, and various fiber composite
manufacturing techniques is presented to discover the optimized fiber-reinforced composite material
for significant applications. Their exceptional performance in the numerous fields of applications
have made fiber-reinforced composite materials a promising alternative over solitary metals or alloys.

Keywords: fiber-reinforced polymer; composite materials; natural fibers; synthetic fibers

1. Introduction

Rapid growth in manufacturing industries has led to the need for the betterment of materials
in terms of strength, stiffness, density, and lower cost with improved sustainability. Composite
materials have emerged as one of the materials possessing such betterment in properties serving their
potential in a variety of applications [1–4]. Composite materials are an amalgamation of two or more
constituents, one of which is present in the matrix phase, and another one could be in particle or
fiber form. The utilization of natural or synthetic fibers in the fabrication of composite materials has
revealed significant applications in a variety of fields such as construction, mechanical, automobile,
aerospace, biomedical, and marine [5–8].

Research studies from the past two decades have presented composites as an alternative over
many conventional materials as there is a significant enhancement in the structural, mechanical,
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and tribological properties of fiber-reinforced composite (FRC) material [9–11]. Though composite
materials succeeded in increasing the durability of the material, currently a strong concern regarding
the accumulation of plastic waste in the environment has arisen [12]. This concern has compelled
researchers around the world to develop environmentally friendly materials associated with cleaner
manufacturing processes [13–15]. Several different composite recycling processes also have been
developed to cope with the thousands of tons of composite waste generated in a year. Mechanical
recycling includes pulverization, where decreased sized recyclates are being used as filler materials for
sheet molding compounds. In thermal recycling, degradation of composite waste by pyrolysis is done
or an enormous amount of heat energy is obtained by burning composite materials with a high calorific
value. There also exist more efficient processes such as chemical recycling (solvolysis) and high-voltage
fragmentation (HVF). The addition of natural fillers such as natural fibers, cellulose nanocrystals, and
nanofibrillated cellulose in the polymers matrix to fabricate eco-friendly composites has improved
material properties while minimizing the problem regarding residue accumulation [16–19].

Many researchers have reported advantages of cellulosic fibers, such as being abundantly
available in nature, nontoxic, renewable, cost-effective, and also providing necessary bonding with
the cement-based matrix for significant enhancements in properties such as ductility, toughness,
flexural capacity, and impact resistance of a material [20–22]. In modern techniques, inclusion of fly
ash, limestone powder, brick powder, and many other mineral additives are used to strengthen the
composite structures. Fracture toughness has been enhanced with the addition of fly ash in a concrete
composite for structural applications resulting in increased lifespan of the material [23,24]. Natural
fibers are mainly classified as fibers that are plant-based, animal-based, and mineral-based. As the
asbestos content in the mineral-based fibers is hazardous to human health, these are not well-explored
fibers with respect to research into fiber-reinforced composite materials, while plant-based fibers
provide promising characteristics such as lower cost, biodegradable nature, availability, and good
physical and mechanical properties [25,26]. Plant fibers include leaf fibers (sisal and abaca), bast fibers
(flax, jute, hemp, ramie, and kenaf), grass and reed fibers (rice husk), core fibers (hemp, jute, and kenaf),
seed fibers (cotton, kapok, and coir), and all other types, which may include wood and roots. Polymer
matrices are also divided into a natural matrix and a synthetic matrix, which is petrochemical-based
and includes polyester, polypropylene (PP), polyethylene (PE), and epoxy [27].

The latest research contributes the development of hybrid composites with the combination of
natural and synthetic fibers. The composite structures consisting of more than one type of fiber are
defined as hybrid composites. There are methods to combine these fibers, which involve stacking
layers of fibers, the intermingling of fibers, mixing two types of fibers in the same layer making
interplay hybrid, selective placement of fiber where it is needed for better force, and placing each fiber
according to specific orientation [28]. Among all these, stacking of fibers is the easiest procedure, and
others introduce some complications in obtaining a positive hybridization effect. Many researchers got
success by developing optimized composite materials for efficient use in particular applications by
varying fiber content, its orientation, size, or manufacturing processes. It is necessary to understand
the physical, mechanical, electrical, and thermal properties of FRCs for their effective application.
FRCs are currently being employed in copious fields of applications due to their significant mechanical
properties. These composite materials sometimes depart from their designed specifications as some
defects, such as manufacturing defects, cause them to deviate from the expected enhancement in
mechanical properties. These manufacturing defects involve misalignment, waviness, and sometimes
breakage of fibers, fiber/matrix debonding, delamination, and formation of voids in the matrix of a
composite material. An increase of 1% voids content in composites and leads to a decrease in tensile
strength (10–20%), flexural strength (10%), and interlaminar shear strength (5–10%), respectively. It can
be eradicated by manipulating the processing parameters of manufacturing processes [29].

Therefore, there is a need to understand and study different types of composite manufacturing
techniques to implement optimized techniques that will avoid defects and give apposite self-sustaining,
durable composite material that is efficient for the desired field of application. There are many
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conventional manufacturing techniques for fabrication of a composite material that have been in practice
for the past few decades and some of the recently developed automated composite manufacturing
techniques use robot assistance for processing, which leads to complete automation and an immense
rise in productivity [30].

2. Classification

Composite materials are classified according to their content, i.e., base material and filler material.
The base material, which binds or holds the filler material in structures, is termed as a matrix or a
binder material, while filler material is present in the form of sheets, fragments, particles, fibers, or
whiskers of natural or synthetic material. As represented in Figure 1, composites are classified into
three main categories based on their structure [31].

 

Figure 1. Classification of composites.

2.1. Fiber-Reinforced Composites

Composites consist of fibers in the matrix structure and can be classified according to fiber length.
Composites with long fiber reinforcements are termed as continuous fiber reinforcement composites,
while composites with short fiber reinforcements are termed as discontinuous fiber reinforcement
composites. Hybrid fiber-reinforced composites are those where two or more types of fibers are
reinforced in a single matrix structure [32]. Fibers can be placed unidirectionally or bidirectionally
in the matrix structure of continuous fiber composites, and they take loads from the matrix to the
fiber in a very easy and effective way. Discontinuous fibers must have sufficient length for effective
load transfer and to restrain the growth of cracks from avoiding material failure in the case of brittle
matrices. The arrangement and orientation of fibers define the properties and structural behavior of
composite material [33,34]. Improvement in properties such as impact toughness and fatigue strength
can be seen with the use of chemically treated natural fibers. Fibers of glass, carbon, basalt, and aramid
in the dispersed phase were conventionally used in the matrix structure of a fiber-reinforced polymer
(FRP) composite materials [35,36]. Significant properties of natural fiber polymer composites (NFPCs)
have potential applications in the modern industry, as researchers currently are compelled towards the
development of environmentally friendly materials due to stringent environmental laws.

There are numerous fibers available for composite materials and they are primarily categorized as
natural or synthetic fibers. Further, recent studies have revealed unprecedented material properties
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when these two fibers are combined together, blending with a matrix material to form a hybrid
composite. Some of the natural and synthetic fibers are shown in Figure 2.

 
Figure 2. Classification of fibers, reproduced from [37–53] under open access license.
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2.1.1. Synthetic Fibers

Human-made fibers that are produced by chemical synthesis are called synthetic fibers and further
classified as organic or inorganic based on their content [54]. Generally, the strength and stiffness of
fiber materials are much higher than that of the matrix material, making them a load-bearing element
in the composite structure [55–59].

Glass fibers (GFs) are most widely used among all the synthetic fibers as they offer excellent
strength and durability, thermal stability, resistance to impact, chemical, friction, and wear properties.
However, the machining of glass fiber-reinforced polymers (GFRPs) is relatively slow, challenging, and
shows reduced tool life while working on conventional machining systems [60]. GFs also carry the
disadvantage of disposal at the end of their service life [61].

However in some applications, more stiffness is required, so carbon fibers (CFs) are employed
instead of GFs. Although some of the other types of synthetic fibers like aramid, basalt, polyacrylonitrile
(PAN-F), polyethylene terephthalate (PET-F), or polypropylene fibers (PP-F) offer some advantages,
they are rarely used in thermoplastic short-fiber-reinforced polymers (SFRP); they have been used
for specific applications where their desired properties are applicable [62]. Carbon fiber-reinforced
polymer (CFRP) composites have revealed numerous applications in aerospace, automobile, sports,
and many other industries [63–65]. Young’s modulus of solids and foams increased by 78% and 113%,
respectively, when the weight percentage of carbon fibers increased from 10% to 30%. The improvement
in the cellular structure resulted in the improvement of Young’s modulus of the foams by 35% when
carbon fiber/polypropylene (CF/PP) was used to make composite foams prepared by microcellular
injection molding [66].

Graphene fibers are a new type of high-performance carbonaceous fibers that reflect high tensile
strength with enhanced electrical conductivity when compared to carbon fibers. Several enhanced
properties of graphene fibers show their potentiality in a variety of applications, such as lightweight
conductive cables and wires, knittable supercapacitors, micromotors, solar cell textiles, actuators,
etc. [67,68]. The molecular dynamics simulation of polymer composites with graphene reinforcements
showed increases in Young’s modulus, shear modulus, and hardness by 150%, 27.6%, and 35%,
respectively. Furthermore, a reduction in the coefficient of friction and abrasion rate by 35% and 48%
was achieved [69].

Basalt fiber (BF) possesses better physical and mechanical properties over fiberglass. In addition,
BF is significantly cheaper than carbon fibers. The effect of temperature on basalt fiber-reinforced
polymer (BFRP) composites has been investigated, where there was an increase in static strength and
fatigue life at a certain maximum stress observed with a decrease in temperatures [70].

Thermal properties of Kevlar fiber-reinforced composites (KFRCs) are enhanced by hybridizing it
with glass or carbon fibers, though there is less research on the hybridization of Kevlar fibers (KFs)
with natural fibers. KFRCs show high impact strength with a high degree of tensile properties, but
due to their anisotropic nature they possesses low compression strength compared to their glass and
carbon fiber counterparts [71].

2.1.2. Natural Fibers

Natural fibers (NFs) are a very easy to obtain, extensively available material in nature. They reveal
some outstanding material properties like biodegradability, low cost per unit volume, high strength,
and specific stiffness. Composites made of NF reinforcements seem to carry some diverse properties
over synthetic fibers, such as reduced weight, cost, toxicity, environmental pollution, and recyclability.
These economic and environmental benefits of NF composites make them predominant over synthetic
fiber-reinforced composites for modern applications [33]. Depending on the type, natural fibers
have similar structures with different compositions. The inclusion of long and short natural fibers in
thermoset matrices has manifested high-performance applications [72,73].

Sisal fiber (SF)-based composites are frequently being used for automobile interiors and upholstery
in furniture due to their good tribological properties. When SFs were reinforced with polyester

13



Polymers 2019, 11, 1667

composites, the tensile strength increased with fiber volume and when reinforced with polyethylene
(PE) composites, tensile strength of 12.5 MPa was observed in 6 mm long sisal fibers [74–76].

Hemp composite showed a 52% increase in specific flexural strength of a material when compared
to GF-reinforced composite with a propylene matrix [77]. Composite material with 5% maleic
anhydride-grafted polypropylene (MAPP) by weight mixed with polypropylene (PP) matrix that was
reinforced with 15%, by weight, alkaline-treated hemp fibers manifested advancement in flexural and
tensile strength by 37% and 68%, respectively [78].

Polylactic acid (PLA) thermoplastic composites with kenaf fiber reinforcement possess tensile
and flexural strength of 223 MPa and 254 MPa, respectively [79]. Also, before laminating, removing
absorbed water from the fibers results in the improvement of both flexural and tensile properties
of kenaf fiber laminates [80,81]. Previously, polyester samples without any reinforcements showed
flexural strength and flexural modulus of 42.24 MPa and 3.61 GPa respectively, while after reinforcement
of 11.1% alkali-treated virgin kenaf fibers in unsaturated polyester matrix, composite material showed
flexural strength and flexural modulus of 69.5 MPa and 7.11 GPa [82].

The sound and vibration behavior of flax fiber-reinforced polypropylene composites (FF/PPs)
have been investigated using a sound transmission loss (STL) test. The results showed an increase in
stiffness, damping ratio, and mass per unit area of the material due to increase in transmission loss, as
the material possesses high sound absorption properties [83,84]. Use of short flax fiber (FF) laminates
resulted in an enhancement in tensile properties of a material. Also, the material strength and shear
modulus increased by 15% and 46%, respectively, with 45◦ fiber orientation [85].

The study on the free vibration characteristics of ramie fiber-reinforced polypropylene composites
(RF/PPs) showed that higher fiber content in a polymer matrix leads to slippage between the fiber
and the matrix, and this leads to an increase in the damping ratio during the flexural vibration.
That means that an increase in fiber content results in enhancement in damping properties of RF/PP
composite [86,87].

During the growth of a rice grain, a natural sheath forms around the grain, known as a rice
husk (RH), which is treated as agricultural waste, but it is utilized as reinforcement in composite
materials to investigate enhancement in material properties [88,89]. For the enhancement of the
acoustic characteristics of the material, 5% of RH in polyurethane (PU) foam displayed optimum sound
absorption performance [90].

Composite material consisting of 5% chicken feathers as reinforcement fibers with epoxy resin as
matrix material showed optimum results following an impact test. Moreover, these chicken feathers
used with 1% of carbon residuum (CR) fused with epoxy resin formed a hybrid composite, which
displayed substantial enhancement in tensile, flexural, and impact strength of a material [91].

It has been seen that along with the length of a raw jute reed, tensile strength and bundle strength
decrease from root to tip, with the root portion-based composite carrying 44% and 35% higher tensile
and flexural strength, respectively, than that of the composites made from the tip portion of raw jute
reed [92,93].

Randomly oriented coir fiber-reinforced polypropylene composites offers higher damping
properties than synthetic fiber-reinforced composites. High resin content offers higher damping
properties, therefore, lower fiber loading leads to more energy absorption. The maximum damping
ratio of 0.4736 was obtained at 10% of fiber content in coir–PP composite, while further increasing fiber
content to 30% showed improved natural frequency of material to 20.92 Hz [94,95].

Palm fibers (PFs) showed outstanding fiber-matrix interfacial interaction. Also, the addition of
palm fibers in low-density polyethylene (LDPE) resulted in higher Young’s modulus compared to
homo-polymers [96].

Friction composites are fabricated using abaca fiber (AF) reinforcement, which offers excellent
wear resistance property with a wear rate of 2.864 × 10−7 cm3/Nm at 3% of fiber content. Also, the
density decreased with increasing abaca fiber content [97].
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The addition of luffa fibers (LFs) as a reinforcement constituent of composite material resulted in
the advancement of the mechanical properties like tensile, compressive, flexural, impact strength, and
water absorption characteristics of a material [98]. Adding a 9.6 wt % of LFs in epoxy matrix displayed
a decrement in the density of the material by 3.12%, which further resulted in the reduction in material
weight [99].

Energy absorption and load-carrying capacities of a tube material have been improved with the
implementation of cotton fiber epoxy composite [100]. Manufacturing techniques and applications of
some fibers with their matrix materials are depicted in Table 1.

Table 1. Matrix material used for some fibers with their applications and manufacturing techniques.

References

Materials Used
Application Manufacturing Techniques

Fiber
Reinforcement

Matrix/Binder Material

[64,65] Carbon
PP, metals, ceramics,

epoxy resin, Polyether
ether ketone (PEEK)

Lightweight automotive
products, fuel cells, satellite
components, armor, sports.

Injection molding, filament
winding, resin transfer

molding (RTM)

[68] Graphene Polystyrene (PS), epoxy,
Polyaniline (PANI)

Wind turbines, Gas tanks,
aircraft/automotive parts.

CVD, pultrusion,
hand/spray up method

[76] Sisal PP, PS, epoxy resin Automobile body parts,
roofing sheets

Hand lay-up, compression
molding

[77] Hemp PE, PP, PU Furniture, automotive. RTM, compression molding

[80] Kenaf PLA, PP, epoxy resin Tooling, bearings,
automotive parts.

Compression molding,
pultrusion

[83,84] Flax PP, polyester, epoxy Structural, textile.
Compression molding

RTM, spray/hand lay-up,
vacuum infusion

[86,87] Ramie PP, Polyolefin, PLA Bulletproof vests, socket
prosthesis, civil.

Extrusion with injection
molding

[89] Rice Husk PU, PE Window/door frames,
automotive structure.

Compression/injection
molding

[92,93] Jute Polyester, PP Ropes, roofing, door panels. Hand lay-up, compression/
injection molding

[94,95] Coir PP, epoxy resin, PE

Automobile structural
components, building
boards, roofing sheets,

insulation boards.

Extrusion, injection molding

2.1.3. Hybrid Fibers

Thermoplastic composites reinforced with natural fiber, in general, show poor strength
performance when compared to thermoset composites. Therefore, to acquire benefits of design flexibility
and recycling possibilities, these natural fiber composites are hybridized with small amounts of synthetic
fibers to make them more desirable for technical applications. Hemp/glass fiber hybrid polypropylene
composites exhibited flexural strength of 101 MPa and 5.5 GPa flexural modulus when filler content
of 25% hemp and 15% glass was present in a composite structure by weight. An enhancement in
impact strength and water absorption properties of the material was also perceived [101]. A scanning
electron microscopy (SEM) study revealed excellent interfacial bonding between the fiber and the
matrix of oil palm/kenaf fiber-reinforced epoxy hybrid composite that evince the improvement in the
tensile and flexural properties of the material. Moreover, when compared to other composites, oil
palm/kenaf fiber hybrid composite absorbs more energy during impact loading that makes the hybrid
material a good competitor in the automotive sector [102]. A hybrid composite comprised of carbon
and flax fibers reinforcement in the matrix of epoxy resin resulted in 17.98% reduction in the average
weight of the material, and maximum interlaminar shear strength (ILSS) of 4.9 MPa and hardness
of 77.66 HRC was observed [103]. Fiber hybridization is a promising strategy, where two or more
types of fibers are combined in a matrix of composite material to mitigate the drawback of the type
of fiber, keeping benefits of others. Synergetic effects of both the fibers aids to enhance properties of
the composite material that neither of the constituents owned [104,105]. A hybrid composite made
of epoxy resin as matrix material that had a reinforcement of 27% banana along with 9% jute fibers
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showed a tensile strength of 29.467 MPa. Another composite with the same matrix material that
had reinforcement of 21.5% coconut sheath and 15.5% jute fibers showed a compressive strength of
33.87 MPa. An increasing amount of banana fiber reinforcements resulted in increased tensile strength
of the composite material [106].

2.2. Particle-Reinforced Composite

Compared to FRC, particle-reinforced composite (PRC) is not that effective by means of material
strength and fracture resistance property. However, ceramic, metal, or inorganic particles restrict
the deformation and provide good material stiffness. In recent days, PRCs are also getting a bit of
attention due to their isotropic properties and cost-effectiveness. Moreover, these composites are
manufactured using similar techniques used for monolithic material [107,108]. PRCs are employed for
civil applications such as roadways and concrete structures, where a high degree of wear resistance is
expected. In concrete, cement acts as a binder material while aggregate of coarse rock or gravel as a
filler material provides hardness and stiffness [109].

2.3. Sheet-Molded Composites

Sheet-molded composites (SMCs) are fabricated by bonding homogeneous layers of materials
using a compression molding process to form nonhomogeneous composite laminates. The laminate
is composed of layers and, in the case of FRP composites made of fiber sheets, buckling stability of
the material improves with increasing the number of layers in the laminate [110]. SMC shows the
application in large structural components like automotive body parts consisting of high strength to
weight ratio [111–113]. Tensile properties of natural fibers can be defined by their chemical compositions.
Tensile strength increases with an increase in cellulose content of the fibers, and decreases with increase
in lignin content. Some of the properties of frequently used fibers are displayed in Table 2, and Table 3
depicted different properties offered by matrix material.

There are several factors, other than composite constituents and manufacturing processes, that
influence the FRP composite performance.

Interphase: It is the region around the fiber in a matrix phase of a FRP composite structure.
At the interphase stress, transfer from matrix to fiber takes place at loading conditions. Therefore, to
evaluate the performance of composite, not only the properties of its constituent materials, but also
understanding the behavior of interphase, is important [33].

Table 2. Some significant properties of frequently used fiber materials [114–117].

Fiber
Density
(g/cm3)

Elongation (%)
Tensile Strength

(MPa)
Young’s Modulus

(GPa)

Aramid 1.4 3.3–3.7 3000–3150 63–67
E-glass 2.5 2.5–3 2000–3500 70
S-glass 2.5 2.8 4570 86
Cotton 1.5–1.6 3–10 287–597 5.5–12.6
Hemp 1.48 1.6 550–900 70

Jute 1.3–1.46 1.5–1.8 393–800 10–30
Flax 1.4–1.5 1.2–3.2 345–1500 27.6–80

Ramie 1.5 2–3.8 220–938 44–128
Sisal 1.33–1.5 2–14 400–700 9–38
Coir 1.2 15–30 175–220 4–6

Kenaf 0.6–1.5 1.6–4.3 223–1191 11–60
Bamboo 1.2–1.5 1.9–3.2 500–575 27–40
Oil palm 0.7–1.6 4–8 50–400 0.6–9
Betel nut 0.2–0.4 22–24 120–166 1.3–2.6

Sugarcane bagasse 1.1–1.6 6.3–7.9 170–350 5.1–6.2
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Pretreatments: Physical or chemical treatments like preheating, alkalization, acetylation, and use
of silane coupling agent on fibers to modify the fiber surface and its internal structure results in the
improvement of adhesion at the interface and amalgamation of the matrix resin into the fibers [118].

Size effect: For FRP-confined cylindrical concrete columns, size effect depends on the mode
of failure; there is no occurrence of size effect if failure is plasticity dominated. When failure is
fracture-dominated, it occurs due to shear banding. While in large columns, cylinders of small size fail
due to FRP rupture caused by plastic dilation in the concrete [119].

Confinement methods: FRP-confined high strength concrete (HSC), and ultra-high-strength
concrete (UHSC) show highly ductile compressive behavior when sufficiently confined. On the other
hand, if HSC or UHSC are inadequately confined, there is degradation of the axial compressive
performance of the FRP tube-encased or FRP-wrapped specimen. FRP thickness and confinement
method does not make much difference in the strain reduction factor (kε), while for the concrete
structures, kε decreases with an increase in concrete compressive strength [120].

Cross-section: Under concentric compression, the behavior of concrete-filled fiber-reinforced
polymer tubes (CFFT) depends upon amount and type of tube material used, concrete strength,
cross-sectional shape, specimen size, and manufacture method. When cross-sectional shape is taken
into consideration, newly developed rectangular and square CFFT shows highly ductile behavior as a
significant improvement with internal FRP reinforcement, when compared to conventional CFFTs [121].
Further studies have shown that specimen size does not influence the compressive behavior of CFFTs.
Although a significant correlation has been observed between fiber elastic modulus and the strain
reduction factor, fibers with a higher modulus of elasticity result in a decrease of the strain factor that
further resembles concrete brittleness while manufacturing CFFTs [122].

Fiber volume: Maleic anhydride-grafted polypropylene (MA-g-PP) was used as a compatibilizer
to improve adhesion between bamboo fiber and polypropylene matrix composite material. Composite
with 5% MA-g-PP concentration and 50% fiber volume has increased impact strength by 37%, flexural
strength by 81%, flexural modulus by 150%, tensile strength by 105%, and tensile modulus by 191%.
When the fiber volume of chemically treated composite with MA-g-PP compatibilizer increased from
30% to 50%, it showed an increase in the heat deflection temperature (HDT) by 23 ◦C to 38 ◦C compared
to virgin PP. Therefore, fiber volume of 50% fraction, 1–6 mm fiber length with 90–125 μm fiber
diameters, coupled with MA-g-PP compatibilizer is the recommended optimized composition for
bamboo fiber-reinforced polypropylene composites, which results in a maximum enhancement in the
mechanical properties and a higher thermal stability is also achieved [123].

Table 3. Variety of available matrix materials.

References Matrix Material Properties Applications

[2] Polyethersulfone Flame resistant Automotive

[3] Polyphenylene sulfide Resistance to chemicals and
high temperature Electrical

[3,9] Polysulfone Low moisture absorption, high
strength, low creep Marine, food packaging

[6] Polyethylene (PE) Resistance to corrosion Piping

[6,36,54,66,94,96,101] Polypropylene (PP) Resistance to chemicals Packaging, automotive,
construction

[6,13,79] Polylactic acid (PLA) Biodegradable, non-toxic Food handling, bio-medical

[10,90] Polyurethane (PU) Wear resistance, low cost,
sound and water-proof Structural, acoustic

[16] Poly(butylene
adipate-co-terephthalate)-PBAT Biodegradable, high stiffness Coating, packaging

[19] Cement Durable Structural
[28] Poly(vinyl alcohol High tensile strength Bio-medical

[33] Natural rubber Low density, low cost,
biodegradable Structural, automobile

[54,91,98,100,102] Epoxy resin High strength Automotive, aerospace,
marine

[82,92] Polyester Durable, resistance to water,
chemicals Structural

17



Polymers 2019, 11, 1667

Fiber orientation: When CO2 laser engraving was employed for material removal of GFRP, it was
found that surface roughness and machined depth of the laser-engraved surface were hugely dependent
upon the fiber direction [60]. T300 carbon fibers and 7901 epoxy resin as a matrix material were used to
fabricate T300/7901 unidirectional (UD) fiber-reinforced composite to investigate mechanical properties
in uniaxial tension/compression and torsional deformations. Micrographs of fiber matrix interface at
different load levels were examined, which revealed that matrix plastic deformation has no significant
effect on predicted ultimate load at failure. It also revealed a noticeable drop in the ultimate strength
with the increase in fiber angle from 0◦ to 15◦. Stress concentration factor (SCF) plays an important role
while considering the failure prediction, without consideration of SCFs transverse strength will be
overestimated [124]. Thermal buckling load for curvilinear fiber-reinforced composite laminates is
more for antisymmetric laminates, while laminates with nonuniform temperature distribution exhibit
high critical load carrying capacity [110].

3. Manufacturing Techniques

Manufacturing of FRP composite involves manufacturing of fiber preforms and then reinforcing
these fibers with the matrix material by various techniques. Fiber preforms involve weaving, knitting,
braiding, and stitching of fibers in long sheets or mat structure [125–127]. Preforms are used to achieve
a high level of automation with the assistance of robotics, which offers control over the fiber angle and
the fiber content on every zone of the part to be molded [128].

3.1. Conventional Manufacturing Processes

Prepregs are a combination of fibers and uncured resin, which are pre-impregnated with
thermoplastic or a thermoset resin material that only needs the temperature to be activated.
These prepregs are ready-to-use materials where the readily impregnated layers are cut and laid down
into the open mold [128]. Dow Automotive Systems has developed VORAFUSE, a technique that
combines epoxy resin with carbon fiber for prepreg applications to improve material handling and
cycle time in the compression molding of composite structures. Working in collaboration with a variety
of automotive companies, they have achieved significant weight reduction, which results in efficient
manufacturing of CFRP composite structures [129].

Figure 3 shows the hand lay-up, which is the most common and widely used open mold composite
manufacturing process. Initially, fiber preforms are placed in a mold where a thin layer of antiadhesive
coat is applied for easy extraction. The resin material is poured or applied using a brush on a
reinforcement material. The roller is used to force the resin into the fabrics to ensure an enhanced
interaction between the successive layers of the reinforcement and the matrix materials [130–132].

 
Figure 3. Hand layup process.
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Spray-up technique is no different than hand lay-up. However, it uses a handgun that sprays
resin and chopped fibers on a mold. Simultaneously, a roller is used to fuse these fibers into the matrix
material. The process is illustrated in Figure 4. It is an open mold type of technique, where chopped
fibers provide good conformability and quiet faster than hand lay-up [133,134].

Figure 4. Spray-up process.

Vacuum bag molding uses a flexible film made of a material such as nylon polyethylene or
polyvinyl alcohol (PVA) to enclose and seal the part from the outside air. Many times, the vacuum bag
molding technique is performed with the assistance of the hand lay-up technique. Laminate is first
made by using the hand lay-up technique, and then after it is placed between the vacuum bag and the
mold to ensure fair infusion of fibers into the matrix material [135,136]. The air between the mold and
the vacuum bag is then drawn out by a vacuum pump while atmospheric pressure compresses the
part. The process can be well understood by Figure 5. Hierarchical composites were prepared with
multiscale reinforcements of carbon fibers using a vacuum bagging process, which eliminated chances
of detectable porosity and improper impregnation of dual reinforcements, with increases in flexural
and interlaminar shear properties by 15% and 18%, respectively [137].

 
Figure 5. Vacuum bag molding process.

The preform fiber reinforcement mat or woven roving arranged at the bottom half of the mold
and preheated resin is pumped under pressure through an injector [132]. The mechanism of the
resin transfer molding (RTM) process can be understood with Figure 6. A variety of combinations of
fiber material with its orientation, including 3D reinforcements, can be achieved by RTM [138,139].
It produces high-quality, high-strength composite structural parts with surface quality matching to the
surface of the mold [140].
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Figure 6. Resin transfer molding process.

Vacuum infusion or vacuum assisted resin transfer molding (VARTM) is a recent development, in
which preform fibers are placed on a mold and a perforated tube is positioned between vacuum bag
and resin container. Vacuum force causes the resin to be sucked through the perforated tubes over
the fibers to consolidate the laminate structure, as shown in Figure 7. This process leaves no room for
excess air in the composite structure, making it popular for manufacturing large objects like boat hulls
and wind turbine blades [141,142]. For the improvement in the strength of textile composites, natural
fibers are surface treated. Alkali treated flax fiber-reinforced epoxy acrylate resin composite fabricated
using VARTM technique resulted in improvement of tensile strength by 19.7% [143].

Figure 7. Vacuum infusion process.

It uses preheated molds mounted on a hydraulic or mechanical press. A prepared reinforcement
package from prepreg is placed in between the two halves of the mold, which are then pressed
against each other to get a desired shape of the mold. Figure 8 represents the stepwise processing
of compression molding. It offers short cycle time, a high degree of productivity, and automation
with dimensional stability, hence it finds diverse applications in the automobile industry [144–146].
Dispersion of 35% filler elements containing sisal fiber and zirconium dioxide (ZrO2) particles in the
matrix of unsaturated polyester (UP) was obtained by the compression molding technique, which
displayed optimum mechanical properties when tested under SEM, X-ray diffraction, and Fourier
transform infrared spectrometer (FTIR) [147]. Jute fiber-reinforced epoxy polymer matrix-based
composite has been fabricated by using hand lay-up followed by the compression molding technique
at s curing temperature ranging from 80 ◦C to 130 ◦C. Enhancement in the mechanical properties has
been observed with the maximum tensile strength of 32.3 MPa, flexural strength of 41.8 MPa, and
impact strength of 3.5 Joules [148].
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Figure 8. Compression molding process.

The pultrusion process can be explained (Figure 9) as strands of continuous fibers are pulled
through a resin bath, which are further consolidated in a heated die. It is a continuous process, useful
for fabrication of composites with a constant cross-section with a relatively longer length; it enables
production with a high degree of automation and lower production cost [149–151].

 
Figure 9. Pultrusion process.

Injection molding has the ability to fabricate composite parts with high precision and at very
low cycle times. In a typical injection molding process, fiber composites in the form of pellets are fed
through a hopper, and then they are conveyed by a screw with a heated barrel, as shown in Figure 10.
Once the required amount of material is melted in a barrel, the screw injects the material through a
nozzle into the mold. where it is cooled and acquires the desired shape [152]. Injection molding is
found to be very effective for thermoplastic encapsulations of electronic products required in medical
industries [153]. Improvement in fiber-matrix compatibility and uniformity in the dispersion of fibers
in the matrix material is achieved during the surface treatments of biocomposites [154].
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Figure 10. Injection molding process.

3.2. Advance Manufacturing Processes

The emerging nanotechnology has provoked researchers to seek out new nanoscale fiber
manufacturing techniques for composite manufacturing. An electrostatic fiber fabrication technique
called electrospinning uses electrical forces to generate continuous fibers of two nanometers to several
micrometers. Polymer solution ejected through spinneret forms a continuous fiber, which is collected at
the collector shown in Figure 11. It serves enhanced physical and mechanical properties, flexibility over
process parameters, high surface area to volume ratio, and high porosity; therefore it finds potential in
diverse fields of biomedical applications such as wound healing, tissue engineering scaffolds, drug
delivery, as a membrane in biosensors, immobilization of enzymes, cosmetics, etc. [155,156].

 
Figure 11. Electrospinning process.

Additive manufacturing (AM) offers a high level of geometrical complexity for the fabrication
of fully customized objects as it takes advantage of computer-aided designing and also eliminates
the requirement of molds, which saves cost and time of manufacturing process [157,158]. AM is
one of the leading technologies in composite manufacturing as it provides wide range over the
selection of fiber volume and fiber orientation. It has the ability to transverse design idea into the final
product quickly without the wasting material and cycle time, which makes it ideal for prototyping and
individualization [159–161].

Specially developed manufacturing techniques: The fabrication of carbon fiber-reinforced metal
matrix composites (CF-MMC) involves powder metallurgy, diffusion bonding, melt stirring, squeeze
casting, liquid infiltration, ion plating, and plasma spraying. Each one of them serves distinct
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benefits for manufacturing CF-MMC. Powder metallurgy and melt stirring being simplest and most
economical; diffusion bonding uses specially designed tools, where carbon fiber preforms are prepared
by infiltration in polymer binder and then stacked up with metal sheets. Slurry casting is carried
out at the freezing temperature of the metal matrix material, eliminating the probability of interfacial
reactions and degradations of the interface [162].

3.3. Automated Manufacturing Techniques

It is a continuous process that offers self-automation, which leads to reduced cost. Filament
winding is useful to create axisymmetric, as well as some non-axisymmetric, composite parts, such as
pipe bends [163]. Driven by several pulleys, continuous prepreg sheets, rovings, and monofilament are
made to pass through a resin bath and collected over a rotating mandrel, as displayed in Figure 12. Then,
after applying sufficient layers, mandrel, which has the desired shape of the product, is set for curing
at the room temperature [164,165]. Recently developed robotic filament winding (RFW) technique is
provided with an industrial robot equipped with a feed and deposition system. It yields advantages
over process control, repeatability, and manufacturing time by replacing a human operator [166].

 
Figure 12. Filament winding.

Automated tape layup (ATL) and automated fiber placement (AFP) techniques are efficient for
large, flat, or single curvature composite structures as it uses the assistance of a multiaxis articulating
robot, where the material is deposited in accordance with a defined computer numerical control
(CNC) path. The AFP process involves the individual prepreg lay-up of laminates onto a mandrel
using a numerically controlled fiber placement machine, which are then further pulled off by holding
spools [167]. Composite structures are fabricated quickly and accurately, but the expenses in employing
required specialized equipment keep these technologies out of reach for small to medium scale
manufacturers [168].

4. Applications

4.1. Civil

Fire resistant concrete: For many years, FRP composites have been widely used to strengthen the
concrete structures and recent studies have introduced inorganic/cementitious materials to develop
fiber-reinforced inorganic polymer (FRiP) composites. Phosphate cement-based FRiP is used to replace
the epoxy in the FRP composite structure with improvement in fire resistance [169–173]. These inorganic
cementitious materials consist of Portland cement, phosphate-based cement, alkali-activated cement,
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or magnesium oxy-chloride cement (MOC). FRiP retains about 47% of it strengthening efficiency when
exposed to fire [174–176]. FRP sandwich material is a special form of laminated composite material,
which offers high strength to weight ratio, thermal insulation, and service life benefits. Therefore, it has
emerged as an excellent alternative to metallic skins for sandwich composites in structural engineering
applications. Also, FRP sandwich systems provide more durable and cost-effective infrastructure in
bridge beams, footbridges and bridge decks, multifunctional roofs, cladding and roofing systems for
buildings, railway sleepers, and floating and protective structures [177].

Concrete beams: A significant improvement in flexural strength and load-carrying capacity
is observed in FRP sheets bonded to the tension face of concrete beams, even when subjected to
the harsh environment of wet and dry cycling [178]. To achieve higher means of strain levels, the
anchorage of externally bonded FRP materials is applied prior to the premature debonding failure of
reinforced concrete (RC) structures. Among the rest of the anchorage solutions, FRP anchors were
found to be 46% more effective than vertically orientated U-jacket anchors, resulting in remarkably
high anchorage efficiency. Simplicity, non-destructiveness, and ease of application are some other
advantages for FRP to concrete applications [179]. The newly developed basalt microfibers are added
longitudinally as reinforcement to the concrete structures to study its feasibility and flexural behavior;
it exhibits improvement in curvature ductility with increased maximum moment capacity of the
beams. Regardless of the type of concrete used, there is an enhancement in the flexural capacity
of the beams with an increase in BFRP reinforcement ratio [180–182]. Figure 13a shows some RC
beams. RC members can be strengthened by employing FRP anchors with varying fiber content and
embedment angle to enhance the strain capacity of externally bonded FRP composites. As the anchor
dowel angle increases relative to the direction of load, there is an increase in the strength of the joint
with a decrease in ductility of joint [183].

 
(a) 

 
(b) 

Figure 13. Reinforced composite (RC) beams (a), concrete bridge (b), reproduced from [184,185] under
open access license.

Bridge system: For applications such as constructing durable concrete structures and restoring
aged structures like bridges and tunnels, sprayable ultra-high toughness cementitious composite
(UHTCC) is implemented. The UHTCC improved the durability of concrete structures with higher
compressive, tensile, and flexural strengths when compared to cast UHTCC. Also for RC–UHTCC
beams with an increase in the thickness of UHTCC layer, there was an increase in the stiffness,
effectively gaining control over the cracks occurring in the concrete layer of the beam specimens [186].
FRP composites have been proven as a viable structural material in bridge construction. Bridge
systems use FRP or hybrid FRP–concrete as primary construction materials for the application of
bridge components such as girders, bridge decks, and slab-on-girder bridge systems. When compared
to RC decks, hybrid FRP concrete decks reveals higher durability with less stiffness deterioration
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under design truckloads [187]. A fixed concrete bridge on the Indian River, Florida has been displayed
in Figure 13b. Unprecedented threats from terrorist activities or natural disasters impose danger to
public civil infrastructure such as bridges, and therefore, the impact and blast resistance design of
such structures has become a prominent requirement in the design process. FRP material has been
employed to strengthen and improve the impact resistance properties of the structures, including RC
beams, RC slabs, RC columns, and masonry walls. This also results in an increase in the load-carrying
capacities, ductility, energy absorption, and tensile strength of the materials with an increase in strain
rate [188].

Deck panels: Flexure and shear strength seemed to be higher in all FRP composites when compared
with RC for the application of bridge deck panels [189]. Decks made of hybrid fiber-reinforced composite
materials were found to effectively fit for their design requirements. Glass and jute fibers reinforced
with vinyl ester as matrix were used to fabricate a hybrid composite by hand lay-up technique [190].

Earthquake-resistant columns: FRP composites find an important application as a confining
material for concrete in the construction of concrete-filled FRP tubes as earthquake-resistant columns
and in the seismic retrofit of existing RC columns [191].

Pile material: Composite pile materials are the best replacement for traditional piles such as
concrete, steel, and timber, as composite piles serve longer service life, require less maintenance costs,
and are environmentally friendly. Hollow FRP piles show high potential in load-bearing applications
and also provide significant advantages in terms of cost efficiency and structural capabilities [192,193].

Concrete slabs: For both unreinforced and RC slabs, carbon epoxy and E-glass epoxy composite
systems restored original capacity of the damaged slabs, as well as resulted in a remarkable increase
of more than 540% in the strength of the repaired slabs. Moreover, with the use of FRP systems,
unreinforced specimens revealed a 500% improvement, while steel-reinforced specimens showed a
200% upgrade, in the structural capacity for retrofitting applications [194].

Sensors: Due to severe damages and collapses in civil structures, the need for development and
advancement in sensing technology and sensors has given rise to structural health monitoring (SHM)
technology. This consists of sensors, data acquisition, and transmission systems that can be used
to monitor structural behavior and performance of structures when subjected to natural disasters
such as an earthquake. The SHM system can record real loads, responses, and predict environmental
actions [195,196].

4.2. Mechanical

Mechanical gear pair: For the application of gear pair, polyoxymethylene (POM) with 28% glass
fiber reinforcement revealed significant enhancement of about 50% in the load-carrying capacity, with
lower specific wear rate when compared to unreinforced POM [197]. Gear pair made of carbon–epoxy
prepreg laminate was comparable to steel for the evaluation of static transmission error (STE) and
mesh stiffness curves. Results showed a significant reduction in STE peak-to-peak value, which further
resulted in improved noise, vibration, and harshness (NVH) performance of the material [198–201].

Pressure vessel: In the automobile industry, there is remarkable growth in the demand for
lightweight material to increase fuel efficiency with a reduction of emission. FRP composites are
serving these demands, for example, for safe and efficient storage and transportation of gaseous fuels
such as hydrogen, and natural gas pressure vessels are used [129]. Pressure vessels made of FRP
composite materials, when compared to metallic vessels, provide high strength and rigidity, improved
corrosion resistance, and improved fatigue strength, besides being light in weight [202,203]. A pressure
vessel made of thermosetting resin and fiberglass reinforcement is displayed in Figure 14.
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Figure 14. Pressure vessel made of thermosetting resin and fiberglass reinforcement, reproduced
from [204] under open access license.

Hydraulic cylinder: For the transportation of soil material, a dump truck uses a hydraulic system
consisting of an actuator made of a telescopic hydraulic cylinder. There is a 96% weight reduction
when the steel cylinder is replaced with a carbon fiber-reinforced epoxy resin composite. When this
telescopic cylinder made of composite was installed, there was a 50% reduction in the whole hydraulic
system [205].

Headstock material: During a typical machining operation, interference between machine tool
and workpiece produces high vibration in the cutting tool relative to the workpiece. Nearly half of the
deflection in cutting tools comes from the headstock; therefore, headstock demands a high degree of
damping property. A hybrid steel–composite headstock adhesively manufactured by glass fiber epoxy
composite laminates served a 12% increase in stiffness and 212% increase in damping property for the
application of a precision grinding machine [206].

Manipulator: A two-link flexible manipulator was developed using ionic polymer metal composite
(IPMC), which manifests the potential of polymer-based composite materials for flexible joints and
links in robotic assembly, as demonstrated in Figure 15. Sulfonated polyvinyl alcohol (SPVA),
1-ethyl-3-methylimidazolium tetrachloroaluminate (IL), and platinum (Pt) (SPVA/IL/Pt)-based IPMC
manipulator links provide flexibility and compliant behavior during manipulating and handling of
complex objects of different shapes and sizes [207].

Figure 15. Flexible link manipulator.

Turbine blades: Turbine blades made of carbon fiber-reinforced silicon carbide (SiC) ceramic
matrix composite (CMC) hold a bending strength of 350 MPa and fracture toughness of 4.49 MPa

√
m

when fiber content of 10–15% by volume is present [208].
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4.3. Automobile

Braking system: In an automobile braking system, the temperature can reach up to thousands of
degrees centigrade. A monolithic metal fails to perform well as they are not able to withstand these
higher temperatures. Therefore, carbon fiber-reinforced silicon carbide (C-Si) finds applications in
brake materials for heavy vehicles, high-speed trains, and emergency brakes in cranes [209]. Figure 16
shows a carbon–ceramic brake of a Chevrolet Corvette.

 

Figure 16. The braking system of corvette made of carbon–ceramic, which saved 4.9895 kg replacing
iron, reproduced from [210] under open access license.

Trunk lid and body stiffener: In the transportation industry, CFRP fits as a reliable material for
automobile body parts such as body stiffeners and engine hoods. As for this application, a higher
strength to weight ratio is essential [211].

Bicycle: CFRP is replaced with hybridized carbon fiber with natural fibers, such as flax, to
overcome the lower impact toughness and high cost of the material. A bicycle frame was fabricated
using 70% flax fiber and 30% carbon fiber, which weighed just 2.1 kg and showed superior damping
characteristics over aluminum, steel, and titanium [212].

Automobile body parts: Automobile body parts, such as engine hood, dashboards, and storage
tanks, are manufactured by using reinforcements of natural fibers such as flax, hemp, jute, sisal, and
ramie. For these composite structures VARTM manufacturing method was employed and liability is
tested with structural testing and by using impact stress analysis. The result showed a reduction in the
weight of the material with the enhancement in stability and strength. The improvement in safety
features were measured under head impact criteria (HIC), and it was found that composite structures
comprised of natural fiber reinforcements are reasonable for automobile body parts [213–217]. Figure 17
displays exterior body parts of a model Volkswagen x11 made of carbon fiber.
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Figure 17. Volkswagen xl1 carbon fiber body parts, reproduced from [218] under open access license.

Door panels: Addition of bamboo fibers increases the cell wall thickness of polyurethane
composite structures, leading to the improvement of the sound absorption coefficient in automobile
door panels [219,220].

Engine hood: Improvement in tensile strength and wear resistance properties have been observed
for the engine hood material of an excavator engine when epoxy resin composite with reinforcement
of glass fiber has been used over aluminum sheet metal [221].

Interior structures: The composite structure comprises of biodegradable natural fibers which
have found significant applications as sound and vibration absorption material in interior automobile
components. Composite laminate with bamboo, cotton, and flax fibers with PLA fibers showed
bending stiffness of 2.5 GPa, which is higher than all other composites [222,223]. Figure 18 shows the
interior structure of a car.

 

Figure 18. Car interior, reproduced from [224] under open access license.

Engine frame: Steel engine subframe material, when replaced by carbon epoxy composite,
displayed improvement in stiffness with a decrease in the maximum stress and weight from 16 kg to
5.5 kg [225].

T-joint: Epoxy resin composite with woven carbon fibers implemented for T-joint in the vehicle
body revealed improvement in overall stiffness and strength behavior with a reduction in weight [226].
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For the application of automobile bumper beam, glass/carbon mat thermoplastic (GCMT)
composite has been designed and manufactured, which has shown improvement in impact
performances with 33% weight reduction compared to the conventional glass mat thermoplastic
(GMT) bumper beam [227].

4.4. Aerospace

Application of FRP composite materials in the field of aerospace industries can be seen with the
implementation of highly durable, thermal-resistant, lightweight materials for the aircraft structure
due to their outstanding mechanical, tribological, and electrical properties [69,74,228]. Natural
fiber-reinforced thermoset and thermoplastic skins manifest the properties required for aircraft interior
panels, such as resistance to heat and flame, serving easy recycling, and disposal of materials being
cheaper and lightweight over conventional sandwich panels [229]. Though FRP composite shows
a variety of applications in the aerospace industry due to their superior mechanical properties and
lightweight structure, they face difficulty in recycling. To overcome this, natural fiber/biocomposite
materials brought new prospects in the aerospace industry due to their biodegradability and lower
cost [63].

Wireless signal transmission: Conductive fibers in the layer of fiber composite structure eliminate
the requirement of separate wires for transceivers of communication devices. When voltage is applied
to either layer of composite, it carries electric power to certain electric devices through the fibers [230].

The Hubble space telescope antenna: High stiffness with a lower coefficient of thermal expansion
is achieved when P100 graphite fibers diffused in 6061 aluminum matrix composite material are
employed to the high gain antenna of the Hubble space telescope [231].

Aircraft parts: Aircraft wing boxes made of ramie fiber composites revealed a 12–14% decrease in
weight [232]. Hybrid kenaf/glass fiber-reinforced polymer composites showed enhanced mechanical
properties with rain erosion resistance, suitable for aircraft application [233]. Carbon fiber-reinforced
silicon carbide is applied for aircraft brakes to withstand temperatures up to 1200 ◦C [234].

Safety: The ablation method is carried out as one of the thermal protection methods for the
spacecraft to ensure safety. An ablative composite material was used with zirconia fibers due to its
significant mechanical properties and resistance to high-temperature ablation. It revealed that with
30% of zirconium fiber content composite material showed 19.33 MPa of bending strength; also at the
higher temperature over 1400 ◦C, due to eutectic melting reaction, a ceramic protective layer forms
which offers bending strength of 13.05 MPa [235].

4.5. Biomedical

Dentistry and orthopedic: Due to the strength characteristics and biocompatibility of
fiber-reinforced composites, they are being used in the field of dentistry and orthopedics. Remarkable
technological advances have been seen in the design of lower-limb sports prostheses [236]. For the
reconstruction of craniofacial bone defects, new fiber-reinforced composite biomaterial replaces the
material used for custom-made cranial implants [237]. A variety of aramid fibers display their
biomedical applications in protein immobilization, for medical implants and devices, in modern
orthopedic medicine, and as antimicrobial material. Typical polyamide (PA), i.e., nylon, is a synthetic
polymer with high mechanical strength used in implants, and fibrous composites play a vital role in the
manufacturing of dentures and suture materials. For antimicrobial applications, chitosan/m-aramid
hybrids show enhancement in the surface area of assembled composites [238–241]. Biostable glass fibers
reveal excellent load-bearing capacity in the implants, while antimicrobial properties are manifested
by the dissolution of the bioactive glass particles that support bone-bonding [242].

Tissue engineering: Collagen–silk composite serves a promising application for reconstruction of
lesioned tissues in tissue engineering. After fabricating the composite material by electrospinning,
there is an increase in the ultimate tensile strength and elasticity of the material, with an increase
in silk percentage [243]. Fibrous composite made of synthetic biodegradable polymers, polylactic
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co-glycolic acid (PLGA), gelatin, and elastin (PGE) scaffold can support dense cell growth and deliver
tremendously high numbers of cells. This finds broad applicability in tissue engineering to meet design
criteria necessary to generate scaffolds of natural and synthetic biomaterials [244,245]. A polyurethane
cardiac patch loaded with nickel oxide (NiO) was fabricated using the electrospinning technique.
When observed under SEM, PU/NiO nano-composite showed a reduction in the diameter of fibers
and pores by 14% and 18%, respectively, compared to pure PU. Delayed blood clotting and a lower
percentage of hemolytic revealed an improved antithrombogenic nature of PU/NiO nanocomposite,
which plays a vital role in the repair of cardiac damage [246].

Wound healing: A fibrin–collagen filamentous polymer composite subjected to unconfined
compression resulted in enhancement of elastic properties with increased node density and
amalgamation between collagen and fibrin fibers. This led to the formation of a composite hydrogel,
which further increased the modulus of shear storage at compressive strains. Fibrin has its active role
in hemostasis and wound healing, while matrix gel based on collagen, gelatin, or elastin is utilized
for scaffolds [247–249]. Biopolymers such as PLA, polyglycolic acid (PGA), PLGA, polycaprolactones
(PCL), and polyesteramides (PEA) exhibit applications in biomedical fields to suture wounds, drug
delivery, tissue engineering, fixing ligament/tendon/bone, dentistry, and surgical implants [250–257].

4.6. Marine

For marine applications, mechanical properties of materials get deteriorated in all types of
metals, alloys, or composites due to seawater aging. Hybrid glass–carbon fiber-reinforced polymer
composite (GCG2C)s shows a high flexural strength of 462 MPa with the lowest water absorption
tendency. Therefore retention of mechanical properties in hybrid (GCG2C)s composite is more [258].
Moisture absorption properties exhibited by fiber composites are because of their structural or chemical
composition, demonstrating various applications in the marine environment [259]. Due to the diffusion
process, water molecules get absorbed in the material structure when it is exposed to the marine habitat.
Diffusion in the material structure can be monitored by weight gain with respect to time. The number
of water molecules that get absorbed is dependent upon the coefficient of diffusion of the material.
Though the value of the coefficient of diffusion is lower in the composite materials, it is dependent
upon various factors like the type of matrix material, the type of reinforcement material used, and the
type of manufacturing process employed. Moisture absorption results in poor adhesion between the
fiber and matrix in the composite structure, which ultimately deteriorates the properties of composite
material [260–265].

Marine propeller: CFRP shows enhanced mechanical properties, such as high strength to
weight ratio, resistance to corrosion, fatigue, and temperature changes with low cost of maintenance.
These properties make CFRP a perfect fit for propeller material in marine applications [266].

Hull: Glass or carbon fiber skins with polymeric core sandwich composite panels have been used
for the development of entire hulls and marine craft structures [267].

5. FRP Replacing Conventional Material

A variety of different fiber performances incorporated with composite materials, with the
combination of distinct base materials and manufacturing techniques, offer an enhancement in
properties of materials over pure metals, polymers, or alloys, which make FRP composites befitting for
desired applications [268–270]. Composite materials with 5% MAPP by weight and 30% alkaline-treated
hemp fibers by weight added to a PP matrix were found to be a replacement over pure PP, as an
increment in flexural strength and tensile strength was found by 91% and 122%, respectively [78].
Flax/epoxy composite blades exhibit potential replacement characteristics, with respect to weight,
structural safety, blade tip deflection, structural stability, and resonance, to replace glass/epoxy
composite blades for small-scale horizontal axis wind turbine systems [271]. SEM morphology analysis
revealed improvement in tensile and flexural strength due to good interface quality of RF/PP composite
by 20.7% and 27.1%, respectively, when compared with pure PP [86]. A composite incorporated with
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PP and bamboo fiber reinforcements that were extracted by using an eco-friendly technique called
solvent extraction, provided excellent fiber flexibility. The PP composite made of 20% bamboo fibers
revealed the highest modulus of rupture (MOR), resulting in a rise in its flexural strength, which is an
8.3% increase to that of neat PP [272]. Conventional GMT was substituted by GCMT composite for the
application of automobile bumper beams, which saw a 33% weight reduction with improved impact
performances [227].

Fibers as reinforcement in a matrix of a composite structure act as a load-carrying element.
While the matrix material keeps fibers in their required position and orientation, it also facilitates
stress transfer and protection from the environment. FRP materials have been found to be superior
to metals for a variety of applications where higher strength to weight ratio is required [273–275].
In recent years, polymer composites have shown a great potentiality and superiority over a prevalent
yet critical issue of friction and wear faced by conventional metals and alloys [276–278]. Besides the
remarkable tribological characteristics, polymeric composites offer flexibility in multifunctioning by
tuning their composition to provide a cost-effective way of developing new tribological materials [279].
For automobile and aerospace applications, CF-MMC is replacing existing unreinforced metals and
alloys as it provides excellent mechanical, thermal, and electrical properties with enhanced wear and
corrosion resistance to withstand harsh environments [97]. The most common types of FRP used
as reinforcement in the concrete structures are CFRP, GFRP, and aramid fiber-reinforced polymer
(AFRP). These FRPs shows good resistance to shear and flexural stresses [280–283]. For the concrete
structures to withstand in a harsh environment, reinforcement materials need to be noncorrosive
and nonmagnetic. FRP bars possess these properties, which makes them applicable for the RC
structures over the conventional steel reinforcement [284–286]. Structural material aluminum 6061
is replaced with hybridized flax and carbon fiber composites, as they revealed improvement in
vibration damping properties in a material. A 252% gain in tensile strength with 141% improvement in
damping ratio has been observed. In addition, there was a 49% weight saving due to a reduction in
material density [149]. Hybridized composite structures with jute and carbon fiber reinforcements offer
economic and sustainable alternatives over CFRP, revealing outstanding damping properties [148].
Engine hood material made of an aluminum sheet metal of an excavator engine was replaced with
black epoxy composite with aluminum tri-hydroxide reinforced with glass fibers [151].

6. Challenges

A major challenge in fabricating FRC material is the lack of fiber–matrix characterization cognition.
For the application of FRPCs in variety of fields, understanding their constituent’s significant material
properties is necessary, with the basic constructs and the availability of manufacturing technology.
For example, for the production of nanocomposites, one should acquire nanotechnology, including all
the required tools and equipment. Also, the choice of manufacturing process eventually affects the final
properties of material. Production volume influences the cost—the higher the volume of production,
the less would be the cost of materials. Increasing production volume, in the case of the automobile
industry, leads to greater risk of investing in raw materials while establishing manufacturing set-up
according to the production rate and cycle time. Also the design complexity of the product augments
the cycle time, slowing down the production rate.

Growing demand of high performance composites for aerospace and structural applications
aggrandized the use of petroleum-based materials, leaving issue of composite waste disposal. However,
nowadays, different researchers are developing various biocomposites using natural fibers and
bio-based polymers, yet not all of these are completely biodegradable.

7. Conclusions

Composite materials are divulging numerous enhancements in distinct material properties since
their invention in the last century. Copious amounts of research efforts have been made to discover
optimized material to perform in a more effective way for desired applications. Over the past few
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decades, reinforcements of fibers or particles in the matrix structure of composite materials have
revealed outstanding remarks, making them a popular choice for topmost applications.

Classifications of composite materials, along with the properties of their constituent elements,
have been studied to understand the potentiality of different composite materials in various fields.
Fiber-reinforced composite material was found to be one of the most promising and effective types of
composites, as it claims dominance over the majority of applications from topmost fields.

There are numerous types of fibers available for fabrication of fiber-reinforced composites; those
are categorized as natural and synthetic fibers. Synthetic fiber provide more stiffness, while natural
fibers are cheap and biodegradable, making them environmentally friendly. Though both types of fibers
have their efficacy in significant applications, latest research has revealed the exceptional performance
of hybrid fiber-reinforced composite materials, as they gain the advantageous properties of both.

Composite materials are fabricated with a number of different techniques, among which every
technique is applicable for certain material. Effectiveness of manufacturing technique is dependent on
the combination of type and volume of matrix or fiber material used, as each material possesses different
physical properties, such as melting point, stiffness, tensile strength, etc. Therefore, manufacturing
techniques are defined as per the choice of material.

For distinct applications in a variety of fields, certain solitary materials might be replaced with
composite materials, depending on the enhancement in its required property. Composite structures
have shown improvement in strength and stiffness of material, while the reduction in weight is
magnificent. Composites have also revealed some remarkable features such as resistance to impact,
wear, corrosion, and chemicals, but these properties are dependent upon the composition of the
material, type of fiber, and type of manufacturing technique employed to create it. In accordance with
the properties required, composite materials find their applications in many desired fields.

More future research is intended to discover new composite structures with a combination of
different variants and adopting new manufacturing techniques.
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Abstract: Environmental awareness and trends to develop sustainable resources have directed much
research attention towards kenaf fibre as an alternative reinforcement in composite manufacturing.
Numerous studies have been conducted on kenaf and its hybrid composites. Most studies were
conducted on kenaf/glass hybrid composites compared to other kenaf/synthetic hybrid composites.
Similar with other materials, mechanical properties were the fundamental knowledge identified by the
researcher. Limited studies conducted on other properties have restricted the use of kenaf composites
to non-structural applications. To extend the potential of kenaf composites to automotive exterior or
other critical applications, studies on impact properties can be a valuable contribution in the material
field. This review discusses the mechanical and low velocity impact properties of kenaf/glass hybrid
composites reported previously. Percentage loading of fibre, the angle of orientation in woven fibres
and the chemical treatment applied to the fibre before compounding are the three major parameters
that affect the mechanical and impact properties of the composites. This review provides insights into
the mechanical and impact properties of kenaf/glass hybrid composites for future research.

Keywords: kenaf fibre; glass fibre; hybrid composites; low velocity impact

1. Introduction

The usage of natural fibres such as kenaf in automotive applications has the potential advantage
of reducing the weight of the vehicle which helps to minimise the fuel consumption, thus reducing
the emission of harmful gases [1,2]. However, due to several drawbacks such as strength of natural
fibres, the application of these materials was limited to interior parts of vehicles. In expanding the
potential applications of natural fibre composites to the exterior parts, the use of synthetic fibre as a
hybrid material had been the interest of researchers around the world [3,4]. Pertaining to the chances
of sudden impact to the exterior parts of vehicles, low velocity impact analysis is another vital aspect
that needs to be addressed besides the main mechanical properties [5,6]. Therefore, this review was
conducted to give an overview of the two main properties of kenaf, glass and their hybrid composites,
which were mechanical and low velocity impact properties. Kenaf and glass fibre composites were
seen to have big potential in various applications based on numerous studies reported to date.
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The synthetic fibre such as glass fibre was found to enhance the mechanical properties of
the composite [7]. Embedding woven E-glass as the outermost layer of three plied composites,
also containing kenaf and jute, was reported to increase the tensile strength by more than 50% [8]. In the
previous research, the tensile strength of bamboo/glass reinforcing polyester hybrid composite was
80.56 MPa compared to the tensile strength of bamboo reinforced polyester composite and bamboo/jute
reinforced polyester hybrid composites, recorded as 46.67 and 60.32 MPa, respectively [9]. As reported
in a previous study, the hybridization of hemp and glass composite presented the increasing trend of
flexural strength changing from 97.5 to 101 MPa as the glass content in the composite increased from
0% to 15% [10].

Reducing the percentage of glass fibre in glass/polypropylene (PP) composites from 60% to 30%
by replacing the reduced percentage with 30% twill woven bamboo fibres decreased the Charpy
impact strength by less than 50%. However, in comparison with non-hybrid bamboo/PP composites,
the glass/bamboo hybrid composites showed higher a Charpy impact strength, of 1129 J/m, compared
to 530.9 J/m for the non-hybrid [11]. A composite with hybrid long fibres of both sugar palm and glass
fibre, with a random orientation and 30:70 fibre ratio, respectively, in an epoxy matrix, showed its
ability to withstand an impact energy up to 15 J in drop weight impact testing [12]. Various natural
fibres have been used to be hybridised with glass fibres in an attempt to reduce the dependency on
synthetic materials. On the other hand, the inclusion of glass fibre broadens the potential use of natural
fibres in different applications.

This paper presents a short review on the mechanical and low velocity impact properties of
kenaf/glass hybrid composites, to provide a reference for filling the gap in the respective research
area. The aim is to enhance the potential of kenaf/glass hybrid composites to be used in automotive
applications, based on their strength and impact properties.

2. Kenaf Plant

Kenaf plant, scientifically registered as Hibiscus cannabinus L., belongs to the family of Malvaceae.
This herbaceous dicotyledonous plant grows during the warm season, similarly to okra and cotton
plants, which belong to the same family of Malvaceae [13,14]. Table 1 shows the taxonomy of the
kenaf plant.

Table 1. Kenaf plant′s taxonomy.

Kingdom Plantae

Class Magnoliopsida
Order Malvales
Family Malvaceae
Genus Hibiscus
Species Hibiscus cannabinus L.

Kenaf plant was introduced in the 1970s in Malaysia as an industrial crop in Kelantan,
Pahang and Terengganu [15]. Then, kenaf plantations have been identified as an alternative to
tobacco plantations [16]. Kenaf plant became popular in the 1990s, when it turned out to be an
alternative resource for composite fabrications, such as in particle board, medium-density fibre board
(MDF), wood plastic composites (WPC) and many more applications [17]. Besides being one of the
alternative raw materials for replacing wood fibre in the pulp and paper industries, kenaf plant is also
traditionally used to make ropes, canvas, and sacks [18].

3. Extraction of Kenaf Fibres

In engineering applications, specifically in the composites field, kenaf fibres need to be extracted
from the respective parts of the kenaf plant. It has been reported that approximately 40% of the kenaf
plant stem can be transformed into fibres. This high percentage makes kenaf economically comparable
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to other plants, such as jute, hemp, and flax [13]. The short growing cycle of the kenaf plant, in the
range of 150 to 180 days, and its low water requirement, make it more suitable to be used in composites
and other applications [19,20]. Figure 1 shows the illustration of bast fibre, which is the outermost
tissue layer of the kenaf stem, as well as the core and pith, which are located in the centre of the kenaf
stem [21,22].

Figure 1. The illustration of kenaf stem.

The process of extracting plant fibres is also known as the retting or degumming process. There are
a few retting methods applied to plant fibres reported to date, such as dew retting, water retting,
enzymatic retting, chemical retting and mechanical retting [23]. Among them, the water, chemical,
mechanical and enzymatic retting are the most commonly practiced processes in extracting kenaf
fibres, as shown in Figure 2.

Figure 2. Different retting processes in extracting plant fibre.

Compared to mechanical and chemical retting, water retting takes a longer time to complete the
process, which is about 22 days, including washing, drying and combing the fibre. This method begins
by submerging the kenaf plant into water, such as in a pond, river or tank. Microbial actions will
separate the kenaf fibres within the pith (Figure 1). This process, however, will lead to minor water
pollution and produce a strong odour because of anaerobic bacterial fermentation [24,25]. The water
retting process will be continued by washing the fibre with clean water to remove unwanted substances.
The cleaned fibres will be oven dried at 60 ◦C for 24 h until the fibre achieves constant weight [26].
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A traditional method, such as air drying, can be used, depending on the surrounding humidity [27].
The combing process is carried out to disentangle the fibre, and at the same time to further extract
single fibres from fibre bundles [28].

Mechanical retting, also called decortication, is the process of isolating the bast and the pith
(Figure 1) using a decorticator. This method is easier, cheaper, and faster, compared to the other retting
methods. Kenaf stalk will be immersed into water for at least 5 days before separating the fibre through
the decorticating process [29]. Commonly used decorticating processes involve hammer milling and
roller milling. Hammer milling is the process of beating the kenaf stem until the bast and core are
separated. The small fibre obtained after the hammering process will be passed through the meshes
inside the hammer milling machine. The roller milling machine will roll and crush the kenaf stalk,
producing minimal damage to the fibre. Using this machine, longer fibre is achieved. The process of
extracting fibre continues by washing, drying, and combing, similarly to the procedures in the water
retting process, as explained earlier [25,29]. Figure 3 illustrates the fibre decortication process applied
to extract kenaf fibre.

 
Figure 3. Fibre decortication process.

Physical retting, through steam explosion, is performed on the plant stalk before applying
chemicals to soften the fibres. This process is eco-friendly and requires a shorter time to extract the
fibres. Steam explosion is carried out at 0.5 MPa for 15 min, followed by alkali-oxygen treatment.
These parameters have been suggested as the optimum pressure and time, respectively, to remove
pectin, hemicellulose and lignin [24,30].

Chemical retting is the process where alkali hydrolysis takes place. The chemicals that are
normally used are sodium hydroxide (NaOH), sodium benzoate (C7H5NaO2), and hydrogen peroxide
(H2O2). Smooth and long consistent fibre can be produced through this process in a short period of
time. It has been suggested that these chemicals should be used in concentrations below 1%, as a more
concentrated alkaline solution could lead to the degradation of the tensile strength [24].

Enzymatic retting is based on a similar concept to that of water retting, which uses bacteria that
produce pectic enzyme to extract the fibre by dissolving pectin. As biotechnology has advanced,
this enzyme can be now produced in the laboratory and is commercially available. Enzymatic
retting can be controlled, is efficient and most importantly environmentally friendly [31]. A suitable
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temperature range between 40 and 50 ◦C has been established based on the most favorable working
conditions for the enzyme [26,32]. However, this process involves higher costs, compared to water
retting. The later washing, drying and combing processes are all similar to the procedure described for
other types of retting.

4. Glass Fibre

Glass fibre is a commonly used synthetic fibre made from silicates, soda, clay, limestone, boric acid
and various metallic oxides. All these constituents will undergo a heating process and will be refined
in the narrow chamber [33]. Glass fibre is classified into several types, based on its main properties,
and is denoted with letters C, D, E and S. C-glass fibre can be used in an acidic environment because it
has the ability to resist corrosion. D-glass fibre has a low dielectric constant and it is commonly used
in electrical applications. E-glass fibre is known as electrical glass, which is very good for electrical
insulation. S-glass is a high strength glass fibre. It not only has high strength and stiffness, but also
can be used in extreme conditions, such as in extreme temperatures or corrosive environments [34].
Table 2 shows the mechanical properties of different types of glass fibres.

Table 2. Mechanical properties of glass fibre types C, D, E and S.

C-Glass D-Glass E-Glass S-Glass Ref.

Density (g/cm3) 2.56 2.11 2.54 2.53

[34]Tensile strength (MPa) 3300 2500 3400 4600
Young’s Modulus (MPa) 69 55 72 89

Elongation (%) 4.8 4.5 4.7 5.2

5. Mechanical Properties of Kenaf/Glass Hybrid Composites

Kenaf fibre has low density and good mechanical properties. Replacing part of synthetic fibre
such as glass fibre with kenaf fibre in a composite will reduce the structure’s weight and cost, and will
be more environmentally friendly. The mechanical properties of kenaf and glass fibres are illustrated
in Table 3.

Table 3. General mechanical properties of kenaf fibre and glass fibre.

Kenaf Glass

Density (g/m3) 1.45 2.55
Tensile strength (MPa) 930 3400
Elastic modulus (GPa) 53 71
Elongation at break (%) 1.6 3.4

References [18,35] [36,37]

Kenaf/glass hybrid composites with 90◦ orientations was reported to achieve higher tensile
strength compared to 0◦ orientations with values of 69.86 and 49.27 MPa, respectively. The load
applied in the direction parallel to the fibre contributed to the higher strength of 90◦ orientations
kenaf/glass hybrid composites compared to the load applied perpendicular to the orientation of
fibre [38]. The contribution of synthetic fibre, which is known for its strength and stiffness, was seen in
the increment of tensile and flexural strength of kenaf/glass hybrid composites to 65.29 and 115.71 MPa
compared to non-hybrid kenaf composites with 49.48 and 77.63 MPa, respectively [39].

Table 4 summarises the findings reported from studies on the mechanical properties of kenaf/glass
fibre hybrid composites.
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Table 4. Reported research on mechanical properties of kenaf/glass fibre hybrid composites.

Materials
Mechanical Properties

Ref.
Tensile Flexural

90◦ fibre orientation of kenaf + chopped strand glass fibre reinforced epoxy 69.86 MPa 162.566 MPa [38]
kenaf fibre yarn +woven glass fibre reinforced epoxy 65.29 MPa 115.71 MPa [39]

Woven kenaf fibre + glass fibre mat reinforced unsaturated polyester 85.49 MPa 124.07 MPa [40]

Chemical treatment using alkaline solution is the most commonly used due to its low cost and
high effectiveness [41]. Kenaf fibre treated with 9% NaOH solution for 12 h presented the highest
flexural strength of 93.3 MPa compared to 3% NaOH and untreated kenaf fibre which were 63.2 and
25.1 MPa, respectively. The adequate surface roughness of kenaf fibre treated with 9% NaOH improved
the fibre matrix bonding, while a 3% NaOH concentration was not sufficient to remove the impurities
on the surface of fibre [42]. In a different study, maintaining the percentage of kenaf fibre loading
at 25% in two types of polymer matrix, epoxy and polyester, results in higher tensile strength for
the epoxy-based composites with a value of 93.59 MPa compared to polyester-based composites at
86.54 MPa [43]. The fact that epoxy resin has better properties (such as high strength and low shrinkage)
compared to polyester resin which is poor in adhesive and high cure shrinkage, indirectly contributes
to the overall strength of composites [44].

In a research project that investigated the mechanical properties of different amounts of kenaf
(K) layers in glass (G) fibre composites, one layer of kenaf as the core between three layers of glass
fibre each at the top and bottom of the sandwich structure (3G/K/3G) presented the highest tensile
strength compared to 3G/2K/3G and 3G/3K/3G, which had two and three layers of kenaf as the core
in the same sequences. The study suggested that the increment in the number of kenaf layers will
reduce the tensile strength due to the low strength of kenaf fibre [45]. For different types of kenaf fibres,
increasing the fibre loading from 10% to 40% increased the flexural strength of composites accordingly,
whereas further increasing the fibre loading to 50% decreased the flexural strength due to the saturated
mixture of fibre in the polymer matrix. The saturated mixture had decreased the ability of polymer to
hold the fibre tightly, thus could not sustain the load applied to the whole structure [46]. The fibre
size is also one of the important factors in determining the mechanical properties of composite. It was
reported that 30% kenaf fibre in 20 mesh size had a higher tensile strength of 16 MPa compared to
40 mesh kenaf fibre at 13.6 MPa. A larger surface area of 20 mesh filler was suggested to enhance the
surface contact and bonding between fibre and matrix [47].

6. Low Velocity Impact Properties of Kenaf Composites

Reaction such as rebounding, penetration and perforation will happen during a low velocity
impact event [48]. The damage of the specimen can be analysed through the force against displacement
graph. Closed loop graph curve indicated that the impactor rebounded when it hit the surface of
the specimen [49]. The damages that happened during the low velocity impact event included the
matrix cracking, delamination, fibre failure and penetration [50]. Matrix cracking is the initial stage
of damage due to low velocity impact. The number of cracks will increase when a larger external
load is applied leading to another failure which is delamination [51]. Delamination was found to be
induced by matrix cracking when the high transverse shear stresses at the neighboring impacted matrix
surface and later develops into a weak interfacial bond which develops into fibre fracture and fibre
pullout [52,53]. The phenomena of shear cracking and bending cracking are often characterizations of
pine tree damage. Pine tree damage usually exhibits on the stiff-thick composite and reserved pine tree
damage exhibits on the flexible-thin composite [54,55]. Perforation is the damage when the impactor
completely penetrated the specimen. The opened loop curve in force against displacement graph
determined that the specimen experienced penetration by the impactor [49].

Researchers have reported that the highest energy absorbed by kenaf/epoxy composites was of
2.83 J at 15% fibre content. Meanwhile, a kenaf polyester composite absorbed the maximum energy of
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4.53 J at 25% fibre content [56]. Kenaf fibre reinforced polyvinyl butyral (PVB) showed an increasing
trend of impact strength when the fibre content was increased from 10% to 20% and 30%, while the
highest impact strength result was achieved at 40% fibre content. However, the impact energy strength
of the composite started decreasing at 50% and 60% fibre content [57]. The decreasing trend of the
impact strength graph when the fibre content was at 50% and 60% also presented in the research
on the hybridization of kenaf fibre reinforced recycled polypropylene/polyethelene (r-PP/PE) [58].
Fibre content is an important influencing factor applied not only to kenaf reinforced polymer composites,
but also to kenaf hybrid composites. A study showed that the 50:50 fibre ratio in bamboo/kenaf
hybrid composites led to the highest impact strength result, which was 45 J/m, compared to the only
kenaf reinforced epoxy composite and to the 30:70 fibre ratio in bamboo-kenaf hybrid composites,
which recorded 40.6 and 37.8 J/m, respectively, for impact strength [59].

In a study, three different fibre arrangements were used to fabricate kenaf/polyester composites,
namely, perpendicular, anisotropic and isotropic. Pure polyester was used as a control. The impact
strength of the obtained materials was tested on an Izod impact tester. Pure polyester showed the
lowest result of impact strength, which is 1.42 kJ/m2. Meanwhile, the highest impact strength result was
recorded for the kenaf/polyester composite with the anisotropic fibre arrangement of 6.68 kJ/m2 [60].
Fibre size also affects the impact energy absorbed by the composites [60]. A study focusing on kenaf
fibre reinforced thermoplastic polyurethane (TPU) composites showed that the impact strength values
of the materials prepared with the smallest size of kenaf fibre (<125 μm), medium size of kenaf
fibre (125–300 μm) and the largest size of kenaf fibre (300–425 μm) were 2.1, 2.76 and 2.97 kJ/m2,
respectively [61].

Different types of matrix gave different impact strength results for woven kenaf fibre composites.
In a previous study, the same type of fibre, namely woven kenaf fibre, and the same impact energy,
but different fibre orientations, of 0◦/90◦ and 45◦/−45◦, have been used to fabricate composites using
three different types of matrix, specifically, epoxy, unsaturated polyester, and vinyl ester. Woven kenaf
fibre reinforced unsaturated polyester showed the highest energy absorbed for both types of fibre
orientation [57].

Kenaf fibre tends to absorb moisture because of its hydrophilic nature. Therefore, chemical
treatment is applied to modify the fibre surface by removing the hydroxyl groups and impurities
from the fibre [62]. A few chemical treatments can be performed to modify the kenaf fibre surface,
such as alkaline treatment, silane treatment and a combination of alkaline and silane treatment [63].
The treatment using NaOH can be summarised in the chemical equation below [63]:

Fibre-OH + NaOH = Fibre + Na+O− + H2O + impurities (1)

The untreated fibre presented low impact strength due to the weak interfacial bond between fibre
and matrix. The elimination of the hemicellulose, wax and –OH bonding during the fibre treatment
enhanced the bonding between fibre and matrix. Treated kenaf fibre gave a higher impact strength
to the composites, compared to the untreated one. This is because the NaOH solution that had been
used in treating kenaf fibre improved the properties of kenaf-reinforced thermoplastic polyurethane
composites [64]. Izod impact testing revealed that an untreated kenaf reinforced polyester composite
showed the lowest value of impact strength, which was 2.61 kJ/m2. Two different concentrations of
NaOH solution, of 6% and 9%, had been used to treat kenaf fibre for 12 h. The impact strength of the
composite comprising fibre treated with 6% NaOH concentration was 15.77 kJ/m2, while that of the
composite with fibre treated with 9% NaOH concentration was 6.92 kJ/m2 [49]. Kenaf fibre treated
with propionic anhydride gave better impact strength results, of 7.7 kJ/m2, compared to kenaf fibre
treated with succinic anhydride and untreated fibre, which recorded 7.3 and 5.4 kJ/m2, respectively [62].
A previous study compared the impact strength of untreated and treated woven kenaf-banana hybrid
composites. The authors concluded that the impact strength of the untreated woven kenaf-banana
hybrid composite was 23 kJ/m2, that of the alkali treated woven kenaf-banana material was 26 kJ/m2

and that of the material treated with sodium lauryl sulfate (SLS) was 28 kJ/m2 [65]. The findings
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of reported research studies about the effects of kenaf fibre treatment on the impact strength of the
prepared composites are summarised in Table 5. Enzymatic treatment has been also used to modify
the surface of fibre. In previous research, kenaf fibre treated with laccase enzyme showed a 26.31 J/m2

impact strength, while untreated fibre showed a 22.51 J/m2 impact strength [66].

Table 5. Previous studies on different kenaf fibre treatment.

Composites Parameters Impact Strength Ref.

Kenaf + polyester

Chemical treatment

Untreated 2.61 kJ/m2

[42]Treated with 6% NaOH 15.77 kJ/m2

Treated with 9% NaOH 6.92 kJ/m2

Kenaf + polyester

Untreated 5.4 kJ/m2

[62]Propionic anhydride 7.7 kJ/m2

Succinic anhydride 7.3 kJ/m2

Kenaf/banana + unsaturated
polyester

Untreated 23 kJ/m2

[65]Treated with alkali 26 kJ/m2

Treated with sodium lauryl sulfate 28 kJ/m2

Kenaf + recycled
polypropylene

Enzymatic
treatment

Untreated 22.51 J/m2
[66]

Treated with laccase enzyme 26.13 J/m2

Hybrid banana/kenaf/banana reinforced epoxy composites were evaluated by using the Charpy
test and the maximum impact energy was found to be 12 J. This is the highest impact energy achieved
in this study, among other hybrids, such as kenaf/kenaf/kenaf and neem/kenaf/neem composites,
which reached values of 4 and 10 J, respectively [65]. The hybridization of kenaf fibre with synthetic
fibre such as Kevlar enhanced the impact strength performance of the hybrid composite [67]. In a
previous study, the highest impact strength of kenaf/Kevlar hybrid composite that been recorded
was 50.1 kJ/m2 which belonged to the Kevlar/kenaf/Kevlar/kenaf hybrid composite. This study also
concluded that the number of fibre layers and fibre sequences became factors that affected the impact
properties of the kenaf/Kevlar hybrid [68].

7. Low Velocity Impact of Glass Composites

Previous research reported that E-glass composites are more resistant to impact compared to
C-glass, specifically, that smaller damage at a higher peak force was found on E-glass composites
at the same impact energy level [69]. In terms of weaving pattern, woven E-glass fibre gives better
mechanical properties, compared to chopped strand fibre mat. It was reported that woven E-glass
fibre has an impact strength of 415 MPa, while chopped strand E-glass fibre presented 189 MPa [70].

Fibre content and fibre arrangement affect the impact properties of not only natural fibre composites,
but also of glass fibre composites. A study showed that the maximum impact energy absorbed by
composites made from one layer of plain-weave glass fibre and two layers of chopped strand glass
mats, with 30% fibre content, was 112.105 kJ/m2, while that of composites fabricated from two
layers of plain-weave glass fibre and one layer of chopped strand glass mat, with 22% fibre content,
was 77.141 kJ/m2 [70]. Another study reported that a glass wool fibre reinforced epoxy material with a
40% fibre weight gave the highest impact strength value, which was 0.0862 J/m2, compared to 30% and
50% glass wool fibre weight composites, which reached 0.0652 and 0.0421 J/m2, respectively [71].

8. Low Velocity Impact of Kenaf/Glass Hybrid Composites

The impact strength properties of hybrid composites have been found to be affected by several
factors, including volume fraction, fibre matrix adhesion, fibre orientation, fibre length, stress transfer
and the thickness of the composites [72]. The reported research findings on kenaf fibre and glass fibre
hybrid composites are tabulated in Table 6.
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Table 6. Previous studies on kenaf/glass fibre hybrid composites.

Kenaf Fibre Glass Fibre Matrix Fabrication Method Ref.

Woven kenaf fiber Woven E-glass fiber Epoxy Hand lay-up [73]
Twisted long kenaf fiber Glass fiber Epoxy Hand lay-up [74]

Kenaf fiber
(direction 0◦, 90◦)

Glass fiber direction
(0◦, 90◦) Epoxy Hand lay-up [38]

Twisted kenaf fiber Woven glass fiber Epoxy Vacuum pump
Compression moulding [75]

Kenaf fibre Woven fibre glass Polyester Hand lay-up
Cold press [76]

Kenaf mat
(20 cm × 20 cm)

Glass fiber
(20 cm × 20 cm) Unsaturated polyester Hand lay-up

Compression [77]

Kenaf fibre Glass fibre Unsaturated polyester Cold pressure hand lay-up [78]
Non- woven kenaf mat E-glass fibre Polypropylene Compression moulding [79]

The composite fabricated with a 90◦ kenaf/glass fibre orientation had a higher impact strength
compared to the one with a 0◦ fibre orientation, namely, of 6.66 and 6 J, respectively. Due to
its better impact strength, it was suggested that the hybrid composite can be used in structural
applications [38]. Previous work reported that twisted neem/kenaf/neem composites, with a fibre
orientation of 90◦/45◦/90◦, embedded with glass fibre at the outermost top and bottom layers, recorded
the maximum impact strength of 12.2 J, which was higher than the values achieved by neem/kenaf/neem
composites with fibre orientations of 0◦/0◦/0◦ and 0◦/90◦/0◦ (11.23 and 11.64 J, respectively) [65].

At 9 J of impact energy, kenaf/glass hybrid composites with 3 mm thickness showed a major
crack length of 52.92 mm, while kenaf/epoxy composites reached 100.61 mm for major crack length.
The smaller damage on the kenaf/glass hybrid composites indicated that embedded woven glass
hybridised with kenaf led to stronger impact resistance. Meanwhile, the glass/epoxy composite showed
16.02 mm radius of damage [79]. In another study, 75% glass fibre and 25% kenaf fibre composites
showed almost similar results to those achieved for 100% glass fibre. The hybrid composites were
selected to undergo low velocity testing. The hybrid composite with 10 layers of glass and kenaf fibre
could absorb an impact energy of up to 40 J [49].

9. Conclusions

Kenaf fibre has great potential in automotive application as a reinforcement fibre, since it is light
in weight, eco-friendly, low-cost and has good mechanical properties. Reinforcing kenaf fibre with
glass fibre is one of the methods to enhance kenaf fibre composites because glass fibre has better
mechanical and impact properties than kenaf fibre. There are several factors that affect the mechanical
and impact properties of the kenaf/glass hybrid composites. Previous studies show that the optimum
fibre content and fibre orientation were between 30% and 40% and 90◦, where it can resist a higher
impact strength and have better mechanical properties. Fibre surface modification also helps to
improve the properties of kenaf/glass hybrid composites. The number of layers and the thickness of the
composite also influences its mechanical and impact strength properties. From the review conducted,
it can be suggested that kenaf/glass hybrid composites have higher tensile strength up to 85 MPa
compared to kenaf composites. Other than that, kenaf/glass hybrid composite can also withstand
low velocity impact energy up to 12 J. The mechanical and impact properties of kenaf/glass hybrid
composites discussed in this manuscript show its potential for use in automotive applications. It was
also found that limited studies were done on the mechanical and impact properties of the kenaf/glass
hybrid composites, and further investigations were needed to maximise the potential of kenaf/glass
hybrid composites.
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Abstract: Reinforced concrete flat slabs or flat plates continue to be among the most popular floor
systems due to speed of construction and inherent flexibility it offers in relation to locations of
partitions. However, flat slab/plate floor systems that are deficient in two-way shear strength are
susceptible to brittle failure at a slab–column junction that may propagate and lead to progressive
collapse of a larger segment of the structural system. Deficiency in two-way shear strength may be
due to design/construction errors, material under-strength, or overload. Fiber reinforced polymer
(FRP) composite laminates in the form of sheets and/or strips are used in structurally deficient
flat slab systems to enhance the two-way shear capacity, flexural strength, stiffness, and ductility.
Glass FRP (GFRP) has been used successfully but carbon FRP (CFRP) sheets/strips/laminates are
more commonly used as a practical alternative to other expensive and/or challenging methods such
column enlargement. This article reviews the literature on the methodology and effectiveness of
utilizing FRP sheets/strips and laminates at the column/slab intersection to enhance punching shear
strength of flat slabs.

Keywords: flat slab; two-way shear; carbon fiber reinforced polymers; glass fiber reinforced polymers

1. Introduction

Reinforced concrete slabs that are not supported by beams, also known as flat slabs are the most
popular floor system in the building construction industry due to architectural flexibility and speed of
construction. Speed of constructing flat slab systems is owed primarily to savings in time that would
have been needed to build formwork for supporting beams. They also offer designers the flexibility of
placing heavy and light partitions anywhere on the floor slab without abiding by location of beams.
However, flat slabs are susceptible to brittle two-way shear failure (i.e., punching shear failure) at
the slab–column connection that is caused by the transfer of shear and unbalanced moments [1].
Although the mechanics of punching shear is not completely understood, many methods have been
developed over the years to prevent this type of failure. Four basic stages in the punching failure of a
slab–column connection are generally recognized. Firstly, flexural and shear cracks form in the tension
zone of the slab near the face of the loaded area. Secondly, the slab tension steel close to the loaded area
yields. Thirdly, flexural and shear cracks extend into what was the compression zone of the concrete.
Finally, failure occurs before yielding of reinforcing steel extends beyond the vicinity of the loaded area.
A possible reason for punching failure is the rupture of the reduced compression zone in the slab [2].
The failed surface forms a conical shape enclosed by an inclined critical crack pattern which meets a
horizontal crack parallel to the reinforcing steel reaching the tension side [3]. When a slab–column
connection is loaded, the initial response is linear-elastic, followed by cracking which reduces the
connection stiffness. The deflected profile in the slab compression region can be considered as straight
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lines, while that in the tension region shows a slight discontinuity, especially when the shear crack
intersects the reinforcement. Moe [4] tested 43 slabs and investigated the results of 140 footings in
addition to 120 slabs that are reported in the literature and noted the common appearance of inclined
cracks at 60% of the ultimate load. These inclined cracks started from bending cracks, then rapidly
extended up to the proximity of the neutral axis and finally developed rather slowly but leaving only
a very narrow depth of the compression zone unaffected. During the structural design phase, if the
shear capacity is exceeded, shear reinforcement can be designed to enhance the capacity. Some studies
indicated that using shear reinforcement in two-way slabs may double the punching shear strength [5].

Strengthening flat slabs at the column–slab juncture using externally applied material with high
tensile strength did not start with the fiber reinforced polymer (FRP) sheets. Steel plates with steel
anchor bolts were used successfully to increase the two-way shear strength of flat slabs. Ebead
and Marzouk [6] strengthened slab–column junctions by installing on the tension side 6 mm thick
American society for testing and materials (ASTM) A6 plates using 19 mm diameter ASTM A325 bolts.
Steel plates increased the ultimate load of the flat slab by 45% when the applied load was central and
by 122% when the specimens were subjected to both central loads and moments. The light weight,
flexibility, and high tensile strength of FRP sheets and laminates make them viable alternative to steel
plates. Externally bonded carbon fiber reinforced polymer (CFRP) sheets that are anchored to concrete
at their ends were shown to increase punching shear strength, especially when applied skewed relative
to the column orientation [7]. Flexural capacity of concrete flat slab can also be increased by bonding
CFRP sheets, strips, or laminates to the tension side [8,9].

Steel reinforcing bars are generally used to carry flexural tensile stresses on tension side of reinforced
concrete members. Studies by Rasha et al. [9] concluded that the flexural tensile reinforcement above
the column in flat slab contributes to the punching capacity of the slab. Yield strength of flexural
reinforcement is amongst the factors determining the necessary amount of tension steel. Nonetheless,
Dilger et al. [10] noted that no conclusive evidence exists to indicate any effect of yield strength on
punching shear capacity.

Experimental studies by Ebead and Marzouk [6] on centrally loaded 1.9 m × 1.9 m × 0.25 m flat
slab specimens found that the ultimate load-carrying capacity in punching shear increased compared
to reference unreinforced flat slab sample by 54% when the flexural reinforcement ratio over the
column was 1%. Similarly, the ultimate load for punching shear increased by 36.5% compared to the
unreinforced specimen when the flexural tensile capacity was 0.5%. When the area surrounding the
column, where a central load is applied, was strengthened by steel plates using bolts, the stiffness of
the strengthened flat slab specimens increased by 105% compared to the un-strengthened specimens.
In addition, studies by Caldentey et al. [11] showed a reduction in punching shear strength when
flexural reinforcement does not pass through the slab–column intersection, compared to similar flat
slabs with flexural reinforcement passing through the intersection.

McHarg et al. [12] studied the effect of flexural top reinforcement distribution on punching shear
capacity. The investigators noted a 14% increase in punching shear capacity when a portion of the top
flexural steel is banded over the column compared to uniform distribution of reinforcing steel.

Perhaps one of the earliest studies that suggested punching shear strength in flat slabs is
proportional to the cubic root of the compressive strength was presented in the 1956 in article by Elstner
and Hognestad [13]. Inácio et al. [14] found that the punching shear capacity increases by 43% when
high-strength concrete is used compared to normal-strength concrete, and failure is more brittle when
compared to normal strength capacity.

Tests by Alexander and Simmonds [15] showed that increasing concrete cover thickness of top
flexural reinforcement at interior slab–column connections increases two-way shear capacity by a small
margin compared to smaller cover. However, larger cover makes behavior less stiff compared to a slab
with smaller concrete covers which suffered larger bond deformation.
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One of the early studies on the effect of column aspect ratio was conducted by Hawkins et al. [16].
The study concluded that the punching shear strength decreases markedly as the column aspect ratio
increases beyond 2.0.

2. Punching Shear Strength in Selected Codes and Standards

Before examining the effect of FRP sheets and strips on two-way shear strength of concrete, it is
useful to evaluate the inherent two-way strength of concrete as described in building codes and design
standards. International codes and standards vary in their models for estimating punching shear
capacity. In the following Table 1 the models of punching shear capacity of concrete in American
Concrete Institute code ACI 318 [17] and Euro code 2 (EC 2) [18] are briefly compared and discussed.

Table 1. Comparison of two-way shear capacity in American Concrete Institute code ACI 318 and
Eurocode 2 (EC 2).

Criteria ACI 318-14 Eurocode 2 (EC2)

Two-way shear strength
model

The least of,

0.33λ
√

f́c (MPa) (a)

0.17
(
1 + 2

β0

)
λ
√

f́c (MPa) (b)

0.083
(
2 + αsd

b0

)
λ
√

f́c (MPa) (c)
b0 is the critical perimeter for punching shear (mm).

f́c is the concrete compressive strength (MPA).
Equation (a) represents the maximum punching shear

capacity achievable without shear reinforcement.

αs =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
40 Interior columns

30 edge columns
20 corner columns

0.18ξ
(
100ρ f́c

)1/3

ρ is the flexural reinforcement ratio,
f́c is the concrete compressive strength

Location of critical
perimeter for punching

shear
d/2 (d = effective depth, mm) 2d (d = effective depth, mm)

Effect of flexural
reinforcement on

punching shear capacity

Minimum flexural steel must be provided near
tension face of the slab in two-perpendicular
directions (ρmin = 0.18%, for grade 420 MPa

reinforcement) (Section 8.6 [19] and commentary).
Integrity reinforcement in column strip is required

(8.7.4.2) to provide residual punching shear strength
following punching shear failure. A minimum of two
bottom bars shall pass in two directions through the

region bounded by column vertical reinforcement
and be anchored at exterior support.

Incorporated in punching shear
strength formula.

Clearly EC2 recognizes significant
increase in punching shear strength in

heavily reinforced slabs.

Effect of slab thickness on
punching shear strength

It is incorporated in equation “c”, indicated punching
shear capacity increases with increase in the ratio of

effective depth to critical perimeter

0.083
(
2 + αsd

b0

)
λ
√

f́c (MPa)
Implicitly addressed in the commentary by
indicating that the minimum tension steel

development length beyond column face on each
side for slabs under predominantly uniform gravity
load with clear span to depth ratio (ln/h) at less than
15. For thicker slabs with (ln/h), provide continuous

tension steel to intercept punching shear cracks.

However, size effect parameter,
limited by upper value of 2.0 is.

ξ = 1 +
√

200 mm
d

Effect of supporting
member dimensions on
punching shear strength

Incorporated in the parameter β, which represents
the ratio of the long support side to the short side.

Upper limit on punching shear strength is 0.33λ
√

f́c
(MPa) around corners of columns and decreases to

0.17λ
√

f́c or less along long sides of the support
between the two end sections

Not explicitly indicated in the capacity
expression.
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As indicated in Table 1, ACI 318 requires integrity longitudinal reinforcing steel to provide residual
capacity in the event of loss or damage of vertical load-carrying member. A study by Weng et al. [20]
showed that integrity reinforcement plays a significant role in post-punching behavior of flat slabs and
recommends a minimum of 0.63% integrity reinforcement ratio to be provided. A typical concern in
relation to punching shear failure in flat plates is that its brittle nature may lead to progressive collapse
of large segment of the structural system. Mohamed et al. [21] discussed effect of two-way shear on
triggering progressive collapse, along with recommended design/detailing measures to enhance the
post-failure behavior of the structural system.

Additionally, Table 2 demonstrates the punching shear capacity of concrete slabs as described
by American Concrete Institute code ACI 318 [17], the Canadian code CSA-S806-12 [22], the British
standard BS-8110 [23], the European code Eurocode 2 [18] (including shear reinforcement), and Japanese
standard JSCE [24].

Table 2. International code equations for design punching shear.

Code
Critical Section

Location
Equations

ACI318-14 [17] 0.5 d

The least of,

0.33λ
√

f́c (MPa) (a)

0.17
(
1 + 2

β0

)
λ
√

f́c (MPa) (b)

0.083
(
2 + αsd

b0

)
λ
√

f́c (MPa) (c)

CSA-S806-12 [22] 0.5 d

Vc = min

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

0.028
(
1 + 2

βc

)
λ∅c

(
E f ρ f f ′c

) 1
3 b0.5d

0.147
(
0.19 + αs

d
b0.5

)
λ∅c
(
E f ρ f f ′c

) 1
3 b0.5d

0.056λ∅c
(
E f ρ f f ′c

) 1
3 b0.5d

βc: is the ratio of the long side to short side of the column
λ = 1.00 ∅c = 0.65

b0.5: is the length of the critical shear perimeter

αs =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
4 Interior columns

3 edge columns
2 corner columns

BS-8110 [23] 1.5 d Vcu = 0.79
(
100ρ f

E f
Es

)1/3 (
400

d

)1/4
(

fck
25

)1/3

b1.5d

b1.5: is the length of the critical shear perimeter

Euro Code 2 [18] 2 d

VRd = min

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

VRdcs = 0.75VRdc + Asw σwd(1.5d/sr) ≤ 1.5

VRdout =
0.18
γc

k
(
100ρ f fck

) 1
3 uoutd

VRdmax = 0.24
γc

fck(1− fck/250)u0d

σwd =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(250 + 0.25d) ≤ fyw

γs
(Steel Connectors)

0.004ECFRP
γCFRP

≤ 0.75 ε f uECFRP

γCFRP
(CFRP)

γs = 1.30
[

Value suggested by the authors in the absence of
experimental calidation for each type of strengthening

]

γCFRP =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1.20 for applications with high degree of quality control

1.35 for applications with normal degree of quality control or
under difficult on − site working conditions

JSCE [24] 0.5 d

Vpvd = βdβρβr fpcdbw
d
γb

fpcd =min
{

0.2
√

fcd
1.2 MPa

βd =min
{

1.50
4√1000/d

βρ =min

⎧⎪⎪⎨⎪⎪⎩
1.50

3
√

100 ρ f . E f
Es

βr = 1 + 1
(1+0.25 u/d)

bw: is the length of the critical shear perimeter
γb = 1.30
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3. Experimental Specimens, FRP Strengthening Patterns, and Methods

The following section includes discussion on details of experimental program, various FRP
strengthening patterns and methods and some significant research findings. Binici and Bayrak [25]
used 25-mm wide vertical CFRP strips for strengthening the flat slab specimens (2133 mm × 2133 mm
× 152 mm) against punching shear. Strengthening of flat slab is achieved by punching 18-mm diameter
vertical holes around the loading area. A practical downside to the method is the potential of cutting
tension and/or integrity steel around the column which could contribute to failure. Two specimens had
four holes in a line extending from each side of the loading area, one specimen had six holes on each
side of the loading area, and one specimen had eight holes extending from each side of the loading area.
The holes started at distance equals to 1

4 of the effective depth (d/4) from the face of the loaded area and
spaced at half of the effective depth (d/2) center-to-center. The authors clearly observed that that the
use of diagonal CFRP strips between the holes containing the vertical strips as seen in Figure 1A1–A3
around the loading area is effective in preventing punching shear inside the shear-strengthened area
compared to pattern B, with orthogonal strips. Extending CFRP shear-strengthening further along with
diagonal strips to join vertical strips (A3) increases load-carrying capacity 1.51 times and the ductility
2.0 times the unstrengthening control specimens. In addition, extending the shear strengthening
further from the loading area (A2 and A3), for the specimens with diagonal CFRP strips was effective
in changing the failure mode from brittle punching to a more ductile failure mode.

   
 

A1 A2 A3 B 

Figure 1. Carbon fiber reinforced polymer (CFRP) pattern A with diagonal strips provide higher
two-way shear capacity compared to pattern B with orthogonal strips [25].

Applying CFRP vertically in the form of shear reinforcement is superior to bonding CFRP
strips/laminate on the tension side in terms of enhancing punching shear strength. Sissakis and
Sheikh [26] reported 80% increases in punching shear capacity by applying CFRP strips vertically
through holes created at constant spacing perpendicular to the loading column in a manner similar to
stitching of the slab.

Harajli and Soudki [27] demonstrated that providing reinforcing CFRP strips on the tension
face of the slab increased the punching shear strength ranged from 17% to 45% compared to the
control flat slab specimens that did not contain CFRP strips for strengthening purpose as seen in
Figure 2. The mechanism by which this method of strengthening increases two-way shear strength is by
restricting the growth of tension cracks or by increasing flexural strength at the connection. Therefore,
strengthening the slab on the tension slide in the column zone may change flexural failure mode to
flexure-shear failure or pure two-way shear failure. The authors tested 670 mm square specimens
with tension steel reinforcement ranging from 1% to 2%. The loading column is 100 mm × 100 mm
which was cast monolithic with the slab. Four CFRP strip widths (50, 100, 150, and 200 mm) were used.
Using strips on the tension side only did not affect the punching shear cracking extent and remained at
a distance 2.0 × h (h = overall slab depth) from the face of the loading column.
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(a) (b) 

Figure 2. Test specimens for orthogonal CFRP strengthening strips, (a) CFRP strip pattern applied to
tension side and (b) loading column and slab specimen dimensions [27].

El-Salakawy et al. [28] concluded that applying CFRP or glass FRP (GFRP) strips on the tension
surface of flat slab around edge columns increases the flexural stiffness and delays opening of flexural
cracks, and hence increases punching shear capacity. Depending on the area of FRP sheets and
configuration, the increase of edge column punching shear strength ranges from 2% to 23% compared
to unstrengthen specimens. The authors examined effectiveness of strengthening edge columns in
flat slab systems. Specimens were 1540 mm × 1020 mm × 120 mm thick and the supporting edge
column was 250 mm × 250 mm. The slabs were reinforced with an average of 0.75% tension steel in
each direction and an average of 0.45% compression steel in each direction. L-shaped strips were used
perpendicular to the free edge while straight strips were applied on the tension side parallel the main
reinforcement in each direction. FRP strip width was 50 mm when CFRP was used for strengthening
while 75 width strips were used when GFRP was used for strengthening as seen in Figure 3.

 
(a) (b) 

Figure 3. Orthogonal CFRP or glass fiber reinforced polymer (GFRP) strengthening strips for flat slab
specimen supported by the edge column: (a) extend of strip application and (b) extension of strip into
L-shape at the end of the slab [28].

A study by Chen and Li [29] confirms that GFRP strengthening sheet increases the punching shear
capacity by acting as an external flexural reinforcement. The percentage increase in punching shear
capacity is higher in lower grade concrete (16.9 MPa) than in concrete of normal strength (34.4 MPa).
However, GFRP sheets change the failure mode from flexure-punching failure to brittle punching
failure. This study included 1000 mm × 1000 mm × 150 mm specimens loaded centrally with 150 mm
square column stub to simulate interior columns in flat slabs. The flexural tension steel reinforcement
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ratio was 0.59% in one direction and 1.31% in the perpendicular direction. The GFRP laminate in the
form of fabric is applied as one layer (1.31 mm thick) or two layers (1.93 mm thick). Using one layer
of GFRP laminate increased the ultimate load from 17% to 45% while using two layers increased the
ultimate, depending on the concrete grade and reinforcement ratio. For identical conditions, using two
layers of laminates always increased the ultimate load.

While the failure mode in punching shear created by the GFRP sheets is consistent with published
literature reviewed in this paper, the investigators covered the area under the loading column with
GFRP fabric, which is not typical for building structures, except for columns supporting the roof.
For this study, the authors concluded that the two-way shear prediction formulas proposed by BS 8110
and JSCE produce consistent results with their experimental study while ACI 318 was found to be more
conservative. The GFRP strengthening pattern used in the study is shown in Figure 4. Liberati et al. [30]
attributed the conservatism in ACI318 prediction of punching shear capacity to the fact that ACI318
does not explicitly consider the positive contribution of flexural reinforcement.

Sharaf et al. [31] observed that strengthening flat slabs in the tension zone around column
using externally bonded CFRP strips increases stiffness from 29% to 60% compared the reference
unreinforced flat slab depending on amount of reinforcement. Similarly tension-side stiffening around
the column increases punching shear strength from 6% to 16% depending on the area and pattern
of the strengthening strips. CFRP strips, in general, delayed the initiation of flexural cracks and
controlled their propagation. Tested slabs demonstrated failure in punching shear predominantly.
Researchers also studied the effect of orthogonal application of CFRP strips (patterns O4 and O8),
skewed application of strips (patterns S4 and S8) and combination of skewed and orthogonal strips
(OS8) as shown in Figure 5.

 
(a) (b) 

Figure 4. GFRP laminate applied to tension side of 1000 mm × 1000 mm specimen, (a) specimen and
loading column dimension and (b) loading applied causing tension at the bottom with GFRP [29].

All strips had the same width of 100 mm, therefore the effect of CFRP strip area was studied
by testing specimens reinforced with either four strips (O4 and S4) or eight strips (O8, S8, and OS8).
Specimens with skewed pattern and higher CFRP strip area (S8 and OS8) carried the highest ultimate
load compared to orthogonal strips.
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O4 S4 

  
O8 S8 OS8 

Figure 5. CFRP strips applied to tension side orthogonal to column orientation (O4 and O8), skewed with
respect to column orientation (S4 and S8), or both orthogonal and skewed (OS8) [31].

Esfahani [32] compared effectiveness of CFRP strengthening applied on the tension side of flat
slab when loading is monotonic versus cyclic. It was observed that CFRP strengthening of flat slabs on
the tension side increases the punching shear strength under monotonic loading, but cyclic loading
decreases the effectiveness of CFRP strips in resisting punching shear. The effectiveness of strips in
enhancing punching shear strength under cyclic load was more pronounced with higher tension steel
reinforcement ratio. He tested two sets of 1000 mm × 1000 mm × 100 mm slabs with tension steel
reinforcement ratio of 0.84 and 1.59, respectively, as shown in Figure 6.

Figure 6. CFRP strengthening sheet applied to tension side of flat slab specimen [32].

Farghaly and Ueda [33] noted that applying 0.167 mm thick CFRP strips to the tension side of
flat slab around the loading column increases punching shear strength by 20–40% compared to the
unstrengthen flat slab depending on the area of the CFRP strips. Brittle punching shear failure was the
dominant mode for the CFRP strengthened flat slabs. They studied 1600 mm × 1600 mm × 120 mm
slab specimens with load applied through 100 mm × 100 mm. One set of slabs was strengthened with
CFRP strips that are 50 mm wide (SF5) while a second set of slabs was strengthened with 100 mm
wide (SF10) CFRP strips as shown in Figure 7. Steel reinforcement ratio was 1.4% designed to generate
punching shear failure mode.
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(a) (b) 

Figure 7. CFRP strips with different widths applied to the tension side of the slab, (a) two-way specimen
cross section, (b) top and bottom reinforcement and two CFRP strip widths tested [33].

Erdogan [34] observed that vertical CFRP strips arranged in pairs perpendicular to each of the
four sides of the column provide better resistance to punching shear compared to the arrangement
of the vertical CFRP strips in a circular pattern around the column. In the case of perpendicular
reinforcement arrangement, the failed surface was outside of the strengthened zone, while circular
arrangement led to failure inside the strengthened zone. Furthermore, CFRP strengthening is more
effective when the column is square than when the column is rectangular where a reduction in punching
shear capacity was noticed. The investigator studied the effect of CFRP vertical strips (referred to
as dowels) arranged around the interior column on punching shear strength as shown in Figure 8.
The strips are applied vertically in pairs, perpendicular to each column dimension and through the
depth of the slab. The pairs are spaced at d/2 (where d is the effective depth of tension steel) to ensure
45 degree cracks are intercepted. Vertical strips are intended to enhance resistance to punching shear
by intercepting inclined punching shear cracks. The vertical CFRP strips were installed after concrete
casting into vertical 14 mm diameter cylindrical openings. The openings were created by embedding
14 mm × 150 mm polyvinyl chloride (PVC) pipes prior to casting. Pipes were removed after casting.

(a) (b) 

Figure 8. (a) Orthogonal “O” pattern of CFRP vertical shear reinforcement and (b) Circular “C” pattern
of CFRP vertical reinforcement [34].

Erdogan [34] also studied the effect of column aspect ratio, as shown in Figure 9 on punching
shear capacity. For columns having the same perimeter, changing the aspect ratio from 1 to 3 does
not have significant effect on post-punching capacity. However, increasing the column aspect ratio
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decreases punching shear capacity. This behavior is recognized in ACI318 through the column aspect
ratio β.

 
(a) (b) 

Figure 9. CFRP vertical reinforcement orthogonal to column orientation five rows with (a) column
aspect ratio of 2.0 (OS25) and (b) a column aspect ratio of 3.0 [34].

Urban and Tarka [35] observed an increase of 11% to 36% in punching shear capacity of flat slabs
strengthened with CFRP strips around internal support columns. The percentage increase in punching
shear capacity depends on the area of CFRP strips and whether or not anchor bolts were used to
enhance bonding of the strips to the slab. The investigators studied 2300 mm × 2300 mm × 180 mm
flat slab loaded with square 250 mm columns simulating internal flat slab–column intersection as
shown in Figure 10a. The tensile steel reinforcement ratio for all specimens was 0.5%. Other than the
control specimen, flat slabs were reinforced with 1.4 mm × 90 mm CFRP strips with varying areas
(in terms of number of strips) applied around the loading column as shown in Figure 10. In addition to
the adhesive, some samples were provided with additional 10 mm diameter anchoring bolts embedded
100 mm deep into the concrete slab in order to enhance bonding of the CFRP strips to concrete.
Specimens strengthened using CFRP strips failed in a brittle explosive manner compared to the control
specimen that was not strengthened. However, specimens in which CFRP strips were fixed to the
slab using anchor bolts failed more gently than identical specimens without anchor bolts. The authors
believe this “softer” failure is due to gradual pulling out of the anchor bolts from concrete as illustrated
in Figure 10b.

 
 

(a) (b) 

Figure 10. (a) Specimens with 8 strips bonded to the tension side with M10 anchor bolts and (b) anchor
bolt failure mechanisms [35].
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When a smaller area of CFRP strips is applied to the tension side, the effect of using anchor bolts
was negligible to crack width development under applied load. However, when a larger area of
CFRP strips is used to strengthen the slab, anchor bolts decreased the crack width under the applied
load compared to control specimen and identical specimen with CFRP strips without anchor bolts.
CFRP strips increase slab stiffness, therefore, deflection of slab strengthened with CFRP strips was
much lower than the control unstrengthen flat slab. In addition for the same CFRP area using anchor
bolts may or may not decrease slab deflection, depending on the area of the CFRP strips. For a
larger CFRP strip area, anchor bolts decreased deflection more significantly, especially for larger
applied loads than control slab or CFRP slab without anchor bolts. Thus, anchor bolts have limited
or no effect on deflection of slab strengthened with CFRP strips. However, as shown in Figure 11,
CFRP strengthened specimens (WT-CF-8, WT-CF-K-8, and WT-CF-K-16) and were all much stiffer than
the control (unstrengthend) specimen (s-2), as indicated by the smaller deflections for the same force.

Figure 11. Load–deflection relationship for the control specimen (s), specimen with 8 CFRP strips
specimen (WT-CF-8), specimen with 8-CFRP strips and anchor bolts (WT-CF-K-8), specimen with
8-CFRPs in double layers with anchor bolts [35].

The study by Halabi et al. [36] concluded that CFRP strengthening increases the ultimate failure
load in one-way spanning flat slabs when the tension-side is strengthened with CFRP strip in the
column zone. The investigators concluded that eccentric loading at flat slab–column connection
strengthened with CFRP sheet decreases the ductility and ultimate load. Flat slabs designed for flexural
failure in negative moment area above supporting column under concentric load, will transform into
shear failure occurring at a lower applied load when the failure load is eccentric. The failure load
decreases with eccentricity when the slab is strengthened with CFRP or remains un-strengthened.

The researchers studied a total of six 2000 mm × 1000 mm × 150 mm flat slab specimens
shown in Figure 12a,b supported to span in one-way to simulate internal and external slab–beam
connections. The loading was applied concentrically in some specimens and eccentrically in others
through 250 mm square column stubs extending above and below the flat slab specimens as shown
in Figure 13a,b. The tensile steel reinforcement ratio was 0.92% in longitudinal as well as transverse
directions; on compression side of the flat slab specimens the steel reinforcement ratio was 0.5%.
The reinforcement was chosen for flexural failure by steel yielding prior to concrete crushing.
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(a) (b) 

Figure 12. (a) Configuration A with four 300 mm wide CFRP sheets and (b) configuration B with CFRP
sheet covering entire width of slab in one direction [36].

   
(a) (b) 

Figure 13. (a) Test specimen for applying concentric gravity load and (b) test specimen for applying
concentric and eccentric loading [36].

Abbas et al. [37] studied 600 mm × 600 mm × 90 mm flat slabs supported along two parallel sides
to span in one-way. The steel reinforcement ratio on the tension face was 0.71%. The CFRP sheet were
unidirectional applied to the slab on the tension side parallel to the direction of the span as shown in
Figure 14. The loading was applied through a 40-mm diameter steel pipe.

 

Figure 14. One-way supporting concrete specimen strengthened with CFRP sheet covering the entire
specimen except the circular loading area [37].

It was observed that CFRP strengthening of one-way spanning flat slab increases the load-carrying
capacity by 12.4% (for 39.9 MPa concrete) and 16.4% (for 63.2 MPa concrete) compared to
un-strengthened control slab. However, in this study the investigators noted the presence of two peaks
in the load-deflection curve. The first peak is associated with the punching failure of concrete as it loses
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shear capacity followed by a drop in the curve during which resistance is due to aggregate interlocked
and reinforcing steel dowel action as shown in Figure 15.

After cracking the CFRP sheets are engaged in resisting the load leading to second peak in
load-carrying capacity. In comparison to the control slab which would have experience significant
drop in load-carrying capacity, the second peak of CFRP offers the slab much higher load-carrying
capacity 189.6% (for 39.9 MPa concrete) and 275.5% (for 63.2 MPa concrete).

Figure 15. Load–displacement variation for punching of slabs for concrete grade B (SB: control slab;
CFRP strengthened slab; and SB-T: TRM strengthened slab) [37].

Radik et al. [38] studied seven 1500 mm × 1500 mm × 152.4 mm flat slabs to evaluate the effect of
strengthening on the tension side using 305 mm wide strips applied to the tension side of the slab in
two perpendicular directions. Schematic of test apparatus and pattern of GFRP strips bonded to the
tension face are shown in Figure 16.

 
 

(a) (b) 

Figure 16. (a) Test apparatus with loading from top of the slab producing tension at the bottom,
(b) 30.4 cm wide GFRP strips bonded to the tension face [38].

GFRP laminates bonded to the tension side increased both the ultimate load and ductility of the
flat slab compared to the control specimen as shown in Figure 17.
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Figure 17. Load versus deflection plots for rehabilitated specimens [38].

Experimental study by Soudki et al. [39] concluded that applied CFRP strips on the tension side
around internal columns of flat slab increases the punching shear strength by up to 29% compared to
control un-strengthened slab. CFRP strengthened slabs are stiffer, hence, experience less deflections
compared to the control slab. Applying strengthening strips near the column increased stiffness of
the slab while applying the same strips offset from the column increased punching shear capacity.
The most efficient configuration is skewed strips offset further from the column. This investigation was
performed on 1220 mm × 1220 mm × 100 mm flat slab specimens made of 25.8 MPa concrete. The effect
of CFRP was studied by reinforcing selected specimens using 100 mm wide × 1.2 mm thick strips
applied on the tension side around the loading column in various configurations. The orientations and
configurations of the CFRP strips studied includes orthogonal to column, skewed, offset from column,
or adjacent to columns is shown in Figure 18.

   
Control – No strengthening 4 orthogonal strips away from col. 4 orthogonal strips adjacent to column 

   
4 skewed strips away from column 4 skewed strips adjacent to column 8 orthogonal strips 

Figure 18. Effect of CFRP strip area, orientation with respect to column, and distance from face of
column [39].

Erdogan et al. [40] examined a flat slab CFRP strengthening technique and concluded that it is
capable of restoring the strength of flat slab specimen damaged through punching shear through interior
column. It was also noted that rehabilitation of damaged flat slab using CFRP can restore strength to
level higher than CFRP strengthened flat slab. They studied five 2130 mm × 2130 mm × 150 mm flat
slabs loaded with 300 mm square plate representing internal column to flat slab connection. The goal of
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the study was to evaluate effectiveness of CFRP strengthening and repair of pre-loaded slabs that failed
due to punching shear. The investigators indicated the dimensions chosen to represent 2/3 scale models
of 8-m span flat slab that is 225-mm thick supported by 450-mm square columns. The flat slab specimens
were reinforced with 19-mm bars at 140-mm spacing in each direction, without compression steel,
which gives a tension reinforcement ratio of 1.86%. Specimen and column dimensions, loading points
and eight CFRP rows around loading column are shown in Figure 19.

  
(a) (b) 

Figure 19. (a) Specimen dimensions, column dimensions, and locations of perimeter loading points
and (b) 8 CFRP rows around loading column [40].

Hussein and El-Salakawy [41] concluded that increasing the flexural tension GFRP reinforcement
ratio of high-strength flat slab (80 MPa) from 1% to 1.5% (50% increase) increases the punching shear
strength by 15%, while increasing the reinforcement ratio to 2% (100% increases) increases the punching
shear strength by 27%. The longitudinal GFRP tension reinforcement was No. 16 (15.9 mm) having a
tensile strength of 1685 MPa.

GFRP shear reinforcement curbed down widening of cracks and controlled its propagation.
Control of cracking lead to enhancement of the stiffness and decrease of deflection in normal strength
(40 MPa) slab. No. 13 (12.7 mm diameter) GFRP shear studs increased punching shear strength by 51%
compared to the control slab without shear reinforcement. No. 10 (9.5 mm) corrugated GFRP shear
reinforcement increased punching shear strength by 34% compared to the control slab.

High-strength (80 MPa) flat slabs with tension GFRP reinforcement from 0.5% to 1.5%, but without
shear reinforcement, failed in punching shear in a brittle manner. Cracking begins at column
corners then propagates radially from the column in all directions. When the load reached 45–50%
of the ultimate load circumferential cracks appeared and connected radial cracks together in all
directions. The normal-strength flat slab (40 MPa) failed in the same manner when there is no shear
reinforcement. However, the normal-strength flat slab exhibited higher cracking at failure compared to
the high-strength flat slab. It was noted that increasing the tension reinforcement ratio decreased the
punching failure cone radius by making the inclination angel of the failure crack steeper.

The study was performed on six 2800 mm × 2800 mm × 200 mm flat slab specimens loaded by
300 mm square column. The specimens represent interior column–flat slab connection reinforced
with flexural steel on the tension-side. One test series of three specimen was used to evaluate the
effect of tension steel reinforcement ratio on punching shear capacity of high-strength concrete, and a
second set of three specimens was used to examine the effect of GFRP shear reinforcement type on
punching shear capacity of normal-strength concrete. The flat slab specimens (three in total) set made
of high-strength concrete were reinforced with 1%, 1.5%, and 2% flexural steel. The normal-strength
flat slab set tested for the effect of GFRP shear reinforcement consisted of one control specimen
without shear reinforcement, a second specimen reinforced with GFRP shear studs, and a third
specimen reinforcement with corrugated GFRP shear reinforcement as seen in Figure 20. The study by
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Ferreira et al. [42] demonstrated that in the presence of studs, punching shear failure is initiated by
loss of anchorage at the base of stud.

 

 

 
(a) (b) 

Figure 20. (a) Load–deflection relationship for the high-strength (80 to 87 MPa) concrete,
(b) load–deflection relationship for normal-strength (43 MPa) concrete [41].

Silva et al. [43] studied eight 1200 mm × 1200 mm × 100 mm flat slab specimens with loading
through 100 mm square stub simulating internal column of flat slab. CFRP strengthening strips were
700 mm long × 100 mm wide × 1 mm thick. All strengthening strips, whether orthogonal (O) or
skewed (S) were placed starting one effective depth (75 mm) from the face of the column as shown
in Figure 21. End anchorage of CFRP strips, when applied, was done through 50 mm × 150 mm
transverse steel plates attached to the slab through 10 mm diameter steel bolts. It was observed that
the skewed arrangement of CFRP strips can increase punching shear strength flat slabs by nearly 46%
compared to the control slabs. Using end anchorage at the end of the strips is particularly effective in
enhancing the load-carrying capacity. The critical perimeter in control slabs is located 1.5- to 2.5-times
the effective depth from the column face.

Failure in the control slab occurred by formation of radial cracks at distances from 1.5 to 2.5 × d
(where d = effective depth) from the face of the column. The study reported that CFRP strengthened
slab failed in flexure. All strengthened specimens without end anchorage failed by de-bonding and
strips failed in rupture due to their high tensile strength.

(a) (b) (c) (d) 

Figure 21. (a) Skewed CFRP strips with end anchorage, (b) skewed CFRP strips without end
anchorage, (c) orthogonal CFRP strips with end anchorage, and (d) orthogonal CFRP strips without
end anchorage [43].

The study by Durucan and Anil [44] examined nine 2000 mm × 2000 mm × 120 mm flat slab
specimens with concrete compressive strength of 20 MPa on average. The control flat slab did not have
an opening while the remaining eight specimens contained openings at different locations with respect
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to the supporting columns, and strengthening with CFRP strips. The study included two (300 mm and
500 mm) square opening sized as shown in Figure 22.

It was demonstrated that CFRP strips were able to restore punching shear capacity of flat slabs
affected by the presence of openings near the supporting columns, to nearly the same capacity of the
control slabs without openings. Similarly, numerical studies by Mohamed et al. [45] observed that
CFRP strengthening around openings located further from the supporting column enhances flexural
capacity and overall stiffness of the slab. In fact, Lapi et al. [46] believes that the increase in punching
shear strength through strengthening of the flat slab using FRP strips is the indirect effect of the increase
in slab stiffness due to the strengthening strips.

A similar reduction in punching shear strength exists in voided flat slabs, where voids are
incorporated in the slab to reduce self-weight [47], with applications in seismic areas. In such cases
solutions for enhancing punching shear capacity may include use of a steel sheet in the critical area
near the supporting column.

 

 

 

Figure 22. CFRP strips strengthening openings at various locations close-to or further-from the
support [44].

Saleh et al. [48] carried out an experimental study on four 2300 mm × 2300 mm × 200 mm flat slabs
loaded concentrically through 300 mm square plates. The control flat slab was prepared with 25 MPa
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concrete and was not reinforced in shear. Three specimens were reinforced in shear using L-shaped
CFRP laminates installed through pre-drilled 25-mm holes as shown in Figure 23. The CFRP strips
were fixed through the holes with part of it (to form L-shaped) to the top or bottom using epoxy resin.
The L-shaped CFRP shear reinforcing strips were applied to the unloaded slab in three perimeters
around the loading plate. Perimeter one is located at a distance d/2 (where d is the effective depth)
from the loading plate. Perimeters 2 and 3 are located at distances 0.7d from the loading plate.

It was concluded that L-shaped CFRP strips are capable of increasing the ultimate load of flat
slab specimens by 97–104% higher than the control flat slab without CFRP strips. Moreover, L-shaped
strips increased the deflection at failure to 400% of the control specimen.

Figure 23. (a) Two L-shaped laminates per hole, (b) one L-shaped laminate per hole anchored at top or
bottom alternately, and (c) one L-shaped laminate per hole anchored at the top [48].

4. Results of Experimental Studies and Major Findings

Many investigations have been conducted on strengthening the flat slab using both CFRP and
GFRP. All have examined methods to delay or prevent punching shear failure. Table 3 shows summary
of existing experimental work of FRP strengthening.

It is important to note that experimental studies are generally conducted on a scaled-down
prototype specimens due to traditional laboratory limitations. Studies by Goh and Hrynyk [49]
indicate that flat slab continuity and lateral restraint greatly affect the two-way shear capacity.
Studies on multi-bay slabs showed improved two-way shear capacity compared to isolated
column-zone specimens.
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5. Conclusions

This article reviewed the literature published in the past two decades on the effect of strengthening
flat slabs/plates using fiber reinforced polymer sheets/strips in the supporting column region to enhance
two-way/punching shear capacity. While CFRP and GFRP are both used for strengthening, CFRP is
the dominant material, therefore, covered extensively in the literature and in this study. Models for
predicting punching shear capacity in selected international codes and standards were reviewed
to develop an understanding of inherent capacity and factors influencing punching shear strength.
Experimental studies by various investigators were presented and discussed.

1. Several building codes and standards such as the Canadian (CSA) and Euro code 2 (EC2)
recognize the contributing of flexural reinforcement in enhancing the two-way shear capacity of flat
slab systems. Punching shear capacity models in ACI 318 do not incorporate the influence of flexural
reinforcing steel.

2. The two most commonly used techniques to strengthen the area near a supporting column
using CFRP sheets/strips include: (1) bonding (gluing) CFRP sheets/strips on the tension side of the
slab around the column, (2) installing the CFRP vertically in various ways that that mimic shear
reinforcement. One-way to use vertical strips is to insert them vertically leaving part of strips extended
outside of the slab to be bonded horizontally for anchorage purposes.

3. Bonding CFRP sheets/trips/laminates on the tension side around supporting columns of flat
slabs increases the punching shear capacity of concrete as well as the ultimate load. The effectiveness
and extent of capacity improvement depends on various factors such as orientation of strips with
respect to support columns, end anchorage, area of strips/sheets, etc.

4. Increase in punching shear capacity by bonding CFRP sheets/strips to the tension side of
test specimens at the support location is best when the strengthening sheets/strips are anchored at
the ends. Steel anchor bolts installed vertically through the slab at the ends of the strips were used
successfully to increase punching shear capacity as much as 46% compared control specimen without
CFRP strengthening when the load is applied concentrically. Similar improvements in punching
shear capacity was observed when end anchorage is done using CFRP strips applied at the end and
perpendicular to the main strengthening strips. Improvement in punching shear capacity when CFRP
is bonded to tension side is lower when the load is eccentric.

5. Installing CFRP strips vertically, resembling shear reinforcement perpendicular to the slab at
selected spacing from column face is more effective in enhancing punching shear capacity compared to
bonding CFRP strips/sheets to the tension side of the slab.

6. Need for Future Research

The literature review revealed that additional research is needed to address critical issues and
fill gaps in the current state-of-knowledge in relation to FRP strengthened slabs. The following are
amongst the pressing research needs:

1. Studies have shown that vertically placed FRP sheets/laminae/strips are more effective in
resisting two-way shear force. It is necessary to investigate further methods of installation that induce
minimal disturbance of the flat slab that is being retrofitted.

2. Further research is needed to develop models and clear design guidelines for vertically
placed FRP retrofitting strips that takes into account pattern, spacing, FRP material properties,
concrete properties, etc.

3. Most studies in the past focused on flat slab specimen sizes that are feasible within typical
laboratories studies. However, the limited studies that considered larger mutli-span flat slab specimens
indicated possible size effects on results. There is a need to investigate larger size specimens to predict
the response of FRP retrofitted slabs.

84



Polymers 2020, 12, 685

Author Contributions: Conceptualization, O.A.M.; methodology, O.A.M. and R.K.; investigation, M.K.;
resources, R.K; writing—original draft preparation, O.A.M. and M.K.; writing—review and editing, O.A.M.
and M.K.; visualization, M.K.; supervision, R.K.; project administration, O.A.M. and R.K.; funding acquisition,
O.A.M. All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support provided by the Office of Research and
Sponsored Programs (ORSP) at Abu Dhabi University through grant No. 19300376.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zaghlal, M.Y.A. Punch Resistance of Slab Column Connection under Lateral Loads. Master’s Thesis,
Zagazig University, Zagazig, Egypt, 2009.

2. Alexander, S.; Simmonds, S. Shear-moment transfer in slab–column connections. In Structural Engineering
Report; University of Alberta: Edmonton, AB, Canada, 1989; p. 95.

3. Guandalini, S.; Burdet, O.L.; Muttoni, A. Punching tests of slabs with low reinforcement ratios. ACI Struct. J.
2009, 106, 87–95.

4. Moe, J. Shearing Strength of Reinforced Concrete Slabs and Footings under Concentrated Loads; Portland Cement
Association: Skokie, IL, USA, 1961; Volume D47, p. 135.

5. Gomes, R.B.; Regan, P.E. Punching resistance of RC flat slabs with shear reinforcement. ACI Struct. J.
1999, 125, 684–692. [CrossRef]

6. Ebead, U.; Marzouk, H. Strengthening of two-way slabs subjected to moment and cyclic loading. ACI Struct.
J. 2002, 99, 435–444.

7. Silva, M.A.L.; Madushanka, W.I.; Ariyasena, P.S.I.; Gamage, J.C.P.H. Punching Shear Capacity Enhancement
of Flat Slabs Using End Anchored Externally Bonded CFRP Strips; Society of Structural Engineers: Colombo,
Sri Lanka, 2018; Volume 28.

8. Malalanayake, M.L.V.P.; Gamage, J.C.P.H.; Silva, M.A.L. Experimental investigation on enhancing punching
shear capacity of flat slabs using CFRP. In Proceedings of the 8th International Conference on Structural
Engineering and Construction Management (ICSECM2017), Kandy, Sri Lanka, 7–9 December 2017.

9. Rasha, T.S.M.; Amr, B.; Hany, A. Effect of flexural and shear reinforcement on the punching behavior of
reinforced concrete flat slabs. Alex. Eng. J. 2017, 56, 591–599.

10. Dilger, W.; Birkle, G.; Mitchell, D. Effect of flexural reinforcement on punching shear resistance. Spec. Publ.
2005, 232, 57–74.

11. Caldentey, A.P.; Lavaselli, P.P.; Peiretti, H.C.; Fernández, F.A. Influence of stirrup detailing on punching
shear strength of flat slabs. Eng. Struct. 2013, 49, 855–865. [CrossRef]

12. McHarg, P.J.; Cook, W.D.; Mitchell, D.; Yoon, Y.S. Benefits of concentrated slab reinforcement and steel fibres
on performance of slab–column connections. ACI Struct. J. 2000, 97, 225–234.

13. Elstner, R.C.; Hognestad, E. Shearing strength of reinforced concrete slabs. Int. Assoc. Bridges Struct. Eng.
1956, 53, 29–58.

14. Inácio, M.; Ramos, A.; Lúcio, V.; Faria, D. Punching of High-Strength Concrete Flat Slabs-Experimental
Investigation. In Proceedings of the Fib Symposium Tel Aviv 2013, Tel Aviv, Israel, 22–24 April 2013;
Volume 293, p. 500.

15. Alexander, S.D.; Simmonds, S.H. Tests of column-flat plate connections. ACI Struct. J. 1992, 89, 495–502.
16. Hawkins, N.M.; Fallsen, H.B.; Hinojosa, R.C. Influence of Column Rectangularity on the Behavior of Flat

Plate Structures. Spec. Publ. 1971, 30, 127–146.
17. ACI Committee 318. Building Code Requirements for Structural Concrete and Commentary: ACI 318-14;

American Concrete Institute: Detroit, MI, USA, 2011.
18. European Committee for Standardization. EN 1992-1-1Eurocode 2: Design of Concrete Structures—Part 1-1:

General Rules and Rules for Buildings; The European Union per Regulation 305/2011; European Committee for
Standardization: Brussels, Belgium, 2004.

19. ACI Committee 440. Guide for the Design and Construction of Structural Concrete Reinforced with Fiber-Reinforced
Polymer Bars: ACI 440.1R-15; American Concrete Institute: Detroit, MI, USA, 2015.

20. Weng, Y.; Qian, K.; Fu, F.; Fang, Q. Numerical investigation on load redistribution capacity of flat slab
substructures to resist progressive collapse. J. Build. Eng. 2020, 29, 101109. [CrossRef]

85



Polymers 2020, 12, 685

21. Mohamed, O.; Khattab, R.A.; Mishra, A.; Isam, F. Recommendations for reducing progressive collapse
potential in flat slab structural systems. IOP Conf. Ser. Mater. Sci. Eng. 2019, 471, 052069. [CrossRef]

22. Canadian Standards Association. Design and Construction of Building Structures with Fiber-Reinforced
Polymer 2012; CAN/CSA S806-12; Canadian Standards Association: Toronto, ON, Canada, 2012.

23. British Standards Institution. Structural Use of Concrete—Code of Practice for Design and Construction;
British Standards Institution: London, UK, 1997.

24. Japan Society of Civil Engineering. Recommendation for Design and Construction of Concrete Structures Using
Continuous Fiber Reinforcing Materials; Concrete Engineering Series 23; Japan Society of Civil Engineering:
Tokyo, Japan, 1997.

25. Binici, B.; Bayrak, O. Punching shear strengthening of reinforced concrete flat plates using carbon fiber
reinforced polymers. J. Struct. Eng. ASCE 2003, 229, 2273–2282. [CrossRef]

26. Sissakis, K.; Sheikh, S.A. Strengthening concrete slabs for punching shear with carbon fiber-reinforced
polymer laminates. ACI Struct. J. 2007, 104, 49–59.

27. Harajli, M.H.; Soudki, K.A. Shear strengthening of interior slab–column connections using carbon
fiber-reinforced polymer sheets. J. Compos. Constr. 2003, 7, 145–153. [CrossRef]

28. El-Salakawy, E.; Soudki, K.A.; Polak, M.A. Punching shear behavior of flat slabs strengthened with fiber
reinforced polymer laminates. J. Compos. Constr. 2004, 8, 384–392. [CrossRef]

29. Chen, C.C.; Li, C.Y. Punching shear strength of reinforced concrete slabs strengthened with glass
fiber-reinforced polymer laminates. ACI Struct. J. 2005, 202, 535–542.

30. Liberati, E.A.P.; Marques, M.G.; Leonel, E.D.; Almeida, L.C.; Trautwein, L.M. Failure analysis of punching
in reinforced concrete flat slabs with openings adjacent to the column. Eng. Struct. 2019, 182, 331–343.
[CrossRef]

31. Sharaf, M.H.; Soudki, K.A.; Dusen, M.V. CFRP strengthening for punching shear of interior slab–column
connections. J. Compos. Constr. 2006, 10, 410–418. [CrossRef]

32. Esfahani, M.R. Effect of cyclic loading on punching shear strength of slabs strengthened with carbon fiber
polymer sheets. Int. J. Civ. Eng. 2008, 6, 208–215.

33. Farghaly, A.S.; Ueda, T. Punching strength of two-way slabs strengthened externally with FRP sheets. JCI Proc.
Jpn. Concr. Inst. 2009, 31, 493–498.

34. Erdogan, H. Improvement of Punching Strength of Flat Plates by Using Carbon Fiber Reinforced Polymer
(CFRP) Dowels. Ph.D. Thesis, Middle East Technical University, Ankara, Turkey, 2010.

35. Urban, T.; Tarka, J. Strengthening of slab–column connections with CFRP strips. Arch. Civ. Eng. 2010, 56,
193–212. [CrossRef]

36. Halabi, Z.; Ghrib, F.; El-Ragaby, A.M.; Sennah, K. Behavior of RC slab–column connections strengthened
with external cfrp sheets and subjected to eccentric loading. J. Compos. Constr. 2013, 17, 488–496. [CrossRef]

37. Abbas, H.; Abadel, A.A.; Almusallam, T.; Al Salloum, Y. Effect of CFRP and TRM strengthening of RC slabs
on punching shear strength. Lat. Am. J. Solids Struct. 2015, 12, 1616–1640. [CrossRef]

38. Radik, M.J.; Erdogmus, E.; Schafer, T. Strengthening two-way reinforced concrete floor slabs using
polypropylene fiber reinforcement. J. Mater. Civ. Eng. ASCE 2011, 23, 562–571. [CrossRef]

39. Soudki, K.; El-Sayed, A.K.; Vanzwol, T. Strengthening of concrete slab–column connections using CFRP
strips. J. King Saud Univ. Eng. Sci. 2012, 24, 25–33. [CrossRef]

40. Erdogan, H.; Zohrevand, P.; Mirmiran, A. Effectiveness of externally applied CFRP stirrups for rehabilitation
of slab–column connections. J. Compos. Constr. ASCE 2013, 17, 04013008. [CrossRef]

41. Hussein, A.H.; El-Salakawy, E.F. Punching shear behavior of glass fiber-reinforced polymer-reinforced
concrete slab–column interior connections. ACI Struct. J. 2018, 115, 1075–1088. [CrossRef]

42. Ferreira, M.D.; Oliveira, M.H.; Sales, G.; Melo, S.A. Tests on the punching resistance of flat slabs with
unbalanced moments. Eng. Struct. 2019, 196, 109311. [CrossRef]

43. Silva, M.A.L.; Gamagea, J.C.P.H.; Fawzia, S. Performance of slab–column connections of flat slabs strengthened
with carbon fiber reinforced polymers. Case Stud. Constr. Mater. 2019, 11, e00275. [CrossRef]

44. Durucan, C.; Anil, O. Effect of opening size and location on punching shear behavior of interior slab–column
connections strengthened with CFRP strips. Eng. Struct. 2015, 105, 22–36. [CrossRef]

45. Mohamed, O.A.; Khattab, R.; Okasha, R. Numerical analysis of RC slab with opening strengthened with
CFRP laminates. IOP Conf. Ser. Mater. Sci. Eng. 2019, 603, 042038. [CrossRef]

86



Polymers 2020, 12, 685

46. Lapi, M.; Ramos, A.P.; Orlando, M. Flat slab strengthening techniques against punching-shear. Eng. Struct.
2019, 180, 160–180. [CrossRef]

47. Al-Gasham, T.S.; Mhalhal, J.M.; Jabir, H.A. Improving punching behavior of interior voided slab–column
connections using steel sheets. Eng. Struct. 2019, 199, 109614. [CrossRef]

48. Saleh, H.; Kalfat, R.; Abdouka, K.; Al-Mahaidi, R. Punching shear strengthening of RC slabs using L-CFRP
laminates. Eng. Struct. 2019, 194, 274–289. [CrossRef]

49. Goh, C.Y.M.; Hrynyk, T.D. Numerical investigation of the punching resistance of reinforced concrete flat
plates. J. Struct. Eng. ASCE 2018, 144, 04018166. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

87





polymers

Article

The Effect of Modification on the Properties of
Polyetherimide and Its Carbon-Filled Composite

Azamat Slonov, Ismel Musov, Azamat Zhansitov *, Elena Rzhevskaya, Diana Khakulova

and Svetlana Khashirova

Kabardino-Balkarian State University Named after H.M. Berbekov, st. Chernyshevsky, 173,
360004 Nalchik, Russia; azamatslonov@yandex.ru (A.S.); ismel@mail.ru (I.M.); elena.r-1382@mail.ru (E.R.);
dianakhakulova@mail.ru (D.K.); new_kompozit@mail.ru (S.K.)
* Correspondence: azamat-z@mail.ru; Tel.: +7-928-718-9227

Received: 26 March 2020; Accepted: 1 May 2020; Published: 4 May 2020

Abstract: The effect of oligophenylene sulfone (OPSU) and polycarbonate (PC) on the rheological,
mechanical and thermal properties of polyetherimide (PEI) and a carbon-filled composite based on it
was studied. It is shown that the introduction of OPSU and PC leads to a decrease in the melt viscosity
of PEI and a carbon-filled composite based on it with the preservation of their mechanical properties
and heat resistance at a sufficiently high level. It was found that composites with OPSU have higher
mechanical and thermal properties compared with composites with PC. Samples from modified
carbon-filled PEI were printed by the fused deposit modeling (FDM) method. Three-dimensionally
printed samples from carbon-filled PEI modified by OPSU showed significantly higher mechanical
properties than composites with PC.

Keywords: polyetherimide; polycarbonate; polyphenylene sulfone; carbon fibers; modification;
mechanical properties; 3D printing

1. Introduction

One of the classes of polymers used in various branches of modern technology with increased
requirements for mechanical properties and thermal stability are high performance polymers.
In recent years, these polymers have come to the fore as promising matrices for composite materials.
High-performance polymers and composites based on them, in addition to increased strength and
heat resistance, also have resistance to shock cyclic loads and cracking, high atmospheric and chemical
resistance [1], which, in some cases, allows them to be used instead of metals [2].

Moreover, these materials are of significant interest to one of the fastest growing industries as
additive manufacturing or 3D printing. Fused deposit modeling (FDM) is the most widely used 3D
technology for polymer materials. Most of the work in the field of 3D printing by FDM is devoted to
the study of standard and engineering plastics [3], such as acrylonitrile butadiene styrene (ABS) [4,5],
poly-lactic acid (PLA) [6,7], nylon [8], polycarbonate (PC) [9,10], as well as their combinations [11–13],
but high performance plastics are also actively explored in 3D printing [14–16].

The enhanced properties of high-performance polymers are ensured by their rigid chain structure
and strong intermolecular interactions. On the other hand, these features greatly complicate their
processing and obtaining composite materials based on them. A particularly difficult task increasing
their manufacturability, which provides processing by high-speed injection molding and 3D printing
methods for the manufacture of large-sized products of complex design with reduced wall thickness.

At present, the most promising amorphous high-performance thermoplastic used in 3D printing
is polyetherimide (PEI). It is amorphous thermoplastic with high thermal stability and remarkable
mechanical properties. It is used, among other applications, for advanced parts in electrical and
electronics industry, in aircraft applications and in the automotive industry [17].
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Basically, works on 3D printing of PEI are related to the study of the influence of printing
parameters, such as a temperature, an angle of raster laying, an air gap between rasters, a width
of the rasters, etc., on mechanical properties of samples from this material. For example, the effect
of printing parameters on the mechanical properties of PEI was studied in [18]. It was shown that
the raster orientation and nozzle temperature were closely related to the mechanical properties of
printed samples. At the nozzle, the temperature is 370 ◦C, and 0◦ raster orientation reached mechanical
properties close to the injection-molded parts. In [19], the influence of printing parameters on the
mechanical properties of samples was also studied, where Stratasys PEI ULTEM 9085 was used.
This material is a blend of PEI with PC. It is shown that the highest properties are achieved when using
a negative gap between rasters. Moreover, in [20], the same material was used for study and it was
found that the most optimal combination of properties is achieved with an air gap of 0 mm and a
raster angle of 0◦. In [21], the authors carried out the modification of PEI by PC and compared with the
properties of the industrial brand for printing ULTEM 9085. It was revealed that the introduction of
PC leads to an increase in the rheological properties of PEI. The viscosity of the obtained composite
with a content of 10% PC is close to the viscosity of the industrial brand, while exceeding it in strength
and elasticity modulus.

However, of particular interest for 3D printing are composites based on PEI with carbon fibers
(CF), since they are characterized by high mechanical properties [22–24] and can be used for aircraft
detail printing. In particular, [25] shows the results of printing PEI with a content of 10 % CF, compared
to the ULTEM 9085. Both materials have been used to print aircraft engine components. It is shown that
the printed samples of the carbon-filled composite are inferior in properties to the samples obtained
on the basis of industrial material. The authors consider the reason for this to be the porosity and
increased viscosity of the carbon-filled material.

It is known that the introduction of fibrous fillers significantly increases the polymer melt
viscosity [26,27]. When processing by injection molding, this leads to underfilling and defective
products, and, when processed by 3D printing (FDM), to poor adhesion of the filaments in the sample
and, as a result, to low mechanical properties [28]. Moreover, 3D printing demands that the materials
have higher rheological properties than injection molding does. The fact is that the melts of polymer
materials, being non-Newtonian fluids, change viscosity depending on shear rates—as a rule, the higher
the shear rate, the lower the melt viscosity. It is known that 3D printing takes place at very low shear
rates [29,30], when the melt has the highest viscosity; therefore, materials for 3D printing should have
very high rheological properties.

It is possible to achieve high melt flow in two ways—by increasing the processing temperature
or by introducing modification additives into the composition of the material. Printing of polymeric
materials by the FDM method takes place at temperatures significantly higher than injection molding
temperatures; therefore, a decrease in the melt viscosity of fiber-filled composites by increasing the
already high printing temperatures will lead to the destruction of the material. The most optimal way
to achieve the necessary rheological properties is the introduction of modification additives into the
polymer material.

The existing industrial plasticizers and lubricants on the market have low thermal properties
and are mainly used for standard plastics with low processing temperatures [31–33] and are therefore
unsuitable for plasticizing high-performance polymers. This served as the basis for the study of the
effectiveness of modifiers for fiber-filled composite materials based on PEI intended for 3D printing.

2. Materials and Methods

The object of the study was PEI Ultem 1010 manufactured company Sabic (Saudi Arabia) as a
matrix polymer. An oligomer of polyphenylene sulphone (OPSU) with the following characteristics
was used as a modifier: a molecular weight (MW) of about 19,000, an onset of destruction temperature
of 470 ◦C and a glass transition temperature of 190 ◦C. It was synthesized according to the method
described in [34] using 4,4’-dihydroxy diphenyl and 4,4’-dichloro diphenyl sulfone. The polycarbonate
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(PC) of the K-20 MRA brand of the Carbotex company (Japan) was used as modifier either. It has a
temperature of the onset of destruction at about 430 ◦C and a glass transition temperature of 145 ◦C.
As a filler, milled carbon fibers with a length of 0.2 mm and diameter of 7 micrometers from R&G
(Germany) were used.

First, starting components were dried under vacuum at temperatures of 120–170 ◦C and mixed
on a high-speed mixer. The dry mixture was processed at temperatures of 310–360 ◦C on a TwinTech
twin-screw microextruder (UK) with L/D = 30. Test samples were obtained by injection molding on an
SZS-20 machine from Haitai Machinery (China) at a material cylinder temperature of 340–380 ◦C and
a mold temperature of 180 ◦C. Standard test samples were printed on a Stratasys Fortus 400mc 3D
printer (Figure 1a) at 416 ◦C.

 
(a) 

 
(b) 

Figure 1. 3D printer Fortus 400mc (a) and universal testing machine GT-TCS 2000 (b).

Rheological properties were determined by melt flow rate (MFR) on an IIRT-5 device (Russia) at a
temperature of 350 ◦C and a load of 5 kg, as well as using a LCR 7001 capillary rheometer from Dynisco
(USA) at a temperature of 380 ◦C. Heat resistance was determined by the method of thermogravimetric
analysis (TGA) on a TGA 4000 device from PerkinElmer (USA), at a heating rate of 10 ◦C/min in air.
Glass transition temperature was determined by the method of differential scanning calorimetry (DSC)
on a DSC 4000 device from the same company at a heating rate of 10 ◦C/min in air. Microscopic studies
were carried out on a Vega 3 scanning electron microscope (SEM) from Tescan (Czech Republic).

The uniaxial tensile mechanical tests were carried out on dog-bone samples with dimensions
according to GOST 112 62-80 type 5. The tests were carried out on a universal testing machine Gotech
Testing Machine GT-TCS 2000 (Taiwan) at a temperature of 23 ◦C (Figure 1b). Impact tests were
performed with and without notch, according to the Izod method according to GOST 19109-84 on a
Gotech Testing Machine, model GT-7045-MD (Taiwan) with a pendulum energy of 11 J. The average
fiber lengths in composite materials were determined according to GOST R 57730-2017.

3. Results and Discussion

At the first stage, the effect of OPSU and PC on the main properties of unfilled PEI was studied.
OPSU was introduced into PEI in the amount of 10, 15, 20, 30 wt.%, and PC 10, 15, 20 wt.%. The study
of the rheological properties of PEI after the introduction of modifiers shows (Figure 2) that both OPSU
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and PC lead to a uniform increase in MFR, with a slight advantage for the values for composites
with PC.

 
Figure 2. Dependence of melt flow rate polyetherimide (MFR PEI) on the content of oligophenylene
sulfone (OPSU) and polycarbonate (PC).

The plasticization of PEI is also observed on flow curves, where a decrease in the viscosity of the
PEI melt with an increase in the content of OPSU and PC is seen (Figure 3a,b). It is noteworthy that
the flow curves of composites with an equal content of OPSU and PC are similar, i.e., both materials
provide effective plasticization of PEI, and equally.

 
(a) 

 
(b) 

Figure 3. The dependence of the PEI melt viscosity on the content of OPSU (a) and PC (b).

Table 1 shows that the introduction of OPSU leads to a significant decrease in impact strength,
both for notched and unnotched specimens. An increase in the content of OPSU to 30% led to a slight
decrease in the strength and elastic modulus of PEI. In this case, the elastic modulus, both in bending
and in tension, remains at a sufficiently high level, regardless of the content of OPSU. Upon reaching
20% content, there is a lack of tensile yield strength, i.e., brittle destruction begins.

For composites with PC, a different picture is observed. The introduction of up to 20% PC into PEI
leads to a slight increase in toughness and plasticity. The elastic modulus and strength also decrease
slightly and remain at a high level.
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Table 1. Mechanical properties of the blends PEI/OPSU and PEI/PC.

Content
Impact Strength, kJ/m2 Efl, σfl, Eten, σten, σyield, ε,

Unnotched Notched GPa MPa GPa MPa MPa %

PEI 75.5 ± 7.6 6.1 ± 0.6 3.63 ± 0.16 112.4 ± 4.5 2.85 ± 0.08 88.0 ± 5 111.0 ± 5 22.7 ± 11.2
OPSU

10% 39.2 ± 3.9 1.5 ± 0.2 3.29 ± 0,08 104.0 ± 6.7 2.80 ± 0.1 84.0 ± 1.7 106.9 ± 2.8 13.7 ± 2.6
15% 29.7 ± 3.0 1.5 ± 0.2 3.26 ± 0.14 104.1 ± 7.3 2.82 ± 0.08 78.0 ± 0.5 105.2 ± 0.4 12.0 ± 3.7
20% 27.9 ± 2.8 1.2 ± 0.1 3.18 ± 0.1 103.3 ± 9.8 2.81 ± 0.06 103.8 ± 3.2 - 8.5 ± 1.4
30% 7.3 ± 0.7 1.3 ± 0.1 3.27 ± 0.5 65.1 ± 5.3 2.69 ± 0.08 71.4 ± 9.3 - 4.1 ± 2.5

PC
10% 55.7 ± 5.6 4.2 ± 0.4 3.40 ± 0.38 104.2 ± 4.4 2.79 ± 0.09 80.0 ± 0.3 102.5 ± 0.8 15.0 ± 4.6
15% 79.5 ± 8.0 4.6 ± 0.5 3.36 ± 0.13 106.7 ± 8.3 2.77 ± 0.05 81.0 ± 0.5 100.3 ± 0.5 25.0 ± 13.5
20% 84.7 ± 8.5 4.1 ± 0.4 3.28 ± 0.08 100.8 ± 7.7 2.7 ± 0.01 78.0 ± 1.3 96.7 ± 2.9 30.0 ± 5.6

Efl: flexural modulus, σfl: flexural strength, Eten: tensile modulus, σten: tensile strength, σyield: yield point, ε:
elongation at break.

DSC studies of the obtained blends showed that the introduction of OPSU leads to a uniform
decrease in the glass transition temperature (Tg) of PEI (Figure 4a; Table 2) and only single thermal
effects corresponding to the glass transition temperature of PEI are observed. In the case of introducing
10% PC into PEI, a slight decrease in the Tg of PEI is also observed; however, a further increase in its
content practically does not affect the value of Tg (Table 2). On the DSC curve of the composite with
15 % PC content, a second barely noticeable peak is observed in the Tg region of the PC (Figure 4b,
see arrows), which indicates a forming biphasic structure. Similar patterns were obtained in [21,35].
At 20% content, the peak becomes more pronounced.

 
(a) 

 
(b) 

Figure 4. Differential scanning calorimetry (DSC) curves of blends PEI/OPSU (a): 1—PEI; 2-5—PEI+10,
15, 20, 30% OPSU, respectively; 6—OPSU and PEI/PC (b): 1—PEI; 2-4—PEI+10, 15, 20% PC,
respectively; 5—PC.

Table 2. Dependence of the glass transition temperature of PEI on the content of OPSU and PC.

Content
Tg, ◦C

Peak 1 Peak 2

PEI 216.8 -
OPSU 190.0 -

PEI +10% OPSU 211.8 -
PEI +15% OPSU 205.9 -
PEI +20% OPSU 206.4 -
PEI +30% OPSU 198.3 -

PC 145.6 -
PEI +10% PC 214.2 -
PEI +15% PC 214.2 143.0
PEI +20% PC 214.2 142.7
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The immiscibility of PEI and PC is also confirmed by the fact that PEI/PC samples are opaque
(Figure 5e–g), while the samples of PEI/OPSU mixtures remain optically transparent over the entire
content range (Figure 5a–d), which highlights the good compatibility of these materials.

 
(a)    (b)     (c)     (d) 

 
(e)     (f)     (g) 

Figure 5. Samples from composites PEI/OPSU (a–d) and PEI/PC (e–g).

(TGA) shows that the introduction of both OPSU and PC into PEI leads to a slight decrease in its
heat resistance (Table 3). In the case of using OPSU, a decrease in thermal properties is insignificant
since the oligomer itself is characterized by high heat resistance. More noticeably, the thermal stability
of PEI decreases with the introduction of PC; however, even in this case, the blends have sufficient
resistance to thermal degradation.

Table 3. Thermogravimetric analysis (TGA) data of PEI with the various content of OPSU and PC.

Content T2% T5% T10%

PEI 513.3 530.7 539.3
OPSU 472.0 500.0 523.0

PEI +10% OPSU 507.8 521.8 530.9
PEI +15% OPSU 503.2 521.0 532.0
PEI +20% OPSU 496.1 518.4 528.7
PEI +30% OPSU 498.0 518.6 529.5

PC 432.0 459.0 472.0
PEI +10% PC 492.0 507.0 519.7
PEI +15% PC 483.2 498.0 512.3
PEI +20% PC 480.8 499.5 510.1

Therefore, comparative studies of OPSU and PC as PEI modifiers showed their rather effective and
equal plasticizing ability. The high mobility of macromolecules and the fluidity of the OPSU and PC
melts at the PEI processing temperature lead to the effect of temporary plasticization, i.e., facilitating the
flow of PEI melt. At room temperature, in view of the high glass transition temperatures, both OPSU
and PC are in a glassy state, which allows for preserving the elastic modulus and strength properties of
PEI. At the same time, PC, due to its high molecular weight and plasticity, promotes the elasticization
of PEI. OPSU, on the contrary, having a low MW, leads to embrittlement of the samples.

To study the effect of modifiers on the properties of composites, compositions with a content of
30% carbon fibers (PEI-CF) were used, since, at this content, the MFR significantly decreases, and, at the
same time, the composite has rather high mechanical properties [36]. Modifiers were introduced in
amounts of 10, 15, 20 wt.% of the polymer content in the composite.
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Figure 6 shows the dependences of the MFR of a composite with 30% CF on the content of OPSU
and PC. The graph shows that both modifiers equally and quite effectively increase the melt flow of
the composite. At a 20% content of OPSU, the MFR increases by 212%, and at a similar content of PC,
by 192%.

 
Figure 6. MFR PEI-carbon fibers (CF) with different content of OPSU and PC.

The study of rheological properties using a capillary rheometer confirmed a decrease in the
viscosity of carbon-filled PEI with the introduction of OPSU and PC (Figure 7). The flow curves are
similar in nature and viscosity values for equal modifiers content. Apparently, the mechanism of the
plasticization of the composite is similar to unfilled PEI.

(a) (b) 

Figure 7. Dependence of the PEI-CF melt viscosity on the content of OPSU (a) and PC (b).

The mechanical properties of composites containing various quantities of OPSU and PC were
also studied to determine their effect on them. Table 4 shows that the introduction of OPSU affects
the impact strength of the composite slightly; there is a slight decrease in the impact strength of the
composite during tests of unnnotched samples and an increase during the testing of notched samples.
In this case, a very pronounced increase in the elastic modulus and strength is observed, both in
bending and in tension. The introduction of PC noticeably caused a more significant decrease in
toughness and elongation, while there is a significant increase in the elastic modulus. However, unlike
composites with OPSU, the bending and tensile strength remains practically unchanged.
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Table 4. Mechanical properties of carbon-filled PEI with different content of OPSU and PC.

Content
Impact Strength, kJ/m2 Efl, σfl, Eten, σten, ε,

Unnotched Notched GPa MPa GPa MPa %

PEI-CF
(PEI+30% CF) 40.0 ± 4.0 5.6 ± 0.6 12.1 ± 0.4 257.2 ± 5.3 8.2 ± 0.3 154.0 ± 8.2 4.2 ± 0.3

OPSU
10% 38.1 ± 3.8 6.5 ± 0.7 14.4 ± 0.4 256.3 ± 4.6 8.6 ± 0.6 178.5 ± 5.1 4.3 ± 0.5
15% 36.6 ± 3.7 6.3 ± 0.6 16.5 ± 0.4 302.3 ± 6.8 9.7 ± 0.4 191.6 ± 12.1 4.1 ± 0.4
20% 36.1 ± 3.6 6.7 ± 0.7 17.8 ± 0.5 306.3 ± 7.5 8.9 ± 0.3 191.0 ± 7.2 3.8 ± 0.6

PC
10% 20.6 ± 2.1 5.4 ± 0.5 18.6 ± 1.6 264.0 ± 8.1 10.6 ± 0.9 151.0 ± 19.3 2.8 ± 0.5
15% 24.2 ± 2.4 6.0 ± 0.6 18.7 ± 0.3 239.8 ± 4.9 9.7 ± 1.2 157.5 ± 10.3 2.8 ± 0.5
20% 22.7 ± 2.3 6.0 ± 0.6 20.5 ± 0.6 253.0 ± 9.3 11.0 ± 0.6 150.2 ± 15.4 2.6 ± 0.5

Efl: flexural modulus, σfl: flexural strength, Eten: tensile modulus, σten: tensile strength, ε: elongation at break.

The observed changes in the mechanical properties of the carbon-filled composites differ from
the effect of these modifiers on unfilled PEI (Table 1), where a greater decrease in toughness and
elongation was observed when using OPSU. Apparently, the compatibility of PEI and OPSU in the
case of a carbon-filled composite plays a more noticeable positive role, which leads to the production
of a composite with higher impact strength and bending and tensile strength, while the heterophasic
structure in the case of using PC leads to a lower impact strength.

It is known that, in the process of processing composite materials containing fibrous fillers, there is
a significant destruction of the fibers and a reduction in their length, and, consequently, the reinforcing
ability [37]. The determination of the residual linear particle sizes of carbon fibers showed that,
after extrusion without the addition of a modifier, the particle sizes are reduced by more than 2 times
(Table 5). However, it is seen that the introduction of OPSU leads to a greater preservation of fiber
lengths; the residual length of CF in composites with the content of OPSU significantly exceed the
particle sizes in the composite without modifier. In this case, there is a tendency to produce a slight
increase in particle sizes with an increase in the content of OPSU. The introduction of a PC also leads
to an increase in size, but to a lesser extent.

Table 5. The dependence of the residual linear particle size of CF on the content of the OPSU and PC.

Content Arithmetic Average Fiber Length, μm Weighted Average Fiber Length, μm

CF 220 ± 32 283 ± 26
PEI-CF 87 ± 11 102 ± 14

OPSU
10% 118 ± 16 133 ± 11
15% 108 ± 14 126 ± 14
20% 125 ± 12 142 ± 17

PC
10% 96 ± 10 113 ± 18
15% 106 ± 12 124 ± 15
20% 93 ± 11 108 ± 15

Thus, a decrease in the melt viscosity leads to a decrease in shear stresses during processing,
which reduces the degree of destruction of the filler particles. Apparently, this leads to a significant
increase in mechanical properties with the introduction of OPSU. It is also possible to increase the
wettability of the filler particles by a less viscous polymer melt and to improve their adhesive interaction
due to the compatibility of OPSU and the polymer matrix, as confirmed by electron microscopy studies.

As can be seen in microphotographs, the number of holes from the pulled-out fibers on the surface
of the fracture of the specimen with the content of OPSU is noticeably smaller; moreover, a denser
fixing of the polymer matrix on the CF surface is observed (Figure 8a,b). In the case of using a PC,
on the contrary, there are obvious gaps between the fibers and the polymer matrix (Figure 8c). In this
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case, one can notice the inhomogeneous structure of the matrix with PC (Figure 9b), in contrast to the
mixture with OPSU (Figure 9a), which once again confirms the biphasic structure of PEI and PC mixture
and, on the contrary, the miscibility of PEI and OPSU. Apparently, these reasons are associated with a
decrease in toughness with the introduction of PC and the absence of an increase in strength properties.

 
(a) 

 
(b) 

 
(c) 

Figure 8. Scanning electron microscope (SEM) images of the broken surface of carbon-filled samples:
(a)—PEI-CF; (b)—PEI-CF + 15% OPSU; (c)—PEI-CF + 10% PC.

The thermal stability of carbon-filled composites with different contents of modifiers was studied
by the TGA method. Heat resistance was evaluated by temperature loss of 2%, 5% and 10% of the mass.
Table 6 shows that OPSU practically does not affect the temperature of the destruction of composites,
with the exception of the temperature of loss of 2% of the mass at a 10% content of modifier. It should
be noted that the temperature of the loss of 2% of the mass can be affected by various random factors,
and they are not always regular, in contrast to the temperatures of loss of 5 and 10% of the mass,
which are more correct indicators of destruction. In these cases, it is seen that the temperatures are
equal to the values of the initial composite—the difference is within the error of the method.
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(a) 

 
(b) 

Figure 9. SEM images of the polymer matrix of carbon-filled samples: (a)—PEI-CF + 15% OPSU;
(b)—PEI-CF + 10% PC.

Table 6. Heat resistance of carbon-filled PEI with different content of OPSU and PC.

Content T2% T5% T10%

PEI-CF 516 529 537
OPSU

10% 500 528 539
15% 512 530 540
20% 510 529 539

PC
10% 470 495 510
15% 474 508 518
20% 496 510 519

However, it can be noted that PC clearly reduces the temperature of destruction of the material,
which is probably due to its lower heat resistance compared to PEI and OPSU. Despite this, the heat
resistance of composites with PC content remains quite high.

The thermo-oxidative stability of composites with modifiers was also studied by capillary
viscometry. The essence of the study was to measure the melt flow rate of composites at various holding
times in the viscometer cylinder at a temperature of 350 ◦C. As can be seen from Table 7, the starting
polymer has a high thermal stability of the melt. The MFR value decreases insignificantly—after
holding for 60 min, the MFR decrease is only 10%, which fits into the framework of the method error.
The melt stability of the composite with 30% CF also remains quite high—there is no significant change
in the MFR.

At 10% OPSU concentration, the MFR practically does not change from the exposure time—the melt
is quite stable. However, at higher modifier contents, a noticeable decrease in the MFR with time is
observed (by 54% and 63% at 15% and 20% content and exposure time of 60 min). The data obtained
indicate a most likely degree of crosslinking with the participation of low molecular weight OPSU,
which leads to an increase in melt viscosity.
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Table 7. Thermo-oxidative stability of carbon-filled PEI with different content of OPSU and PC.

Content
MFR at Various Exposure Times

4 min 5 min 30 min 60 min

PEI 13.2 12.7 12.6 11.3
PEI-CF 5.0 5.4 5.8 6.1

OPSU
10% 6.7 7.0 6.4 6.4
15% 12.0 10.9 7.4 5.5
20% 15.6 14.4 8.7 5.8

PC
10% 7.5 6.1 2.4 0.1
15% 10.3 10.0 3.7 1.2
20% 14.6 13.0 8.1 4.2

The introduction of PC leads to a noticeable decrease in the thermal stability of the melt.
This temperature is high enough for PC; therefore, as can be seen from Table 7, prolonged aging leads
to a significant reduction in the MFR—a reduction that is greater than that of composites with OPSU.

Based on these results, a filaments were obtained for 3D printing from composites contenting
25% of CF and 20% OPSU and the same composition but with PC instead OPSU (Figure 10a,b).
Standard samples were printed by the FDM method with the longitudinal laying of filaments (filament
orientation angle 0 ◦) and a negative gap between them.

  
(a) 

  
(b) 

Figure 10. Composite filament for printing and printed test specimens: PEI/CF/OPSU (a); PEI/CF/PC (b).

As can be seen from the test results (Table 8), the printed samples have high mechanical properties.
However, the composite with OPSU significantly exceeds the similar composite with PC in flexural
and tension elastic modulus by 58% and 39%, respectively, and in flexural strength by 117%.
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Table 8. Mechanical properties of the printed composites based on PEI/CF with OPSU and PC.

Properties PEI/CF/OPSU PEI/CF/PC

Flexural modulus, GPa 13.3 ± 1.2 8.4 ± 0.8
Flexural strength, MPa 227.6 ± 7.3 104.8 ± 6.4
Tensile modulus, GPa 5.4 ± 0.5 3.9 ± 0.2
Tensile strength, MPa 73.2 ± 13.2 73.0 ± 10.4
Elongation at break,% 2.2 ± 0.5 3.4 ± 1.6

4. Conclusions

Thus, it was shown that the introduction of OPSU and PC leads to a decrease in the melt viscosity
of PEI. At the same time, the elastic modulus and the strength of PEI are preserved; however, in the
case of using OPSU, the toughness is significantly reduced. It was found that PEI and PC form a
biphasic structure, while PEI and OPSU are thermodynamically compatible, which is confirmed by
DSC, electron microscopy, and the appearance of the samples.

It was revealed that PC and OPSU also significantly reduce the melt viscosity of a carbon-filled
composite based on PEI, acting as a temporary plasticizer. In the case of using OPSU, there is a
significant increase in the elastic modulus and strength, as well as the conservation of impact strength.
The introduction of PC, on the contrary, leads to a decrease in toughness, while the elastic modulus
and strength remain at the level of the initial composite.

It is shown that the introduction of PC and OPSU into a carbon-filled composite leads to an
increase in carbon fiber length in comparison with a composite without modifiers. Moreover, in the
composites with OPSU, a higher adhesive interaction of the polymer matrix with the surface of the
carbon fiber is observed. The thermal stability and heat resistance of the melts of composites with
OPSU significantly exceed composites with PC.

The printed samples of carbon-filled PEI with OPSU and PC have high mechanical properties;
however, the composite with OPSU significantly exceeds the properties of the composite with PC in
elastic modulus, both in bending and in tension, as well as in flexural strength.
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Abstract: Carbon fiber significantly enhances the mechanical, thermal and electrical properties
of rubber composites, which are widely used in aerospace, military, national defense and other
cutting-edge fields. The preparation of a high-performance carbon fiber rubber composite has
been a research hotspot, because the surface of carbon fiber is smooth, reactive inert and has a
poor adhesion with rubber. In this paper, a high-performance rubber composite is prepared by
mixing dopamine-modified staple carbon fiber with natural latex, and the mechanisms of modified
carbon fiber-reinforced natural latex composite are explored. The experimental results show that
the surface-modified staple carbon fiber forms uniform and widely covered polydopamine coatings,
which significantly improve the interface adhesion between the carbon fiber and the rubber matrix.
Meanwhile, when the concentration of dopamine is 1.5 g/L and the staple carbon fiber is modified for
6h, the carbon fiber rubber composite shows excellent conductivity, thermal conductivity, and dynamic
mechanical properties, and its tensile strength is 10.6% higher than that of the unmodified sample.

Keywords: surface modification of staple carbon fiber; natural rubber latex; reinforcement mechanism;
dopamine; rubber composite

1. Introduction

Carbon fiber (CF) is formed by the thermal conversion of organic fibers, and has a high
strength, high modulus, high thermal conductivity, chemical corrosion resistance and other excellent
properties [1,2]. At present, CF-reinforced rubber composites (CFRC) have been widely used in
aerospace, military, national defense, automobile and other fields due to their excellent properties [3–6].
A good interface between the CF and the rubber matrix is significantly difficult to obtain, and this
plays a crucial role in preparing high-performance CFRC. This has also resulted in extensive research
by scholars at home and abroad.

The surface modification of CF has become the main method to enhance the interfacial adhesion,
which can be divided into physical modification and chemical modification [7–10]. The main function
is to improve the surface roughness of the CF and increase the meshing effect between the CF and the
matrix, on the other hand, to introduce active groups on the surface of carbon fiber to enhance the
interaction between the CF and the rubber matrix [11–14]. As a new surface modification material,
the application of dopamine is gradually expanding [15,16]. Kim et al. [17] found that, under the
condition of high oxygen concentration, dopamine can be evenly deposited in a short time, and a
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smooth layer of dopamine can be obtained. Win et al. [18] proved that the addition of oxidants can
greatly shorten the self-polymerization time of dopamine. Du et al. [19] used ultraviolet radiation to
control the self-polymerization of dopamine.

The processing method of CFRC is also an important factor affecting the interfacial adhesion.
In the traditional processing, the natural rubber (NR) subdivision, CF incorporation, agglomeration of
CF and uniform distribution of CF successively occurs, which mainly depends on the strong shear
force provided by the internal mixer in order to realize the uniform dispersion of CF in the rubber
matrix, as shown in Figure 1. CF is easy to agglomerate and is broken in the traditional processing
method, which decreases the properties of CFRC. To prepare high-performance CFRC, natural rubber
latex (NRL), which has a good film-forming performance and can evenly cover CF to form a film,
replaces NR to reinforce the interfacial adhesion between the CF and the rubber matrix.

Figure 1. The processing of carbon fiber-reinforced rubber composites (CFRCs).

The present work investigates the difference in the properties of CFRC prepared by NRL or NR
and verifies the advantages of wet mixing NRL and CF to prepare NRL/CF composites. Consequently,
the mechanisms of dopamine surface-modified carbon fiber-reinforced natural rubber latex composites
are systematically studied. Furthermore, the effects of dopamine concentration and modification time
on the properties of composites are studied.

2. Materials and Methods

2.1. Experimental Method

Table 1 shows the experimental scheme, exploring the influence of dopamine surface-modified
CF on the properties of CFRC.

Table 1. Experimental scheme.

Sample Number Rubber
Dopamine 1 Modified CF Process

Dopamine Concentration (g/L) Processing Time (h)

A NR 0 0
B NRL 0 0
C NRL 0.5 2
D NRL 1 2
E NRL 1.5 2
F NRL 2 2
G NRL 1.5 4
H NRL 1.5 6
I NRL 1.5 8

1 Dopamine purchased in Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China.
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2.2. Materials

Table 2 shows the composites’ formulations and suppliers.

Table 2. Compound formulation and suppliers.

Component Formulation (phr) Suppliers

NR/NRL 100 Von Bundit Co. Ltd., Phuket, Thailand
CF 1 Variable Toray Co., Ltd., Tokyo, Japan, Tyle: T700s, Diameter: 7 μm, Length: 3 mm

Zin Oxide 5 Hebei Shijiazhuang Zinc Oxide Factory, Shijiazhuang, China
Adhesive RA65 1.5 Wuxi Huasheng Rubber New Material Technology Co., Ltd., Wuxi, China

Carbon black N326 40 Jiangxi Black Cat Carbon Black Co., Ltd., Jiangxi, China
Stearic acid 2 Fengyi Grease Technology (Tianjin, China) Co., Ltd., China

Anti-aging agent 4020 2 Shandong shangshun Chemical Co., Ltd., Weifang, China
Resin SL3020 1 Sino Legend (China) Chemical Company Ltd., Suzhou, China

Accelerator CZ 1.5 Shandong shangshun Chemical Co., Ltd., Weifang, China
Sulfur 1.5 ChaoyangTianming Industry and Trade Co., Ltd., Beijing, China

1 CF is purchased from Toray Co., Ltd., Tokyo, Japan, without laboratory sizing and surface treatment.

2.3. Adhesion Mechanism of CF and NRL

The interface behavior between the CF and the rubber matrix is a key factor affecting the
performance of composite materials. A polydopamine layer was grown on the surface of CF, after
being modified by dopamine, which was covered by a latex film formed by natural latex, and then
bonded with the rubber matrix to produce good interfacial interaction. Figure 2 shows the adhesion
interface between the CF and the rubber matrix.

Figure 2. The adhesion interface between the CF and rubber matrix.

Dopamine surface-modified carbon fiber can enhance the bonding effect between the CF and the
rubber matrix. Dopamine can be oxidized and self-polymerized in alkaline aqueous solution, forming a
polydopamine layer and a covalent bond with double bond groups in rubber molecules, while binding
with CF through intermolecular interaction, which involves a Van der Waals interaction, hydrogen bond,
and other non-covalent interactions, thus forming a good interface effect. The formation process of the
polydopamine layer is shown in Figure 3.

 
Figure 3. The formation process of the polydopamine layer.
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2.4. Preparation of Composite Materials

2.4.1. Pretreatment of the Material

(1) Impregnate CF with NRL:

Use ultrasound (VCY-1500, Shanghai Yanyong Chaosheng Equipment Co., Ltd., Shanghai, China;
experimental parameters: ultrasonic power, 1000 W; ultrasonic time, 5 min) to vibrate the NRL to
destroy the protein layer and phospholipid layer of the latex particles. Clean the CF with deionized
water and add it to the treated NRL. Use the high-speed disperser (T 25 easy clean digital, German IKA
company, Staufen im Breisgau, Germany; rotation rate: 400 rpm) to mix the composite for 10 min,
and then pour it into a large tray and tile it for drying in order to prepare the NRL/CF masterbatch.

(2) Modify CF with different concentrations of dopamine:

Prepare dopamine solutions with concentrations of 0.5, 1, 1.5 and 2 g/L. Add the Tris
(Trihydroxymethyl aminomethane, purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) to the dopamine solution and adjust the pH to around 8.5. Clean the CF with
deionized water, and add it into different concentrations of dopamine, heating for 2 h in a water
bath. Then, clean the modified CF by deionized water again, in order to mix it with the NFL treated
by ultrasound.

(3) Modify CF with different processing times of dopamine:

Clean the CF with deionized water and add the CF into four dopamine solutions with a
concentration of 1.5 g/L, heating for 2 h in a water bath. Then, clean the modified CF by deionized
water again, in order to mix it with the NFL treated by ultrasound.

2.4.2. Mixing Processing

(1) NR/CF composite:

CF, NR and other fillers were incorporated into the mixer for mixing. The mixing process was as
follows: the rotating speed was 60 rpm, the filling coefficient of the mixer was 0.7, and the cooling
water temperature was 60 ◦C.

Sulfur and accelerant were incorporated into the open mill to prepare the compound of
NR/CF composites.

(2) NRL/CF composite:

(a) The mixture of modified CF and NRL treated by ultrasound was mixed by the high-speed
disperser for 10 min, and then drying to prepare NRL/CF masterbatch;

(b) The masterbatch and other fillers were incorporated into the mixer according to the mixing
process of the compound of NRL/CF composites.

Sulfur and accelerant were incorporated into the open mill to prepare the compound of
NRL/CF composites.

2.4.3. Curing Process

The rubber compounds were cured at 150 ◦C at a pressure of 10 MPa for an optimum cure time
(t90) + 3 min.

2.5. Characterization

Curing Characterization. The curing characterization of rubber compounds was evaluated using
a moving-die rheometer (M-2000-AN) from GOTECH TESTING MACHINES CO., Ltd. The specimens
were tested according to ISO 6502-2: 2018. The Mooney viscosity values of the rubber compounds
were evaluated using a Mooney viscometer (UM-2050, GOTECH TESTING MACHINES CO., Ltd.,
Taichung, Taiwan) according to ISO 289-2: 2016.

Physical and Mechanical Properties. The hardness of the rubber vulcanizate was evaluated
using Shore Hardmeter (LX-A, Shanghai Liuling Instrument Factory, Shanghai, China) according
to ISO 7619-2: 2004, three points were measured for each sample and the final result produced the
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median [6]. The tensile and tear properties of the vulcanized rubber were tested using a universal
testing machine (TS 2005 b, GOTECH TESTING MACHINES CO., Ltd., Taichung, Taiwan) at a drawing
rate of 500 mm/min according to the standards ISO 37: 2005 and ISO 34-1: 2004, respectively [20].
Five specimens were tested for each sample type and the final result produced the median. The
abrasion of the rubber vulcanizates were evaluated using a DIN wear machine (GT-2012-D, GOTECH
TESTING MACHINES CO., Ltd., Taichung, Taiwan) according to GB/T 1689-1998, three specimens
were tested and the final result produced the median.

Dynamic Mechanical Thermal Analysis. The viscoelastic mechanical properties of the
vulcanizates were evaluated using a dynamic thermomechanical analyzer (EPLEXOR-150N,
Gabo Qualimeter Testanlagen GmbH, Ahlden, Germany), in which the test temperature range
was −65 to 65 ◦C, the heating rate was 2 K/min, the vibration frequency was 10 Hz, the static strain was
5%, the static force was 70 N, the dynamic strain was 0.25%, and the dynamic stress was 60 N.

Morphology Analysis. The cross-section of the sample after tensile fracture, which adhered to
the conductive adhesive and was fixed on the sample table for gold spraying, was observed under a
scanning electron microscope (JSM-7500F, Japan Electronics Corporation).

Payne effect. The Payne effect of the composites was tested by the rubber processing analyzer,
in which the scanning conditions were set at 60 ◦C, the scanning frequency was 1 Hz, and the scanning
range was 0.28%–40%.

3. Results and Discussion

3.1. Dopamine Surface-Modified CF on the Microstructure of the Composite

The cohesion interaction between the CF and the rubber matrix can be seen clearly from the
electron microscope image, which is important for the evaluation of surface-modified CF by dopamine.

The CF is impregnated with NRL to form an adhesive film on its surface, which strengthens the
adhesion between the CF and NRL from Figure 4. There is a large gap between the CF and the rubber
matrix in the composite of NR/CF, which weakens the interface adhesion between the CF and the
rubber matrix.

(a)                           (b) 

(c)                          (d) 

Figure 4. SEM pictures of CF in natural rubber (NR) and natural rubber latex (NRL): (a) SEM pictures
of NRL/CF; (b) SEM pictures of NR/CF; (c) SEM pictures of NRL/CF; (d) SEM pictures of NR/CF.
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The CF modified by dopamine adheres closely to the rubber matrix, and there is no difference
from Figure 5. Different concentrations of dopamine solution can make the surface of the carbon fiber
uneven, which makes the bonding effect between the carbon fiber and the rubber matrix different.
At lower treatment concentrations (for B), a polydopamine covering could not be formed on the surface
of carbon fiber completely, and stress concentration point was easily formed when the composite was
stressed; with the increase in the treatment concentration, a uniform covering (for c, d, e) was formed
on the surface of the carbon fiber. The interface adhesion between the carbon fiber and the rubber
matrix was improved. CF was modified in the higher treatment concentration (for F), in which a
non-uniform dopamine coating, which was not conducive to the adhesion between the CF and the
rubber matrix, was formed.

(a)                           (b) 

(c)                              (d) 

(e)                               (f) 

Figure 5. SEM picture of composites of CF modified by different concentration of dopamine.
(a) The concentration of dopamine was 0 g/L; (b) the concentration of dopamine was 0.5 g/L;
(c) the concentration of dopamine was 1 g/L; (d) the concentration of dopamine was 1.5 g/L;
(e) the concentration of dopamine was 2 g/L; (f) the concentration of dopamine was 2.5 g/L.

When CF is separated from the rubber matrix, the surface morphology of NRL/CF composite
prepared under different modification times is different from Figure 6. With the increase in modification
time, the inhomogeneity of the dopamine coating on the surface of the carbon fiber increases, which
is not conducive to the adhesion between the CF and the rubber matrix, thus reducing the adhesion
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performance of the composite. Dopamine coating evenly distributed, when CF was modified by
dopamine for 6 h.

(a)                               (b) 

(c)                               (d) 

Figure 6. SEM picture of composites of CF modified by different processing times of dopamine.
(a) The processing time of dopamine was 2 h; (b) the processing time of dopamine was 4 h;
(c) the processing time of dopamine was 6 h; (d) the processing time of dopamine was 8 h;

3.2. Dopamine Surface-Modified CF on the Processability of Composites

The processing properties of the NRL/CF composition were improved by CF impregnated by NFL,
meaning that the value of scorching time (tc10), curing time (tc90), minimum torque (ML), maximum
torque (MH), degree of crosslinking (MH − ML) decreased, and the Mooney viscosity (ML(1 + 4))
increased from group A to B in Table 3.

Table 3. Processing properties of composite materials.

Test Item A B C D E F G H I

tc10/min 3:54 1:58 2:33 2:29 2:32 2:27 3:29 3:23 3:46
tc90/min 8:26 7:47 6:10 5:54 5:59 5:51 8:35 7:35 8:06

ML/(dN·m) 2.04 1.95 2.01 2.46 2.48 2.32 2.40 2.57 2.43
MH/(dN·m) 17.28 16.03 16.23 16.63 16.98 16.22 16.78 17.24 17.05

MH −ML/(dN·m) 15.24 14.08 14.22 14.23 14.50 13.90 14.38 14.67 14.26
ML(1 + 4)100 ◦C 44.5 47.3 47.2 46.9 47.0 47.2 48.1 48.0 47.7

The composite of NRL/CF was reinforced by dopamine-modified CF, while the values of scorching
time and the degree of crosslinking increased and the curing time and Mooney viscosity decreased
from groups B, C, D, E and to group F in Table 3. Meanwhile, as the curing time is shortened, the degree
of crosslinking tends to rise at first, and then fall, while the Mooney viscosity tends to rise at first, then
fall, then rise again with the increase in the dopamine concentration.
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A layer of dopamine with a certain thickness, forming on the surface of dopamine-treated CF,
reinforces the cohesion action between the CF and the rubber matrix. Thus, the non-uniform dopamine
layer weakens the cohesion action, which is caused by the increasing concentrations.

The scorching time and curing time of the NRL/CF composite tend to increase due to the faintly
acidic nature of dopamine, making the curing speed slow and causing the degree of crosslinking to
increase slightly alongside the extension of the dopamine modification time in groups E, G, H and
I in Table 3. This is mainly because the generation of a uniform dopamine layer requires a certain
amount of time, which is the optimum modification point. If the dopamine modification time is
insufficient, the polydopamine coating distributes unevenly on the surface of CF. However, an excessive
modification time leads to thickness variations in the polydopamine layer. These non-uniform layers
weaken the cohesion action.

3.3. Dopamine Surface-Modified CF on the Comprehensive Properties of Composite

The composite of NRL/CF has similar properties in terms of its hardness, tensile stress at 100%
elongation (TS 100%), tensile stress at 300% elongation (TS 300%), tensile strength, elongation at
break, resilience and DIN abrasion compared with the NR/CF composite, whereas volume resistivity
is prominently improved from A to B in Table 4. Natural rubber is made from natural latex by the
processes of drying and acidifying (and other procedures), in which some conductive impurities may
be incorporated, which can promote its conductivity to some extent. Thus, the conductivity of the
composite of NR/CF is inferior to that of NRL/CF.

Table 4. The physical and mechanical properties of composites.

Test Item A B C D E F G H I

Hardness/◦ 64 65 65 66 66 66 66 66 67
TS 100% 1/MPa 3.21 2.97 3.01 2.93 3.15 2.97 2.64 2.68 2.35
TS 300% 2 /MPa 12.80 12.5 12.38 12.47 12.72 12.43 13.23 13.81 11.90

TS 3/MPa 24.78 24.8 24.42 25.75 26.15 25.44 26.42 27.45 26.13
Elongation at break/% 510.36 490.04 552.96 519.68 544.44 550.52 490.84 509.91 524.16

Resilience/% 71.98 71.84 70.87 71.24 71.98 71.46 72.03 71.99 72.14
Abrasion/cm−3 0.139 0.140 0.151 0.148 0.140 0.142 0.141 0.139 0.140

Volume resistivity/Ω·cm 1.04 × 106 4.71 × 107 2.52 × 107 2.62 × 106 1.02 × 107 1.61 × 107 1.01 × 107 1.54 × 107 2.8 × 108

1 Tensile stress at 100% elongation (TS 100%); 2 tensile stress at 300% elongation (TS 300%); 3 tensile strength (TS).

The hardness of the composite of NRL/CF is basically unchanged, TS 100% and TS 300% tend to
grow with the increase in dopamine concentrations from groups B, C, D, E and to group F in Table 4.
When the dopamine concentrations are 1.5 g/L, the tensile strength of the composite of NRL/CF reaches
the peak, which is 5.4% higher than the unmodified one (A) and the DIN abrasion decreases. This is
mainly due to the even distribution of the polydopamine coating on the surface of the CF, which can
reinforce the cohesion interaction between the carbon fiber and the rubber matrix, thus improving
the tensile strength and the abrasion of the composite. Meanwhile, the volume resistivity of NRL/CF
composites decreased first and then increased; however, overall, it is lower than that of the unmodified
one (B), which correlates with the increase in the dopamine concentration. The polydopamine coating
on the CF aggregated uniformly, making the interfacial interaction between the rubber matrix and the
CF enhanced and the conductivity of the composite improved. At the same time, the polydopamine
coating on the surface of CF will be unevenly distributed at a higher treatment concentration, meaning
that the volume resistivity of the composite increases.

The hardness, resilience and abrasion of NRL/CF composites were less affected by the processing
time of dopamine-modified carbon fiber. The comprehensive properties of NRL/CF composites were
the best when carbon fibers were modified by the dopamine solution for 6 h. The main reason is that,
before the optimal modification time is reached, the longer the time is, the larger the coverage area of
the polydopamine coating on the surface of the CF is and the more uniform the thickness is, which is
conducive to the interfacial adhesion between the CF and the rubber matrix. When the modification
time exceeds the optimal value, the thickness of the polydopamine coating on the surface of the carbon
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fiber will be too thick or uneven, which will lead to a decline in the interfacial adhesion between the
carbon fiber and the rubber matrix, thus reducing the mechanical properties of the rubber composite.
The volume resistivity of the NRL/CF composite increases with the increase in modification time,
indicating that the conductivity of the rubber sample decreases. Because of the poor conductivity
of dopamine, the formation of polydopamine growing on the surface of carbon fiber will hinder the
conduction pathway of the carbon fiber, thus reducing the conductivity of the NRL/CF composite.

3.4. Dopamine Surface-Modified CF on Thermal Conductivity of Composites

CF has good thermal conductivity, which is dispersed evenly in the rubber matrix and overlaps
to form a thermal conduction channel, enabling the NRL/CF composite to have a strong thermal
conductivity. The thermal conductivity coefficient of the composite presents the tendency of rising
first and then decreasing at temperatures of 60, 90 and 120 ◦C with the increase in the dopamine
concentration from Figure 7. The main factors are that the polydopamine layer gradually changes
alongside the increase in the concentration, and cannot be distributed evenly on either lower or higher
modification concentrations, resulting in the formation of a clearance at the bonding point of the rubber
matrix and the CF. This decelerates the conduction of heat through the composite. Thus, the dopamine
layer on the surface of the carbon fiber was evenly distributed and the thermal conductivity coefficient
of the composite was high at concentrations of 1 and 1.5 g/L.

    
(a)                                          (b) 

Figure 7. Thermal conductivity of composites: (a) effect of CF modified with different concentrations of
dopamine on thermal conductivity of composites; (b) effect of processing time of dopamine-modified
CF on thermal conductivity of composites.

The effect of CF modification time on NRL/CF composite is the same as that of modification
concentrations. This is mainly because the modification time also affects the uniformity of the dopamine
layer on the surface of the carbon fiber. The dopamine layer cannot be distributed evenly under either a
shorter or longer modification time. When the modification time is 6 h, the dopamine layer distributes
evenly on the surface of CF, and the thermal conductivity coefficient of the composite is high.

3.5. Dopamine Surface-Modified CF on Payne Effect of Composites

The Payne effect [21] can evaluate the interaction between composite fillers, which is usually
quantified by ΔG′. The Payne effect was calculated as follows:

ΔG′ = G′(0.28%) −G′(40%)

Generally speaking, the better the dispersion of the filler is, the lower the Payne effect is.
Table 5 shows the test results of the Payne effect of the composites.
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Table 5. The test results of Payne effect of composites.

A B C D E F G H I

G′(0.28%)/KPa 513.25 421.13 851.28 963.64 765.4 759.94 396.5 390.44 385.63
G′(40%)/KPa 241.47 221.9 346.54 382.96 344.6 338.82 238.47 229.98 252.97

ΔG′/KPa 271.78 199.23 504.74 580.68 420.8 421.12 158.03 160.46 132.7

The shear modulus G′(0.28%) and ΔG′ of the NRL/CF composite is obviously lower than that
of the NR/CF composite from Figure 8 and Table 5. The CF impregnated by latex can be distributed
uniformly across the rubber matrix, which can weaken the interaction between the fillers, and decrease
the Payne effect.

 
(a)                                  (b) 

 
(c) 

Figure 8. Viscoelasticity curve of composite: (a) viscoelasticity curve of CF with natural rubber and
natural latex; (b) viscoelasticity curve of composites with CF modified by different concentrations
of dopamine; (c) viscoelasticity curve of composites with CF modified by different processing times
of dopamine.

The ΔG′ of the dopamine-modified NRL/CF composite rises significantly from Figure 8,
which indicates that dopamine-modified CF can restrict the rubber matrix deformation to improve
the interfacial adhesion between the CF and the rubber matrix. The value of ΔG′ in terms of the
dopamine-modified NRL/CF composite increases significantly from Table 5. The polydopamine layer
not only reinforces the adhesion between the CF and the rubber matrix, but also causes the adhesion
between CFs, so the CF aggregates and the dispersion of CF in the rubber matrix gets worse. The ΔG′
of the composite is relatively low at the dopamine concentrations of 1.5 and 2 g/L from Table 5,
which indicates that the dispersion of CF in the rubber matrix and the adhesion between the CF and
the rubber matrix are preferable.
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The value of ΔG′ tends to decrease with the modification time, making it clear that the
agglomeration of the carbon fiber is weakened and the dispersion of the carbon fiber in the rubber
matrix is improved with an increase in the modification time of CF.

3.6. Dopamine Surface Modification CF on Dynamic Viscoelasticity of Composites

The dynamic viscoelasticity of vulcanized rubber includes rolling resistance, wear resistance and
wet-skid resistance. Rolling resistance reflects fuel economy, wear-resistance reflects the durability
and service life of the tire, and the anti-skid performance is directly related to the safety of the tires,
which attracts much attention.

The curves of the loss factors with the temperature changes in the NRL/CF composites basically
overlap with the curves of the NR/CF composites from Figure 9. This means that the properties of
the composites prepared by these two methods are almost the same in terms of wet resistance and
rolling resistance.

(a)                                  (b) 

(c) 

Figure 9. tanδ-T Curve of composites: (a) tanδ-T Curve of CF in natural rubber and natural latex;
(b) tanδ-T Curve composites of CF modified by different concentration of dopamine; (c) tanδ-T Curve
of composites of CF modified by different processing time of dopamine.

The loss factor of the composite of NRL/CF modified by dopamine of different concentrations
is lower than that of the unmodified one at temperatures of 0 and 60 ◦C (Figure 6). The interfacial
interaction between modified CF and the rubber matrix become stronger, and restrict the movement of
the rubber molecule chain, making the shear modulus of the composite increase. Meanwhile, the CF
becomes the stress point.
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The loss factor of the composite of NRL/CF modified by dopamine of different modification times
changes slightly at a temperature of 0 ◦C, and decreases gradually at 60 ◦C (Figure 6). A polydopamine
layer is uniformly generated on the surface of the CF, enlarging the contact area of the CF and the
rubber matrix, with the modification time increasing. The interfacial interaction is improved in order
to restrict the deformation of the rubber matrix.

4. Conclusions

(1) Impregnated by the natural latex, the adhesion between staple carbon fiber and rubber matrix
is reinforced, and the material properties of the composite are better than those prepared by the
traditional method;

(2) When the concentration of dopamine was 1.5 g/L and the modification time was 6 h,
the properties of the composites modified by dopamine were the best. The main reason is that
when the concentration and modification time reaches an optimal value, dopamine forms a uniform
polydopamine coating with a wide coverage on the surface of the carbon fiber, which significantly
improves the interface adhesion between the carbon fiber and rubber matrix.
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Abstract: In this study, bearing bushes made of polyetheretherketone (PEEK), 30 wt % carbon fibre
reinforced PEEK, 30 wt % glass fibre reinforced PEEK, each 10 wt % of PTFE, graphite and carbon fibre
modified PEEK were investigated on a purpose built pin joint test rig. The unlubricated friction and
wear behaviour was assessed in sliding contact with a 300M shaft, subjected to a nominal pressure of
93 MPa, articulating sliding speed of 45 ◦/s. The worn surface and the subsurface layer were studied
using optical profilometry and scanning electron microscopy (SEM). Due to thermal sensitivity of
PEEK composites, friction energy and temperature rise were analysed for determining the friction and
wear mechanism. The bush made of PTFE, graphite and carbon fibre (each 10 wt %) modified PEEK
presented the best performance for friction coefficient, wear loss, friction energy and temperature
rise. Current work demonstrated that reinforcement modified PEEK composite possesses desirable
properties to perform as a load bearing bush in certain tribological applications.

Keywords: PEEK composites; reinforcements; self-lubricating bush; friction and wear; pin joints

1. Introduction

Compared with metals, polymers possess certain desired properties for engineering use,
i.e., lightweight (low density), low cost, ease of manufacturing, self-lubricating and corrosion
resistance [1–4]. They can provide significant weight savings while maintaining structural performance,
and therefore offering improved fuel efficiency for aerospace and other transport applications. In
addition, polymers are increasingly used in tribological applications, especially for harsh lubrication
conditions, such as bearings, gears, piston rings and seals in aerospace machines and ocean engineering
machines or other mechanical components used in high temperature and corrosive environment [5–8].

Among the speciality polymers, polyetheretherketone (PEEK) is one of the most promising
engineering materials for tribological applications. Studies have been conducted on the friction and
wear of pure PEEK in comparison with other polymers [9,10]. However, there are limitations of pure
PEEK, such as low thermal stability, heat conductivity and dissipativity. In order to minimise these
disadvantages and to further improve the friction and wear property, PEEK based composites have
been tailored with variety of reinforcements, fillers and solid lubricants [11]. In the past twenty years,
researchers have made great efforts to develop PEEK-based composites. Mechanical strength, friction
and wear properties were studied for carbon fibre reinforced PEEK composites [12,13]. Sumer et
al. [14] reported that the glass fibre in the composite improved friction and wear under dry sliding
contact. Wang et al. reported that the composite with 7.5 wt % ZrO2 particles produced a low wear
rate and friction coefficient through the block-on-ring tests (PEEK composite block against sliding
steel ring) due to the formation of a thin, uniform and tenacious transfer film at the interface [15]. The
influence of Polytetrafluoroethylene (PTFE) on the mechanical and tribological properties were studied
by Zhang et al. [16] and Bijwe et al. [17].

Polymers 2020, 12, 665; doi:10.3390/polym12030665 www.mdpi.com/journal/polymers117



Polymers 2020, 12, 665

Tribological behaviour of PEEK composites is also affected by the operating environment, i.e., gas,
temperature, lubricant, load, etc. [18–21]. Theiler and Gradt evaluated the tribological behaviour of
PEEK composites in air, vacuum and hydrogen environments [18] from pin-on-disc (PEEK composite
pin against steel disc) contact. It was found that PEEK composites presented lower environmental
sensitivity compared with pure PEEK [18]. Varying lubricants, i.e., water [6,14], sea water [1], mineral
oil [5,21,22] were used in the study of friction and wear for PEEK composites. Zhang et al. observed
enhanced lubricity under boundary and mixed lubrication regime for the PEEK composites reinforced
with graphitic carbon nitride nanosheets when lubricated by PAO4 oil through the plate-on-ring
(PEEK composite plate against sliding steel ring) tests [5].

Tribological characteristics of PEEK composites are highly dependent on the tribo-system. The
friction energy dissipated in the sliding contact usually causes a consistent temperature rise in the two
contacting bodies [7,23]. The temperature variation in service plays an important role in affecting the
mechanical, physical and thermal properties, resulting in structural changes of polymer components.
Most of the work relating to PEEK composites has been conducted in the lab using standard tribo-meters.
For engineering use, some research has been carried out where PEEK composites form the tribological
component, including ball bearings [8,24], thrust bearing [25], orthopaedic device [26] and crank shaft
bush on the robot joint [27]. There is no work conducted towards journal bearing bushes made of
PEEK composites. The aim of the current work is to investigate the tribological performance of PEEK
composite used as bearing bushes through a purpose build pin joint test rig subjected to a contact
pressure of 93 MPa without lubrication. A thorough assessment was conducted on tested bushes,
including friction coefficient, bush wall deformation, wear rate, friction energy and temperature
increase. The wear tracks and the subsurface layer were examined to assess the tribological behaviour
of PEEK composites used as load bearing bush material.

2. Experimental Methods

2.1. Specimen

In this work, pure PEEK and three PEEK composites produced by injection moulding (Ensinger Ltd.,
Manchester, UK) were studied. The as-bought materials had the same shape and size (bar with outer
diameter of 25 mm). The melting temperature was 334 ◦C from the manufacture’s data sheet. The
three PEEK composites were: 30 wt % carbon fibre (~6 μm diameter) reinforced PEEK; 30 wt %
glass fibre (~15 μm diameter) reinforced PEEK and each 10 wt % of PTFE, graphite and carbon fibre
modified PEEK. Unfilled PEEK was tested for comparison. Figure 1 shows the SEM images of the
fracture cross-section for PEEK and PEEK composites, in which how the reinforced fibres distribute and
orientate in the matrix are indicated. These reinforced and unreinforced PEEKs were thereafter referred
to Bush A, B, C and D respectively, listed in Table 1, including their mechanical and thermal properties.

Table 1. Composition, mechanical and thermal properties of PEEK and PEEK composites [28].

Specimen
PEEK Composite
Reinforcements

Density,
g/cm3

Elastic
Modulus,

GPa

Compression
Strength @ 10%

Strain, MPa

Rockwell
Hardness,
M Scale

Elongation
at Break

@22.8 ◦C, %

Thermal
Conductivity,
Wm−1◦C−1

Bush A 30 wt % carbon fibre 1.41 6.34 165 107 7 0.92
Bush B 30 wt % glass fibre 1.53 6.89 172 103 2.2 0.3

Bush C
10 wt % each,
carbon fibre,

graphite, PTFE
1.46 5.52 114 95 2.5 0.82

Bush D None 1.31 4.48 121 99 40 0.29
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(a) (b) 

 
(c) 

 
(d) 

Figure 1. SEM images of fracture cross-section for polyetheretherketone (PEEK) and PEEK composites,
(a) 30 wt % carbon fibre reinforced PEEK, (b) 30 wt % glass fibre reinforced PEEK, (c) each 10 wt % of
PTFE, graphite and carbon fibre modified PEEK, (d) neat PEEK.

PEEK and PEEK composite bars were mechanically machined to bush halves for testing. The
machining process involved turning the outer diameter to 15 and 20 mm, bored inner hole and precise
reaming to the final inner diameter 10 mm, which left the roughness Ra = 0.7–1.1 μm for the bearing
surface. Bushes were slit into halves to accommodate the loading design on the pin joint test rig, shown
in Figure 2a. Figure 2b,c shows bush samples, bush holder and bush/pin contact configuration.

2.2. Wear Test

Wear tests were performed on a pin joint rig, shown in Figure 2a. To apply the normal load, the
loading platform (shown in Figure 2b) with fitted lower bush holder was raised using an Enerpac
RSM200 manual hydraulic cylinder, while the upper bush holder was kept static. The shaft was driven
by an AKM42H (120 V) motor attached with a Micron XTRUE 160 planetary gearhead. In this study,
the shaft performed an oscillating motion from −60◦ to +60◦ at a speed of 45 ◦/s (3.9 mm/s). A C-FW
compression load cell (capacity of 100 kN) was located under the platform for measuring the normal
load. A plunger dial indicator was attached to the loading platform to record its vertical displacement,
which was the radial deformation occurring in the bush wall. A FUTEK FSH02059 torque transducer
(200 Nm capacity, Irvine, CA, USA) was used to measure the frictional torque between the bush and
shaft. The overall monitoring, recording and control of the rig was via a PC using a software program
written in LabVIEW (National Instruments, Austin, TX, USA). More details of the test rig have been
reported in [29].
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Figure 2. Pin joint test rig and bush specimen arrangement, (a) photo of the pin joint test rig; (b) loading
platform with pin/bush assembly, bush halves located in two separate holders above and below the
shaft, inset: bush specimens made of PEEK and PEEK composites; (c) thermocouple location; (d) contact
geometry between shaft and bush halves subjected to normal load P applied from the lower bush, shaft
oscillating speed v and required frictional torque T.

A thermocouple hole was drilled in the bush wall, 1.2 and 2.5 mm deep against the inner surface
for wall thickness 2.5 and 5 mm respectively, shown in Figure 2d. The temperature change in the
wall material was measured using a K-type thermocouple. Figure 2c shows the assembly of bush,
bush holder and thermocouple. A fresh bush pair was used for each test. Prior to test, bushes were
cleaned with isopropanol in an ultrasonic bath. Bush wall thickness (WT) and mass were measured
before and after each test. Mass loss (Δm) and wall thickness change were recorded for assessing the
wear resistance.

A 300M steel shaft with a diameter of 10 mm and surface roughness Ra = 0.5 μm was adopted to
contact with the bush specimen. It was cleaned with isopropanol prior to each test and reused. Tests
were carried out without lubricant and at room temperature and humidity. Three repeats for each test
were conducted using fresh bushes and a newly cleaned shaft.

Based on the contact geometry shown in Figure 2d, the nominal contact pressure between
the rotating pin and the bush half, p, and the friction coefficient, μ, are calculated from the
following equations,

p =
P

2RLsin(α/2)
(1)

μ =
T

2PR
(2)

where P is the normal load, 9 kN, R is the radius of the shaft, 10 mm, L is the contact width, and α

is the arc angle of the bush halve. It should be noted that even though every effort has been made
in sample preparation to reduce the variance between bush halves, it was impossible to have exactly

120



Polymers 2020, 12, 665

identical samples. In this work, the contact mechanisms from the lower and upper bush halves were
assumed to be the same, i.e., same friction force/torque occurred from each bush half.

Table 2 shows the testing conditions including the shaft and bush dimensions. Due to the varying
reinforcements, differences in mechanical and tribological properties were expected. In order to
fully understand their tribological capacity, varying test durations were applied. A defined radial
deformation of the bush wall was used as an indicator to end the test. In testing, the reading from the
plunger dial indicator was used to calculate the deformation in the bush wall. The test was manually
stopped when the wall thickness change was 10% of its original thickness, which was defined as a
failure in this study. The corresponding maximum articulating cycles were then compared among
tested bushes. There was an exception for the Bush C (WT = 5 mm) caused by excessive lower
deformation. In this case, the test was ended after 6 h running.

Table 2. Oscillating test conditions.

Nominal
Contact
Pressure

Articulating
Displacement

Articulating
Speed

Pin
Radius

Bush Arc
Angle

Bush
Width

Bush Wall
Thickness

Oscillating
Cycles

p = 93 MPa −60◦ to +60◦ 45 ◦/s
(3.9 mm/s)

R = 5 mm 120◦ L = 10 mm WT = 2.5/5 mm Vary

Friction coefficient and wear coefficient (referred to as mass loss) were used to analyse the contact
mechanism between the shaft and bush. Wear was measured by mass loss, Δm. Wear coefficient of the
material W, in mm3/Nm, was calculated using the following equation,

W =
Δm
ρPS

(3)

where ρ is the density of the specimen listed in Table 1, P is the normal load, and S is the total
sliding distance.

During the test, frictional heating occurred [30] at the contact between the shaft and bush halves
due to combined normal and tangential loading. As polymers are more sensitive to mechanical stresses
and temperature [31], it is necessary to take into account frictional energy in the investigation of the
friction and wear properties. For the current contact configuration, the frictional energy equals the work
required to enable the shaft to rotate inside the bush halves. It is calculated by the following equation,

E = Pv
∫ te

ts

μ(t)dt (4)

where v is the sliding speed, 3.9 mm/s, μ(t) is the coefficient of friction (CoF), the shaft starts articulating
at ts and ends at te.

Specific wear energy [23] that combines friction coefficient and wear was used to assess the friction
and wear properties. It is the ratio of the frictional work divided by the bush mass loss in the wear
process, shown as the following equation,

Ew =
E

Δm
=

Pv
∫ te

ts
μ(t)dt

Δm
(5)

2.3. Characterization

In this study, an Inspect F FEG-SEM (FEI, Eindhoven, Netherlands) was used to characterize
worn surfaces of the tested samples. Wear debris were assessed using an Alicona InfiniteFocusSL
microscope (Alicona Imaging GmbH, Graz, Austria). The contact zone on the shaft after each test was
examined by using an optical microscope (Zeiss Optical Microscope, Cambridge, UK). The bush mass
was measured using a Sartorius Electronic Analytical Balance BP210D (accuracy 0.01 mg).
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3. Results and Discussions

3.1. Friction and Wear

Figure 3 presents three repeats of the wear test for Bush A, characterised by CoF and temperature
in the bush wall. It can be seen that good repeatability was seen among the three repeats. The small
difference of CoF and temperature curves may arise from the variance of specimen surface texture and
roughness produced in the process of mechanical machining.

 
(a) 

 
(b) 

Figure 3. Three repeat wear tests for Bush A: (a) CoF varying with articulating cycles; (b) temperature
rise in the bush wall varying with articulating cycles.

The comparison of CoF and temperature increase among four composite bushes are shown in
Figures 4 and 5. The tests for Bush A, B and D were stopped when the bush wall thickness reached a
10% change compared with the original size. Overall, the CoF increased over the testing period for
all bushes while the composite C presented the lowest CoF values and temperature increase. This
indicated that the incorporation of PTFE, graphite and carbon fibre significantly reduced both the
friction and temperature rise.

(a) (b) 

(c) (d) 

Figure 4. Typical evolution of CoF and recorded temperature varying with articulating cycles for
(a) Bush A; (b) Bush B; (c) Bush C; (d) Bush D.

122



Polymers 2020, 12, 665

 

Figure 5. Temperature increase in the middle of the bush wall thickness.

Comparing the two bush wall thicknesses, the thinner ones had slightly higher CoF and lower
temperature increase. As they were subjected to the same testing conditions, the difference in CoF
could only be caused by the energy dissipation efficiency. In other words, the contact temperature
played as an influential factor for the contact mechanism. Apparently, thinner wall bushes reduced the
accumulation of the friction heat by dissipating heat to the adjacent metal parts. While for thick wall
bushes, the increase in contact temperature decreases the stiffness of the matrix, the shear strength,
and therefore resulted in a lower CoF [32].

For the first 300 cycles in Figure 4a,d, the carbon fibre reinforcement in Bush A did not seem to
reduce the friction as unfilled PEEK shows a constant and relatively lower CoF. Compared with Bush
B (glass fibre reinforced) and Bush D (unfilled PEEK), Bush A did show improved bearing capacity
(higher articulating cycles), which is in agreement with the findings of [1].

After each test, the bush wall thickness was measured to determine maximum wall reduction,
as shown in Table 3. Under the same load, the thinner bushes presented more deformation indicating
lower load bearing capacity. For Bush A, the highest radial deformation, 14.09% reduction, was
observed at WT = 2.5 mm. Unsurprisingly, Bush C showed the lowest deformation for both wall sizes.
During the wear test, there was no wear debris observed for Bush B and D. The bush mass loss was
also too low to be measured. The wear coefficients for Bushes A and C were calculated from their
mass loss and are shown in Table 3. Both CoF and wear loss for Bush A were found to be significantly
higher than that of Bush C. In other words, Bush C exhibited notably superior bearing properties
among the four tested composites. From this study, it is clear that no correlation between mass loss
and bearing capacity can be concluded. The friction coefficient and wear loss did not provide enough
information to disclose the contact mechanism either. As there was no wear loss occurred on Bush B
and D, in order to compare the contact mechanism among the tested bushes, it is necessary to study
the interface at a microscopic scale.

Table 3. Maximum radial change of the bush wall and wear coefficient for tested bushes.

Bush A Bush C

WT, mm 2.5 5 2.5 5

Wear coefficient, ×10−6 mm3/Nm 4.33 ± 0.78 3.76 ± 0.65 0.73 ± 0.04 0.13 ± 0.04

3.2. Wear Debris and Worn Surfaces

In order to understand the wear mechanism, wear debris from Bush A and C were collected
and assessed using the Alicona InfiniteFocusSL, shown in Figure 6. No wear debris were observed
from Bush B (glass fibre reinforced) and D (unfilled PEEK) from the bush wear test. For carbon fibre
reinforced Bush A, large fragments of debris, up to 3–5mm in length, were observed, while the 2.5 mm
wall bush produced similar but thicker flakes, shown in Figure 6a,b. The highest wear loss and wear
coefficient were presented by Bush A when WT = 2.5 mm. Figure 6c,d shows much finer wear debris
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from Bush C. Slightly coarse wear particles were found for thicker wall bush. The presence of graphite
and PTFE in the matrix reduced the formation of larger debris chips.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Typical debris observed from the wear test for (a) and (b) Bush A; (c) and (d) Bush C for wall
thickness 2.5 and 5 mm, respectively. No wear debris observed from Bush B (glass fibre reinforced
PEEK) and Bush D (unfilled PEEK).

Figure 7 gives lower and higher magnification SEM images of the top-view worn surfaces from
tested bushes. It is clear that under the combined action of compression, shearing and frictional heating,
PEEK and PEEK composites displayed diverse patterns on the surface layer, caused by different wear
mechanisms. Due to repeated stressing, cracks were produced at the surface and/or just sub-surface
in the composite. These cracks gradually grew and joined each other until wear debris, including
spalls, were detached after a certain number of stressing cycles. Therefore, adhesion and fatigue were
the main wear mechanisms occurring at the interfaces. Bushes with thinner walls showed patches
of overlapping platelets on the surface, demonstrating a severe deformation and shearing of the
surface materials.

Bush B showed the overall worst case, with large blocky particles over 1 mm in length. For fibre
reinforced matrixes, shown in the higher magnification images in Figure 7a,c,e, fibres were pulled
out, broken and crushed, either exposed on the surface or pressed in the deformed layer. Through
block-on-ring test, Zhang et al. found that carbon fibre thinning (fibre wear) dominate the wear
mechanism at low pressure of 1MPa [33]. This phenomenon was not observed on tested bushes. It
implies that under higher contact pressure (93 MPa), the contact mechanism mainly fell in severe
deformation and tearing of surface material. Glass fibres or carbon fibres were broken into short pieces,
remaining the same diameter, rather than gradually being thinned by shear stress caused fatigue.

For the thicker wall bushes, a smoother surface layer (Figure 7b,d,f,h) was observed under
the same loading and sliding conditions. Continuous micro ploughing along the sliding direction
associated with platelet patches was exhibited by Bush A at WT = 5mm. The wear mechanism falls
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into a combination of abrasion and adhesion. These slightly ‘smoother’ surface topographies agreed
with higher articulating cycles in Figure 4, inferring greater bearing capacities for thick wall bushes.
Compared with other bushes, Bush C showed smoother surfaces without gaps between platelet patches.
This was due to the existence of self-lubricating agents, graphite and PTFE, reducing the shear stress on
the interface. Obvious matrix shear failure was rarely observed for Bush D (unfilled PEEK) while the
worn surface showed some patches detached on the surface. Plastic flow was observed at WT = 5 mm.
Bush B and D showed comparable articulating cycles and radial deformation which were much worse
than Bush A and C. Glass fibres did not bring any enhancement to the mechanical strength or friction
and wear resistance of the matrix.

Figure 7. Cont.
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Figure 7. SEM images of worn bush surfaces, (a) and (b) Bush A; (c) and (d) Bush B; (e) and (f) Bush C;
(g) and (h) Bush D for wall thickness of 2.5 and 5 mm.

3.3. Cross Section of Worn Surfaces

Worn surface morphology is useful in the analysis of friction and wear behaviour, while subsurface
material change provides important information regarding the bulk properties such as load carrying
capacity, resistance to compression, cracking and fatigue. After testing, bush halves were quenched
in liquid nitrogen and fractured to expose the cross-section. Figure 8 shows fractography for tested
bushes after cyclic loading in normal and tangential directions. The direction of sliding is into the page.
An extensively deformed subsurface layer was observed for all bushes except Bush C. For example,
Figure 8a for the 2.5 mm thick Bush A shows a 200 μm thick layer composed of deformed material on
top of the substrate matrix. The surface layer material appears compressed by the high normal load.
The inset image shows the deformed matrix with broken carbon fibres and the PEEK. The surface layer
in Figure 8b for WT = 5 mm is slightly thicker, around 270 μm, but less compressed as delaminated
sub-layers can be seen. The inset image in Figure 8b shows an unmodified substrate matrix. It is
reasonable to conclude that the deformation occurring in the surface layer is an attribute of the wall
thickness reduction. Chen et al. claimed that the exposed carbon fibre on the sliding surface carried
most of the normal load and therefore improved the matrix load bearing capacity [1]. While in this
study, this thick surface layer stacked on top of the substrate matrix was presumed to support the
normal load and dissipate frictional heat into bulk material underneath.

Bush B showed a similar deformed depth after 171 articulating cycles (Figure 8c) compared with
Bush A of 882 articulating cycles (Figure 8a). A layer was detached from the substrate matrix, shown
in Figure 8d. Again, in this layer, glass fibres were found to be fractured, crushed and blended in the
matrix shown in the inset. Cross sections of the unfilled PEEK bush are shown in Figure 8g,h. Plastic
flow has occurred shown by the inset in Figure 8h.
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Figure 8. SEM images of cross section of worn surfaces for (a) and (b) Bush A, (c) and (d) Bush B,
(e) and (f) Bush C, and (g) and (h) Bush D for wall thickness of 2.5 and 5 mm, respectively.

Unsurprisingly, the best performance was shown by the Bush C (Figure 8e,f). Only a very thin
surface layer was affected by compression and shearing. In the sliding contact under normal load,
strain occurs both in the normal and tangential directions [33,34]. For the reinforced matrix, normal
and shear stresses transferred at the interface between reinforcements and the matrix material. Due to
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the very low surface energy of graphite and PTFE, the shear stress is low leading to a low CoF. As the
carbon fibres were dispersed uniformly in the matrix with varying orientations, the normal stress was
therefore supported effectively by high modulus carbon fibres in varying directions [33].

3.4. Worn Surface on Shafts

Figure 9 shows microscopic images of the pin surface before and after contacting with bush
samples (WT = 5 mm). The sliding direction is marked on Figure 9b. Compared with the fresh surface
(Figure 9a), a continuous thick layer of transferred material was observed for the Bush A (Figure 9b). It
is clear that material transfer from bush surface has occurred. Weakening and debonding between
carbon fibres and the matrix were expected due to the shearing and compression. In sliding, when the
friction force is greater than the adhesive interaction between polymer matrix and reinforcements, the
asperities of the composite material can be removed to form a transfer layer on the counterface [35].
Bely et al. [36] reported that the transfer of polymer is the most important characteristic of adhesive
wear in polymers. The adhesion process is normally associated with other wear types (fatigue, abrasion
and so on) [35].

   

  

Figure 9. Microscopic images of the shaft surfaces, (a) fresh surface; (b) contacted with Bush A; (c)
contacted with Bush B; (d) contacted with Bush C; (e) contacted with Bush D.

There was no visible wear debris accumulated next to the sample for Bushes B and D after testing.
However, due to the extreme hard of glass fibres in the Bush B, fine furrows were observed along
the sliding direction, shown in Figure 9c. Without contacting with hard glass fibres, the shaft surface
presented limited wear and material transfer (Figure 9e). Even a thin layer of bush material was
deposited on the pin surface, no measurable mass loss was produced for neither Bush B or D. This
indicated that only the top asperity layer was removed from the bush surfaces while the bulk matrix
underwent a plastic deformation.

3.5. Friction Energy

Over the testing duration, the friction energy that is transformed as a consequence of frictional
contact is dissipated and converted to heat, vibration, material deformation or stored in the tribo-system.
For sliding between the shaft and bush, the frictional energy and specific frictional energy were
calculated from Equations (4) and (5), respectively (see Table 4). The table includes the overall
temperature increase (temperature difference between the start and end of each test). It can be seen
that bush A and C show significantly higher frictional energy compared to Bush B and D. This is
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because the testing durations (articulating cycles) were much longer than that of Bush B and D. Low
thermal conductivity usually leads to the accumulation of the frictional heat and therefore reduces
the bearing capability of composites [37]. This explains the performance of Bush B and D, due to
their low thermal conductivities, they showed higher temperature increase and lower articulating
cycles to failure. This is also evidenced by the formation of a peeling layer shown in Figure 8d,h. The
multilayers immediately beneath the wear track in Figure 8h show the plastic deformation due to
the combined action of reciprocating shearing and thermal softening. However, Bush A and C have
similar thermal conductivities, 0.92 and 0.82 Wm−1◦C−1, respectively; the articulating cycles of Bush
C are more than twice that of Bush A. In this case, CoF played an important role in the temperature
increase. In other words, in order to achieve good performance of the bearing bush, both low friction
coefficient and high thermal conductivity are required [38].

Table 4. Frictional energy for tested bushes.

Bush A Bush B Bush C Bush D

WT, mm 2.5 5 2.5 5 2.5 5 2.5 5

Friction energy, ×104 J 4.46 ± 0.48 9.53 ± 0.01 1.08 ± 0.11 0.44 ± 0.01 7.52 ± 1.59 7.15 ± 1.12 0.84 ± 0.16 0.97 ± 0.13
Specific wear energy,

×104 J/mg 0.29 ± 0.06 0.46 ± 0.09 - - 0.79 ± 0.07 4.36 ± 0.64 - -

Temperature rise, ◦C 44.5 ± 3.06 84.16 ± 0.9 48.74 ± 5.58 66.54 ± 6.37 32.47 ± 1.8 37.4 ± 2.31 40.33 ± 10.03 75.02 ± 2.4

Due to a significant difference in articulating cycles for each bush test, it is better to compare
bushes using friction energy per cycle (Figure 10a) and temperature rise per cycle (Figure 10b). It
can be seen that Bush C produced the least friction energy per cycle due to the lowest CoF. Less
frictional heat produced at the interface leads to lower temperature increase in the material bulk,
shown in Figure 10b. The graphite lamellar structure reduced CoF and hence the heat generation. In
addition, during material deformation, PTFE helped to store much of the work, which was used in
crystallographic and amorphous chain rearrangement, resulting in less sample heating [39]. Therefore,
the thermal softening in Bush C was limited. This agreed with the microscopic morphology displayed
in Figure 8e,f where the lest deformation of the material was observed.

 
(a) 

 
(b) 

Figure 10. Averaged friction energy and temperature increase per cycle for tested bushes, (a) friction
energy per cycle; (b) temperature increase per cycle.

4. Conclusions

A comparative study of PEEK composite bushes for use in articulating revolute pin joints has been
conducted. The friction, wear, friction energy and temperature rise have been studied. The friction
and wear mechanisms were assessed by studying the microscopic worn surfaces and deformation
layer beneath. The thermal accumulation and dissipation were studied to improve the understanding
of the tribological performance for PEEK composite used as bearing bushes.
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Due to low thermal conductivity, unfilled PEEK and glass fibre reinforced PEEK presented much
lower articulating cycles to failure than that of graphite, PTFE and carbon fibre filled PEEK. The load
bearing capacity of the composite is much higher than that of the matrix, and thus, any sub-surface
fracture and yielding are diminished due to the presence of the hard and strong reinforcements.
Presence of graphite and PTFE in the PEEK matrix not only reduced shear force at the interface but
also minimised the temperature increase in the bulk material. In addition, the wear resistance was
significantly improved. The wear coefficient of Bush C was found to be 0.13 × 10−6 mm3/Nm compared
with 4.33 × 10−6 mm3/Nm for Bush A.

Bushes made of PEEK composite formulated with PTFE, graphite and carbon fibre exhibit low
friction, self-lubricating, low temperature rise, and therefore present superior bearing properties,
including enhanced bearing life and reducing energy consumption in machinery. The findings facilitate
the application of this PEEK composite used as self-lubricating bearing bushes.
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Abstract: Carbon fabrics are widely used in polymer based composites. Nowadays, most of the
advanced high-performance composites are based on thermosetting polymer matrices such as epoxy
resin. Thermoplastics have received high attention as polymer matrices due to their low curing
duration, high chemical resistance, high recyclability, and mass production capability in comparison
with thermosetting polymers. In this paper, we suggest thermoplastic based composite materials
reinforced with carbon fibers. Composites based on polysulfone reinforced with carbon fabrics using
polymer solvent impregnation were studied. It is well known that despite the excellent mechanical
properties, carbon fibers possess poor wettability and adhesion to polymers because of the fiber surface
chemical inertness and smoothness. Therefore, to improve the fiber–matrix interfacial interaction,
the surface modification of the carbon fibers by thermal oxidation was used. It was shown that the
surface modification resulted in a noticeable change in the functional composition of the carbon fibers’
surface and increased the mechanical properties of the polysulfone based composites. Significant
increase in composites mechanical properties and thermal stability as a result of carbon fiber surface
modification was observed.

Keywords: polymer-matrix composites; carbon fibers; polysulfone; surface modification

1. Introduction

Among the various types of inorganic and organic fibers, carbon fibers (CFs) show the highest
tensile strength and elastic modulus at relatively low density [1,2]. This is why CFs, despite their high
cost, are widely investigated and applied. The most promising CF application is as a reinforcement
for polymer based composites [1–3]. CF reinforced polymer composites have been widely used as
engineering materials in the aeronautic and automotive industries. Specific applications of these
composites include body structure for electric vehicles [4], wet clutches to distribute torque in vehicle
drive-trains of automatic transmissions and limited slip differentials [5], deployable space structures [6],
heat exchangers [7], electromagnetic shielding [8], ballistic protection [2,9], and some other engineering
areas. For example, in [10–12], a family of novel high-strength, lightweight structural epoxy/CF
composites with self-healing function were proposed for potential use in aerospace and aeronautical
structures, sports utilities, etc.

The properties of CF reinforced polymer composites strongly depend on the fiber shape and
location in the matrix. Polymer composites filled with short CFs are widely used as materials with
good mechanical and tribological performance [3,13–15]. The technology of the formation of such
composites is relatively cheap and easy [16,17], moreover, they are suitable for production by additive
manufacturing [18]. Short CFs can either be chaotically distributed in a polymer matrix or oriented;
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in the latter, composites show anisotropy in mechanical [18], thermal [18], and tribological [19]
properties. However, short CF filled polymers do not achieve the mechanical characteristics required
for high-performance structural application in the aeronautic and automotive industries. Realization
of the excellent mechanical properties of CFs in the polymer matrix can be more effectively achieved
by using continuous fibers as reinforcement.

Continuous CF reinforced unidirectional composites are popular objects for modeling and
theoretical approaches [20,21]. Unidirectional composites allow for the realization of CF mechanical
characteristics better than 2D ones [1]. Unidirectional composites based on thermoplastics can be
easily produced by simply using impregnation with polymer melt [22]. Application of unidirectional
composites is restricted to very specific areas [6], however, such composites are promising as a
semi-product in advanced additive manufacturing [23].

Most of the investigation and structural applications of CF reinforced polymer composites is
based on 2D CF fabrics. Among the carbon fabrics, the most commonly used as reinforcement in
polymer composites are woven fabrics, whereas knitted and braided fabrics are used much less
often [3]. The number of weave structures that can be produced is practically unlimited, but in the
investigations and applications, based structures such as plain, twill and satin are most commonly used.
The weave structure of reinforcing woven CF fabrics can significantly affect the mechanical behavior of
polymer composites. For instance, a comparison of epoxy based composites reinforced with CF fabrics
showed that composites with twill weave fabrics show a higher shear modulus, shear strength, and
ultimate strength than composites reinforced with satin weave CFs [24]. Similar results were observed
in [25], where tensile tests showed that epoxy based composites reinforced with twill weave CF fabrics
possessed higher magnitudes of strength, modulus, and strain than composites containing satin weave
CFs. Mechanical tests, carried out with epoxy based composites, showed that the tensile properties
of composites reinforced with twill weave CFs were more stable with an increase in the strain rate
than the properties of composites with plain and satin weave CF fabrics [26]. The investigation of
polyetherimide based composites showed that composites containing twill weave CF fabrics showed
better tensile and flexural properties than composites filled with plain and satin weave CFs; however,
composites with twill weave CFs had good wear resistance properties in adhesive mode only, whereas
in abrasive wear mode, better properties were observed for composites with satin weave CFs and in
erosive wear mode both satin and plain weave CF filled composites shows better behavior than the
twill weave reinforced one [27]. On the other hand, in [28], it was reported than epoxy composites
filled with twill weave CFs showed lower tensile characteristics than composites reinforced with plain
and satin weave CFs, both in static and dynamic test modes. Furthermore, twill weave CFs are often
used as the model object in theoretical investigations [29,30] and can be a suitable material for the
elaboration of new polymer based composites.

For critical structures operating under high loads and elevated temperatures, composite materials
with matrices based on thermoplastic polymers are actively beginning to be applied. Thermoplastic
based composites show a considerably higher static fracture toughness compared to the thermoset
(epoxy) composites [3]. Important advantages of thermoplastics are their unlimited shelf life, low
curing duration, maintainability (i.e., the ability to correct defects and damage by reheating), the
possibility of reforming defective products [31], high environmental resistance, and high chemical
resistance including to aviation fuels and oils [1].

In recent years, a number of thermoplastic based CF reinforced composites have been elaborated
and investigated [32]. Among the thermoplastics, high performance polymers are of particular interest
due to their thermal stability and high mechanical properties. Polysulfone (PSU) has one of the highest
service temperatures of all melt-processable high performance polymers. The high temperature nature
of the PSU allows them to be used in demanding applications that other polymeric materials cannot
satisfy. PSU is highly resistant to acids, alkali, and electrolyte materials, oxidizing agents, surfactants,
and hydrocarbon oils. Its resistance to high temperatures allows for the use of PSU as a flame retardant
material [33].
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PSU is frequently used as a modifier for the epoxy matrix for CF reinforced composites [34–36].
In the 1990s, CF reinforced PSU was widely considered to be promising in medicine for arthoplastic
applications, where composites filled with short [37] or unidirectional [38–40] CFs were mainly used in
these investigations. In recent years, only few papers related to PSU based CF reinforced composites
have appeared. In [41], the laminated gradient PSU composites with the formation of layers by parallel
laying of continuous CFs as materials for artificial intervertebral discs were elaborated. The authors
in [42] report on the formation of thermal conductive short CF filled PSU composites by injection
molding. No data on the PSU composites reinforced with CF fabrics were observed in the literature.

The aim of the present paper was to study the effect of CF surface modification by thermal
oxidation on the mechanical and thermal properties of the polysulfone based composites reinforced
with carbon fabrics. Whereas polymer melt impregnation, as was shown in [22], is a suitable method
for PSU based unidirectional CF composites, in the case of the less permeable structure of CF fabrics,
this technique is not effective. Recently, [43,44] suggested using a PSU solution impregnation method
to obtain CF fabric reinforced PSU based composites. In the present study, we applied the PSU solution
impregnation method to produce composites reinforced with CF twill weave fabrics.

2. Materials and Methods

2.1. Preparation of Carbon Fiber/Polysulfone Composites

Ultrason S2010 (BASF, Ludwigshafen, Germany) PSU and twill weave fabrics 3K-1200-200 (HC
Composite, Moscow, Russia) based on high-modulus carbon fibers were used as the raw materials.
Obtaining the composites was carried out in several stages including obtaining a polysulfone solution,
impregnation of the CF with the solution; and drying, which resulted in prepregs (pre-impregnated
fabrics). The prepregs were further cut into the desired shapes and molded by compression molding
into the final composites. Figure 1 shows the scheme of the used process.

Figure 1. Scheme of the preparation of the carbon fiber reinforced polysulfone based composites.

To obtain the PSU solutions, N-methyl-2-pyrrolidone (Eastchem, Jiangsu, China) was used as a
solvent, and a 20 wt % PSU solution was formed using a magnetic stirrer. After impregnation, the
carbon fabrics were dried at 100 ◦C. CF/PSU composites with various fiber to polymer ratios were
produced: 50 wt % of the CF and 50 wt % of the PSU (denoted as 50/50); 60 wt % of the CF and 40 wt %
of the PSU (60/40); and 70 wt % of the CF and 30 wt % of the PSU (70/30). These prepregs were stacked
in the mold carefully to avoid misalignment. The stainless steel mold was previously coated with the
mold release agent. During compression molding, the mold was heated to attain the temperature
of 340 ◦C. The prepregs were compression molded at the above-mentioned temperature under the
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pressure of 10 MPa. Thereafter, samples were cooled under applied pressure. The specimens for
investigation were cut from the composites in accordance with the standards for mechanical testing.

2.2. Carbon Fibers Surface Modification

To improve the fiber–matrix interfacial interaction, surface modification of the CF by thermal
oxidation (TO) in an air atmosphere at 300, 400, and 500 ◦C was applied and the fibers denoted as TO
300, TO 400, and TO 500 ◦C, respectively. The muffle furnace was heated up to the desired temperature,
then the fibers were loaded into the furnace and held for 30 min. The fiber to polymer ratio of 60/40
was used for all of the modified fiber reinforced composites.

2.3. Thermogravimetric Analysis

To study the kinetics of solvent removal, thermogravimetric analysis (TGA) was performed using
the TA Instruments Q600 system (TA Instruments, New Castle, DE, USA). During the tests, the polymer
solution was heated at a rate of 10 ◦C/min to various temperatures of isothermal exposure (80, 100, and
120 ◦C); after reaching the isotherm, air blowing was started. The total measurement time was 3 h. The
weight of the samples of the studied materials was chosen as close as possible to each other and varied
in the range of 20–25 mg.

2.4. Fourier-Transform Infrared Spectroscopy Analysis

The FTIR analysis was carried out using a Nicolet 380 spectrometer (Thermo Scientific, Waltham,
MA, USA) with spectral range of 3750–650 cm−1 and resolution of 1 cm−1.

2.5. X-ray Photoelectron Spectroscopy

The x-ray photoelectron spectroscopy (XPS) studies of the CF were carried out using a ULVAC-PHI
VersaProbe II spectrometer (ULVAC-PHI, Inc., Chigasaki, Kanagawa, Japan) with monochromatic Al
Kα radiation (hν = 1486.6 eV), a power of 50 W, and a beam diameter of 200 μm. Atomic concentrations
were determined from survey spectra using the method of relative elemental sensitivity factors. The
binding energies (B.E.) of the photoelectron lines (C1s, O1s, N1s) were determined from high-resolution
spectra taken at an analyzer transmittance energy of 23.5 eV and a data acquisition density of 0.2
eV/step. For decomposition of the photo peal, we used a Gaussian Lorentzian mix function and a
linear background subtraction. XPS analysis of the modified fabrics was performed immediately after
surface modification.

2.6. In-Plane Shear Strength Tests

In-plane shear strength of the composites was determined according to ASTM D 3846–02 using 80
× 10 × 4 mm samples at a crosshead speed of 1.3 mm/min. For the tests, a Zwick/Roell Z020 universal
test machine (Zwick Roell Group, Ulm, Germany) was used. Compressive load was applied to a
notched specimen of uniform width to measure the shear strength. The specimen was loaded edgewise
in a supporting jig of the same description as that referenced in ASTM D 695 for testing thin specimens.
A failure of the specimen occurs in shear between two centrally located notches machined halfway
through its thickness and spaced a fixed distance apart on opposing faces. The distance between the
notches was 6.5–8 mm.

2.7. Mechanical Tests

A Zwick/Roell Z020 universal test machine equipped with 1 and 20 kN sensors and a contact
strain measurement system MultiXtens was used for mechanical tests. Tensile tests were performed in
accordance with ISO 527:2009 for 110 × 10 × 2 mm samples and the flexural tests were performed in
accordance with ISO 14125:1998 for 110 × 10 × 2 mm samples at a span length of 80 mm. Cross head
speed during the tests was 10 mm/min. Five samples were tested for each type of composites in each
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test. Composite structure was investigated using a VEGA 3 TESCAN scanning electron microscope
((TESCAN ORSAY HOLDING, a.s., Brno–Kohoutovice, Czech Republic)) in a backscattered electron
image mode. For the scanning electron microscopy (SEM) test, all specimens were sputter coated with
a thin layer of carbon (10–15 nm) to provide the electrical conductivity of the samples.

2.8. Dynamic Mechanical Analysis

A Dynamic mechanical analyzer DMA Q800 (TA Instruments, New Castle, DE, USA) dynamic
mechanical analyzer was used in these investigations. Specimens approximately 2 mm wide, 2 mm
thick and 45 mm long were used for the DMA tests. The measurements were performed using a double
cantilever clamp at a frequency of 1 Hz and deformation of 0.1%, in a temperature range from 30 to 220
◦C and the heating rate was 2 ◦C/min.

3. Results and Discussion

3.1. Polysulfone Solution

Due to the high melt viscosity of the main part of high-performance thermoplastic polymers,
the forces exerted on the fibers during melt impregnation are extremely high and may cause fiber
damage [45]. The viscosity of the polymer solution is much lower than that of the melt, which
allows it to impregnate the fabric uniformly and increase the wettability of the fibers. Another
important advantage is that, unlike the melt impregnation, solution impregnation can be carried out at
room temperature, followed by removal of the solvent at elevated temperatures. Therefore, solution
impregnation can be considered as the preferred method to prepare high performance composites
based on a soluble high performance thermoplastic [46,47]. The main disadvantage of this approach
is removing the solvent after impregnation. Incomplete removal may produce voids that have a
deleterious effect on the mechanical properties of the composite. Obtaining composites with the best
set of properties is possible only if the minimum amount of residual solvent is reached. The results of
the solvent evaporation at various temperatures obtained by thermogravimetric analysis are presented
in Figure 2. It was found that the kinetics of solvent removal strongly depend on the measurement
temperature. The results show that the higher the temperature, the faster the TGA curve reaches a
plateau, and if at 80 ◦C, intense mass loss (evaporation of the solvent) lasts about 110 min, then at 100
◦C and 120 ◦C, the time to the plateau decreases to 50 and 25 min, respectively. It was found that
drying at 80 ◦C did not completely remove the solvent, and its residual ratio was about 2 wt %, while,
at higher temperatures, the solvent could be completely removed.

Figure 2. Solvent evaporation from Polysulfone/N-methyl-2-pyrrolidone solutions.

These results were further confirmed by FTIR spectroscopy of the PSU after various treatments.
Figure 3 shows the FTIR spectra of pure PSU after compression molding at 340 ◦C (designated as the
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neat polymer (340 ◦C)); the polymer that was dissolved in N-methyl-2-pyrrolidone, dried at 100 ◦C,
and compression molded at 340 ◦C (solution (dried at 340 ◦C)); and also the dissolved polymer just
after drying at 100 ◦C (solution (dried at 100 ◦C)). Among the many observed peaks, a peak at 1690
cm−1 was chosen as the reference, which corresponds to C=O bond oscillations [48,49]. This peak can
be associated with the presence of residual solvent in the sample or partial oxidation of the polymer
during one or another treatment. It should be noted that during compression molding, there is no
significant oxidation of the polymer, as evidenced by the low intensity of the peak at 1690 cm−1 for
the pure PSU after compression molding at 340 ◦C, therefore in this case, we associated this peak
with the presence of residual solvent. The FTIR results for the just dried PSU solution showed that
the peak for the C=O bond oscillations had a rather high intensity, but after compression molding
of the same sample, a noticeable decrease in the intensity of this peak occurred, which confirms the
additional removal of the solvent during the compression molding. Therefore, it can be concluded
that the residual solvent content in the final composites is very low and will not affect the composites’
mechanical and other performance properties. Any noticeable changes or appearance of new peaks in
the FTIR spectra of the PSU samples after various treatments were not found.

Figure 3. Infrared spectra of polysulfone after various treatments.

3.2. Surface Modification of CFs

It is well known, that despite the excellent mechanical properties, CFs show poor wettability
and adhesion to matrix polymers, most likely because the CF surface is chemically inert, smooth, and
exhibits low surface free energy [50,51]. Thermal oxidation is one of the most widely used methods of
CF surface modification, which allows for improvement in the fiber–matrix interaction in polymer
based composites. We used various thermal oxidation temperatures (up to 500 ◦C) to study the effect
of surface treatment on the fibers and composite structure and properties.

To study the elemental composition and functional groups on the surface of the initial and
modified carbon fibers, the x-ray photoelectron spectroscopy (XPS) method was used, which is the most
commonly used method that provides comprehensive information about the CF surface. Elemental
compositions and specific contents of various functional groups on the CF surface were investigated.
The wide-scan spectra allows for the elemental compositions of the carbon fiber surface and the high
resolution spectra of C1s peak to be obtained, which allows for the identification of functional groups
on the CF surface, as shown in Figure 4 and the results are summarized in Tables 1 and 2.
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Figure 4. X-ray photoelectron spectroscopy survey spectra (left) and the high resolution spectra of C1s
(right) of the initial and modified (TO 300 ◦C and TO 500 ◦C) carbon fibers.

Table 1. Concentration of different elements in atomic percent obtained from the x-ray photoelectron
spectroscopy results for the carbon fiberssurface before and after thermal oxidation (TO).

Sample
Concentration, at. %

C O N Si S Na Cl F

initial 77.5 18.0 3.0 0.7 0.3 0.3 0.3 -
TO 300 ◦C 79.0 18.1 0.4 2.3 0.1 0.1
TO 500 ◦C 82.5 7.5 8.5 0.3 - - 1.0

Table 2. Binding energies (EB) obtained from the high resolution spectra of the initial and modified
carbon fibers [43].

Sample
C O N

1 2 3 4 5 1 2 1 2 3

Initial
EB, eV 285.0 286.5 289.5 - - 531.7 532.9 400.3

% 65 32 3 - - 15 85 100

TO 300 ◦C EB, eV 285.0 286.5 289.5 - 291.5 531.3 533.5 400.3
% 69 23 4 - 4 10 90 100

TO 500 ◦C EB, eV 284.7 286.1 287.5 288.6 291.4 531.3 533.4 398.7 400.55 403.5
% 80 9 3 2 6 50 50 40 50 10

It was found that the used regimes of surface modifications resulted in a noticeable change in
the elemental composition of the fiber surface. It is known that the sizing applied to the CF surface is
usually an organic polymer such as polyetherimide, epoxy resin, etc., with a high oxygen content [52,53].
Additionally, amine hardeners are often used to cure epoxy resins. As a result, a sufficiently high
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content of oxygen and nitrogen was found in the initial fibers (18.0 and 3.0 at. %, respectively). The
concentration of carbon on the surface of the initial fibers was 77.5 at. %. Surface modification of carbon
fibers increased the concentration of carbon to 79.0 at. % and 82.5 at. % after thermal oxidation (TO) at
300 ◦C (denoted as TO 300 ◦C) and 500 ◦C (denoted as TO 300 ◦C), respectively. At the same time,
if after thermal oxidation at a temperature of 300 ◦C the oxygen concentration did not significantly
change, caused by incomplete removal of the sizing at this temperature, the modification at 500 ◦C
decreased the oxygen concentration to 7.5 at. %. After treatment at 300 ◦C, the nitrogen concentration
decreased, which is due to the partial removal of the sizing agent, while the clean surface of the fibers
was depleted in nitrogen, which may be due to the fact that it is covered with a graphitized residue
that is formed during the production of the fiber. After surface modification at 500 ◦C, the nitrogen
content increased to 8.5%.

The high-resolution spectrum shown in Figure 4 (right) was used to analyze the C1s region. Each
spectrum was decomposed into a set of subspectra that allowed for the detection of the specific contents
of various functional groups on the CF surface. The initial CF surface C1s spectrum corresponds to the
polymer spectrum, which is typical for sized CF. For the sample after treatment at 300 ◦C, it was found
that there is no obvious asymmetry of the C1s spectrum, which means that removing the sizing from
the CF was not completed in this treatment. Treatment at 500 ◦C resulted in a sharp change in the
shape of the C1s spectrum and it acquired the typical peaks for clean CF surface features: the main
asymmetric peak 1 is from graphitized carbon, and peaks 2, 3, and 4 correspond to functional groups.

The binding energies (EB) obtained from the C1s spectra are summarized in Table 2. Typical
features of the C1s spectrum of the original fiber are the symmetric peak 1 (EB = 285.0 eV) from CHx
groups, peak 2 (EB = 286.5 eV) from C–O bonds and peak 3 (EB = 289.5 eV), which can be attributed to
the N–COO– or –COO– group. The center of the oxygen spectrum is located at EB = 532.8 eV, which
can be attributed to several forms of oxygen. A high-resolution spectrum of nitrogen in the sample
was not obtained; EB was determined from a survey spectrum, 400.3 eV, and corresponded to the
N–COO– group.

For the CF after treatment at 300 ◦C, the most satisfactory approximation of the C1s spectrum
was made by adding a small asymmetry to the shape of peak 1, but the asymmetry parameters did
not correspond to a pure carbon surface. Typical features of the C1s spectrum after this treatment
are symmetric peak 1 (EB = 285.0 eV) from the CHx groups, peak 2 (EB = 286.5 eV) from the CO
bonds, peak 3 (EB = 289.5 eV) from the groups N–COO– or –COO–, and peak 5 (EB = 291.5 eV)-π
satellite [54,55]. TO 500 ◦C resulted in a significant change in the functional composition of the fibers,
and several peaks related to the various functional groups were observed. The following peaks were
detected in these spectra: peak 2 (EB = 286.1 eV) from hydroxyl –C–OH, ethereal –C–O–C– or epoxy
groups, and C–N– (it should be noted that the chemical shift for C–N is slightly less than C–O, however,
it is almost impossible to distinguish them reliably), peak 3 (EB = 287.5 eV) corresponded to double
bonds C=O and –C=N, and peak 4 (EB = 288.6 eV) carboxyl groups COOH– [56]. The presence of
double bonds N=O and C=O was additionally confirmed by the O1s and N1s spectra, from which two
components were distinguished. In the O1s spectrum, a peak at 531.3 eV corresponded to a double
bond, and a peak at 533.4 eV to a single bond. Similarly, for the N1s spectrum, the peak at 398.7 eV
corresponded to double bonds, and the peak at 400.5 eV to single bonds. Hence, the used regimes of
modification allowed for a change in the CF surface chemical composition, and a greater number of
functional groups on the surface appeared as a result of thermal oxidation. An increase in the activity
of the CF surface affected the fiber–matrix interaction in the composites.

3.3. Interface Analysis of Carbon Fibers/Polysulfone Composites

In-plane shear strength (IPSS) is an important indicator of the interfacial adhesion between the
fiber and matrix [57,58]. Here, we used shear tests to evaluate the IPSS of the PSU based composites
reinforced with the initial and surface modified carbon fibers. Figure 5 shows the outlook of the
investigated samples before and after the shear test. It can be seen that destruction of samples proceeds
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along the layers of composites, thus the results of the shear strength tests can be unambiguously
attributed to the fiber–matrix interfacial interaction. The results of the in-plane shear strength of the
CF/PSU composites with various fiber to polymer ratios are shown in Figure 6a.

 

Figure 5. The experimental samples for the in-plane shear strength tests.

Figure 6. The in-plane shear strength of the CF/PSU composites depending on fiber content (a) and the
fiber surface modification regime (b).

It was established that the shear strength of the composites with a 50/50 fiber to polymer ratio and
reinforced with the initial fibers was 38.5 ± 1.4 MPa, for the 60/40 composites it was 42.8 ± 1.9 MPa,
and for the 70/30 composites, it was 36.1 ± 1.2 MPa. The reason for the lowest shear strength values
of the 70/30 composites was the low polymer content, which resulted in poor binding of the fiber
filaments, and the polymer layer was too thin so it did not ensure the integrity of the composite. As a
result, the formation of a weak interface was observed. Since the 60/40 composites showed the highest
IPSS values, this composition was used to determine the influence of the CF surface modification
on ILSS values. Additionally, the fiber to polymer ratio of 60/40 was used for all the modified fiber
reinforced composites.

The IPSS results of the modified CF reinforced composites showed that the selected regimes of
surface modification could significantly increase the shear strength of PSU-based composites. We
found that thermal oxidation of the CF in the temperature range of 300–500 ◦C for 30 min allowed for
an increase in shear strength up to 60–67.3 MPa (Figure 6b) (TO 300, 400, 500 designations mean the
PSU based composites reinforced with CF after thermal oxidation at 300, 400, 500 ◦C, respectively).
The increase in shear strength of the composites was due to the fact that, as shown by XPS analysis,
the modification of the CF surface resulted in the formation of new functional groups on the fiber
surface. Increase in the number of hydroxyl (–OH), carbonyl (–C=O), and carboxyl (–COOH) functional
groups resulted in the chemical bonds between the filler and the polymer matrix formation, which
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resulted in the formation of a strong interfacial interaction in the composites. Favorable chemical
and physical interaction between modified CF and PSU during the preparation of the composites
https://www.sciencedirect.com/science/article/pii/S1359835X18303543-b0180 leads to the interfacial
adhesion improvement [59,60]. As will be shown later, the observed improvement in interfacial
interaction also resulted in a noticeable improvement in the mechanical properties of the composites
reinforced with modified fibers.

Further demonstration of the CF surface modification positive effect on the interfacial interaction
in the composites can be realized by SEM investigation of the fracture morphologies of the composites
after tensile tests. Structural analysis of the composites reinforced with initial CF and after surface
modification showed that the selected regimes could have a significant impact on the state of the
interfaces, and, therefore, on the fracture mechanism.

It was shown that the fiber–matrix interaction was significantly improved in the case of using CF
after TO. As can be seen from Figure 7, the method applied for composites allowed us to achieve good
impregnation of the fabrics with polysulfone due to the low-viscosity polymer solution used. The
polymer penetrated not only between the individual fabric threads, but also impregnated the threads,
penetrating between the CF individual filaments (Figure 7a). However, the composites reinforced
with the initial CFs showed poor fiber–matrix interaction due to the inertness of the CF surface. In
this case, mechanical interlocking between the PSU and CF was mainly realized. In this case, the CF
surface remains clean and smooth; almost no polymer traces were observed on the CF surface, which
means that during the mechanical tests, an intense destruction of the fiber–polymer interface occurs.
Figure 7b shows that a number of fibers were pulled out from the PSU matrix, which was caused by
the interface failure and suggests poor interfacial adhesion.

 

Figure 7. The structure of the CF/PSU composites (60/40 wt %) reinforced with the initial carbon fibers
after tensile tests: (a) high-magnification image of the interfiber space; (b) low-magnification image of
the fractured surface [43].

Comparatively, the CF surface modification significantly changed the composites’ fracture surface
morphology. Figure 8 shows good fiber–matrix adhesion in the case of the composite containing
thermally modified CFs rather than for composites reinforced with untreated CFs. Even after the
mechanical tests, a significant amount of fragmented PSU adhered to the CF surface still remained.
There was almost no CF pulled out from the PSU matrix and the interface debonding was reduced. In
this case, the composites’ destruction proceeded with an equal probability both through the polymer
matrix and the fibers, which is shown by the large quantity of destroyed CF ends located in the same
level with the broken PSU surface of the polymer as well as presented in Figure 8 on high resolution
image cracks directly in the CF. Formation of such a strong interface provides a good transfer of stress
from the matrix material onto the CF, which is accompanied by a significant increase in the general
mechanical properties of the composite.
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Figure 8. The structure of the carbon fiber/polysulfone composites (60/40 wt %) reinforced with surface
modified carbon fibers (TO 500 ◦C, 30 min) after the tensile tests.

3.4. Mechanical Tests of CF/PSU Composites

To further evaluate the mechanical properties of the CF/PSU composites, tensile and three-point
flexural tests were performed using a universal testing machine. As known, reinforcement content is
one of the main factors that affects the mechanical properties of fiber reinforced polymer composites.
Fiber content strongly affect the stiffness, strength, and conductivity as well as other performance
composite properties. Figure 9 shows typical stress–strain curves for the initial fiber reinforced PSU
based composites during tensile and flexural tests depending on fiber content. The obtained curves
were nearly linear, and the strain rate mainly depended on the fiber content. It can be seen that higher
fiber content resulted in a lower strain rate that was caused by the fact that the carbon fibers had a
much higher stiffness and lower plasticity compared with the polymer matrix.

Figure 9. Typical stress–strain curves of the CF/PSU composites (a) during tensile and (b) flexural tests
depending on the fiber content (initial fibers).

Figure 10a presents the tensile test results for composites with various fiber content. The minimum
values of 748 ± 32 MPa and 55 ± 2.1 GPa for the ultimate tensile strength and Young’s modulus,
respectively, was found for the composites with a fiber to polymer ratio of 50/50. Increase in the fiber
content up to 60 wt % resulted in the increase in the tensile strength of the composites up to 880 ± 44
MPa and Young’s modulus up to 57.5 ± 2.2 GPa. An increase in the fiber content to 70% resulted in a
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decrease in the composite mechanical properties, the tensile strength decreased to 775 ± 3 6 MPa, and
the Young’s modulus decreased to 53.7 ± 2.3 GPa.

Figure 10. (a) Tensile and (b) flexural properties of the CF/PSU composites with various fiber to
polymer ratios.

Figure 10b shows the results of the flexural tests. It can be seen that the minimum value of the
flexural strength (855 ± 31 MPa) was observed for the 50/50 composites. Increase in the fiber content up
to 60% resulted in an increase in the strength of the composites up to 899 ± 27 MPa; a further increase
in the CF content up to 70% resulted in a decrease in strength to 811 ± 28 MPa. The Young’s modulus
in this case tended to increase from a value of 56.7 ± 1.7 GPa for a 50/50 composite up to 62.7 ± 2.4 GPa
for a 70/30 composite.

We can summarize that at low CF content, the strength of the composites was rather low because
of the significant content of the “weak” PSU phase. Increase in the CF content resulted in an increase
in fiber packing density, while a decrease in the polymer interlayer between the individual fibers
occurred. A decrease in the strength with a further increase in the CF content proceeded because the
matrix content was too low to bind the CF and distribute the applied load to CF, in this case.

As above-mentioned, the mechanical properties of composites mainly depend on the fiber–matrix
interfacial interaction. Tensile and flexural tests of the composites reinforced with CFs after TO were
performed. In this case, composites with an optimum fiber content of 60 wt % that showed the
maximum values of the strength-elastic properties were used. Figure 11 shows that the CF surface
modification significantly affected the composites’ mechanical characteristics.

Figure 11. (a) Tensile and (b) flexural properties of the CF/PSU composites (60/40 wt %) reinforced
with fiber after various surface modifications.

The maximum ultimate strength and Young’s modulus values were obtained at the TO temperature
of 500 ◦C. In this case, the tensile strength and Young’s modulus of the composites increased from the
initial 880 ± 44 MPa and 57.5 ± 2.2 GPa up to 1047 ± 2.8 MPa and 70.9 ± 2.6 GPa, respectively. The same
behavior after the flexural tests was observed: from the initial 899 ± 27 MPa and 57.6 ± 2.8 GPa, the
flexural strength and flexural modulus increase up to 1042 ±3.2 MPa and 73.1 ± 3.5 GPa, respectively.
The observed increase in mechanical properties, due to the good CF/PSU interfacial interaction, and a
stronger interface for the composites reinforced with modified fibers in comparison with initial fiber
reinforced composites, allows for an improvement in the mechanical properties of the composites.
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3.5. Dynamic Mechanical Analysis

The effect of the TO of CF on the composites’ dynamic mechanical response was studied by DMA.
This method of thermal analysis, which allows the mechanical properties of a material to be measured
during its periodic deformation, makes it possible to determine the thermal behavior of a material
under cyclic loads. Figure 12 shows the storage modulus and tan δ of the CF/PSU composites, which
was plotted as a function of temperature. Storage modulus indicates a measure of the elastic response
of the composite and tan δ (=E”/E′) is equal to the ratio of the loss modulus (E”) to the storage modulus
(E′), thus representing the damping capacity of a material. It was shown that for all samples, the values
of E′ decreased gradually with increasing temperature, followed by a sharp drop after the Tg region
(Figure 12a).

Figure 12. The DMA results of the CF/PSU composites (60/40 wt %) depending on the (a) initial fiber
content and the (b) fibers’ surface modification regime.

The behavior of the storage modulus values at room temperature of the obtained composites with
different fiber to polymer ratios was similar to the behavior during the flexural tests (see Figure 9).
The minimum values of the E′ were observed for the 50/50 composites and the highest values were
observed for the 60/40 composites. Up to temperatures of 130–140 ◦C, the storage modulus of the
composites underwent only slight changes, however, above this temperature, the E′ values began to
decrease. It can be seen that the temperature of the beginning of the E′ decrease and the temperature
to which the samples retain their stability depend on the fiber content. The lowest thermal stability
was demonstrated by the 50/50 composites, which lost their stability at temperatures more than 10
◦C less than that for the 60/40. The 70/30 composites showed the best thermal stability. The observed
decrease in storage modulus was due to the softening of the polymer matrix due to glass transition.
The softening of the PSU can be judged by the behavior of tan δ, as shown in Figure 12a. Usually, the
maximum of the tan δ peak relates to the relaxation processes of the polymer matrix such as glass
transition (α-transition), melting, or other. In our case, the tan δ peaks were affected by the fiber to
polymer ratio, and were 155, 161, and 172 ◦C, for 50/50, 60/40, and 70/30 composites, respectively.
Consequently, an increase in the fiber content resulted in a slight increase in the thermal stability of the
composites, which was caused both by a decrease in the mobility of the macromolecular segments of
the polymer matrix and by a decrease in the volume of the polymer matrix, which is prone to softening
at temperatures close to the glass transition temperature. As a result of softening of the polymer matrix,
it was no longer able to transfer an external load to the reinforcing fibers, which was accompanied by a
sharp drop in the mechanical properties of the composites.

It was shown that the CF surface modification allowed for an increase in the storage modulus
of the composites and shifted the temperature of the tan δ peak toward higher temperatures. In
Figure 12b, it can be seen that the higher TO temperature resulted in the higher tan δ peak temperature,
which corresponded to temperatures of 165, 167, and 170 ◦C for the composites reinforced with fibers
after TO at 300, 400, and 500 ◦C, respectively. This is due to the fact that reinforcement with modified
fibers reduces the free volume and decreases the polymer chains’ mobility because of strong interfacial
interaction between the CF and PSU. An increase in the interfacial interaction between the fibers and
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the matrix means that the mobility of the chains decreases even more, which results in higher thermal
stability temperatures of the tan δ peak.

4. Conclusions

The solution impregnation method was used to form PSU based composites reinforced with
twill wave CF fabrics. The elaborated technique allowed us to achieve homogeneous impregnation of
CFs with the polymer and to further remove the solvent from the composite almost completely. Low
viscosity of the impregnation solution resulted in polymer penetration even between the individual CF
filaments. To improve the adhesion between CF and PSU, the surface of the fabrics was modified by
thermal oxidation in an air atmosphere. It was shown that the surface modification by heating at a
temperature to 500 ◦C for 30 min significantly changes the functional composition of the CF surface.
Hydroxyl –C–OH, ethereal –C–O–C–, carboxyl COOH–, carbonyl –C=O, and epoxy groups form on
the CF surface. Shear strength tests and SEM analysis of the fracture surface confirmed that surface
modification resulted in a significant increase in the adhesion between the CF and polymer matrix.
The in-plane shear strength magnitude for composites reinforced with modified CF fabrics was found
to be more than 1.5 times higher than for composites containing unmodified CFs. Fracture analysis
showed that in the case of unmodified CF, destruction proceeded on the boundary between the CFs
and PSU. In the case of modified CF, the destruction of composites occurred both through the polymer
matrix and CF body.

Mechanical tests in the tensile and flexural modes were carried out for the obtained composites.
Carbon fiber content affects the composites’ mechanical properties. At low CF content, the composite
strength was not that high due to the significant content of the “weak” polymer phase. Increase in
the fiber content provided an increase in the fiber packing density, while a decrease in the polymer
interlayer between the individual fibers occurred. Decrease in the strength at a further increase in
the CF content proceeded because the matrix content was too small to bind the CF and distribute the
applied load to the CFs in this case. Surface modification of CF also led to an increase in the tensile and
flexural properties of the composites. The maximum ultimate strength and Young’s modulus values
were found in the case of the CF TO temperature value of 500 ◦C. In this case, the tensile strength
and Young’s modulus of the composites increased from the initial 880 ± 44 MPa and 57.5 ± 2.2 GPa
up to 1047 ± 28 MPa and 70.9 ± 2.6 GPa, respectively. The same behavior after the flexural tests was
observed: from the initial 899 ± 27 MPa and 57.6 ± 2.8 GPa, the flexural strength and flexural modulus
increased up to 1042 ± 32 MPa and 73.1 ± 3.5 GPa, respectively. Dynamic mechanical analysis showed
that the investigated composites were stable up to the temperatures of 130–140 ◦C, and that an increase
in the CF content was accompanied by an increase in the thermal stability of the composites. Surface
modification of CFs also resulted in an increase in the composites’ thermal stability due to the decrease
in the polymer chains mobility, which was caused by good interfacial interaction between the CFs
and PSU.
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Abstract: Interfacial interaction is one of the most important factors that affect the mechanical
properties of the fiber reinforced composites. The effect of fabrics′ sizing removal from glass fibers’
surface by thermal treatment on the mechanical characteristics of polyethersulfone based composites at
different fiber to polymer weight ratios was investigated. Three fiber to polymer weight ratios of 50/50,
60/40, and 70/30 were studied. Flexural and shear tests were carried out to illustrate the mechanical
properties of the composites; the structure was studied using Fourier-transform infrared spectroscopy
and scanning electron microscopy. It was shown that solution impregnation of glass fabrics with
polyethersulfone before compression molding allows to achieve good mechanical properties of
composites. The thermal treatment of glass fabrics before impregnation results in an increase in
flexural and shear strength for all the composites due to the improvement of fiber–matrix interaction.

Keywords: glass fibers; surface modification; polyethersulfone; impregnation

1. Introduction

Growing attention has been given to the improvement of polymeric composite properties,
especially in regards to their high strength-to-weight ratio [1–3]. Polyethersulfone (PES) is a superior
performance engineering plastic with a high glass transition temperature Tg of 225 ◦C and operating
temperature up to 180 ◦C. Due to several advantages such as high toughness; ease to produce and form
complex shapes; good tribological properties; high modulus and strength; perfect fatigue resistance
and dimensional stability; as well as rich fire, chemical and radiation resistance; PES is exceedingly
eligible as a high-temperature tribo-material to substitute metals or ceramics [4]. Nevertheless, the
tribological and mechanical properties of PES have to be evolved to gain the requirements necessary
for several sophisticated applications, such as aerospace, automotive, and microelectronics [5].

Since enhancing the mechanical properties of polymer composites is the major task, glass fibers
(GF) are widely used as reinforcing material [4]. GF supply beneficial adhesion to the polymer matrix,
perfect aesthetic quality, and revised strength of the resulting composites [6]. Because GF possess
high mechanical properties, low weight ratios, suitable heat resistance, and have a very cheap cost,
they are attractive as reinforcers for polymers [7]. Thermoplastic composites reinforced with glass
fibers were paid great attention because of their wide applications in automotive, aerospace, and
many engineering applications [8]. Several studies have been carried out to investigate the mechanical
properties of thermoplastics reinforced with glass fibers [9–20]. It was found that the properties of the
composites are affected by the fibers’ geometry, orientation, concentration, and by the nature of the
fibers [13,15–17,21,22] in addition to the interfacial adhesion between the fiber and polymer [23–25],
which plays a crucial role in the composites’ strength.
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The interfacial adhesion is affected both by the raw fibers’ surface coating (sizing) and by any GF
surface treatment or modification [26–33]. Sizing prevents the damage of fibers after producing, makes
their use in manufacturing easier, protects fibers from the environmental impact [28], and enhances
the composites’ properties in the case of using sizing compatible with the matrix material [28,34].
Sizing could be provided by various materials, such as silanes, epoxies, paraffin and other coupling
agents; and it could be one or more from these materials, but the actual and accurate sizing formula
remains the secret of manufacturers [28]. However, most of the composites are made from epoxy resin,
and most of the commercial sizings are often of the same nature. These sizings have relatively low
degradation temperatures (about 250 ◦C) which are much lower than the processing temperatures
of the engineering plastics such as PES. This would inevitably cause the problem of the sizing being
degraded under high processing temperature, leading to weakened interfacial adhesion. A lot of
methods (electrochemical, chemical, thermal, grafting, coating, and discharge plasma treatments, etc.)
have been elaborated to enhance the interfacial adhesion between GF and polymers [35–37]. In the
present work, we investigate the effect of formation route in addition to fabrics’ sizing removal from
GF surface on the structure and mechanical properties of PES based composites.

2. Materials and Methods

Preparation of PES Composites

Woven glass fabrics (NPO “Stekloplastic” Russia) (T-23 “260 ± 10 g/m2, 12 + 1 warp, 8 + 1 weft
yarn/cm, 0.27 ± 0.03 thickness”) and PES Ultrason E2010 (Basf, Germany) powder were used as raw
materials. A solvent of N-Methyl-2-pyrrolidone was used to produce PES solution to provide a good
impregnation of fabrics with polymer. Solution formation was carried out with 20/80 polymer to
solvent weight ratio for 24 h using a magnetic stirrer. Four routes were used for sample preparation:
(1) compression molding of PES powder together with as-received glass fabrics; (2) compression
molding of PES powder together with preheated glass fabrics; (3) compression molding of impregnated
as-received glass fabrics with PES solution, and (4) compression molding of impregnated preheated
glass fabrics with PES solution. The samples of PES solution impregnated glass fabrics were dried at
150 ◦C for 5 h to remove the solvent before compression molding. The bulk samples were prepared
using the compression molding technique as shown in Figure 1. All samples were produced using the
compression molding method at 350 ◦C and pressure of 10 MPa. The fiber to polymer weight ratio was
varied as follows: 50/50, 60/40, and 70/30 wt %.

Figure 1. Preparation steps of polyethersulfone (PES) composites with compression molding.

The glass fabrics were preheated using the furnace in air atmosphere at three temperatures (300,
350, and 400 ◦C) for 1 h and they were used to produce bulk samples which were tested to choose the
best-preheated temperature.

Flexural and shear tests were performed to examine the PES-based composites using a Zwick/Roell
Z020 universal test machine (Boston, MA, USA) equipped with 1 and 20 kN sensors and a contact
strain measurement system MultiXtens. For flexural tests, samples of 110 mm × 10 mm × 2 mm and
a span length of 80 mm (according to ISO 14125:1998) were prepared. Samples of 110 mm × 10 mm
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× 4 mm and a gauge length of 80 mm (according to ASTM D 3846) were prepared for shear tests.
The flexural and shear tests were carried out at speeds of 10 and 1.3 mm/min, respectively, at room
temperature. At least six samples were tested at each condition.

FTIR spectroscopy of the samples after various treatments were obtained using a Nicolet 380 FT-IR
spectrometer (spectral range of 4000–450 cm−1, resolution of 1 cm−1). A scanning electron microscope
(VEGA 3 TESCAN) (Brno - Kohoutovice, Czech Republic) in a backscattered electron image mode was
used to study the structure of the fracture surface of the composites. The samples were coated with a
thin layer (10–15 nm) of carbon in a sputter coater. For the studies the composites′ fracture surface
after flexural tests were used.

3. Results and Discussion

Elaboration of the advanced methods to improve the mechanical properties of the polymeric
composites has become one of biggest challenges facing the industry recently. The effect of the
preheating temperatures on the composites’ mechanical properties were studied. Figure 2 shows the
effect of the fabrics which were preheated at different temperatures on the flexural strength of the
composites. The composites were prepared by the compression molding of impregnated fabrics with
50/50 wt %. It can be noticed that the deflections were affected by the temperature, and were higher
(3.5 cm) in case of 350 ◦C compared with 3 and 2.7 cm for 300 and 400 ◦C preheating temperature,
respectively. In the case of 300 ◦C it seems that it was not enough to remove all the sizing coating which
affected the adhesion between fibers and polymer, so the failure strain was less than in the 350 ◦C
samples, while in the 400 ◦C samples the fiber strength decreased because of the heating and made the
samples weaker [28]. It is seen that flexural strength was higher in case of GF preheating temperature
of 350 ◦C (501 MPa) compared with 300 ◦C (450 MPa), and 400 ◦C (440 MPa). This trend was similar to
that observed by many researchers [38–41] who studied the influence of heating the glass fiber. The
results showed that if the fibers are heated above 400 ◦C, their strength drops rapidly. Taking into
account these results, we used GF heated at 350 ◦C in further study.

Figure 2. The strain–stress curves of 50/50 wt % composites prepared by route 4 using glass fibers (GF)
preheated at various temperatures.

Four types of composites (PES powder with untreated glass fibers (as-received) (route 1), PES
powder with preheated glass fibers (route 2), solution impregnated PES with untreated glass fibers
(route 3), and PES solution with preheated glass fibers (route 4) were examined to choose the optimum
conditions for producing the samples. The composites prepared with 50/50 fiber to polymer weight
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ratio and the GF preheating temperature of 350 ◦C were studied. Figure 3 shows flexural strength
magnitude depending on the composite’s formation route. As it is seen, the highest value of flexural
strength was observed for sample obtained by PES solution impregnated preheated glass fabrics. The
flexural strength of this composite was 501 MPa, which was significantly higher than values of 103,
148, 417 MPa for PES powder with as-received glass fabrics, PES powder with preheated glass fabrics,
and PES solution with as-received glass fabrics samples, respectively. It can be concluded that PES in
the solution form provides a good impregnation with the fabrics, and it was better with preheated
fabrics. The presence of the solution enhanced the wettability and adsorption, which led to a good
interfacial force that results in increased strength [42].

Figure 3. Flexural strength of different types of PES composites (50/50%, 350 ◦C preheating temperature).

FTIR spectra were carried out for characterization of the composites during the different stages of
production. Figure 4a illustrates the characterization of the PES powder before any processing, PES
samples prepared from PES powder by compression molding, and PES sample prepared from the PES
solution after removing the solvent by heating at 150 ◦C for 5 h. From the results, it can be noticed that
the major change is the amplitude of the C=O peaks (1678–1683) cm−1. It was found that the amplitude
increased after compression molding due to the oxidation occurred during the heating, and in the case
of the sample of PES in solution form, the presence of the small amount of solvent which contains
C=O band makes the amplitude increases in the sample. Figure 4b shows the FTIR spectra of the PES
composites with different fiber to polymer weight ratios (50/50, 60/40, and 70/30%). The 50/50 sample
shows a higher C=O peak amplitude because the amount of the solvent is more than those in the other
samples as a result of higher amount of polymer in 50/50 samples compared with other samples. The
characterization of the as-received and preheated glass fabrics using FTIR is shown in Figure 4c. Since
the silicone oxide band (1100–900 cm−1) in the glass fiber is a strong band, any band below 1200 cm−1

will not appear because of the strong absorption of the silicone oxide band. In addition, the as-received
glass fabrics spectra shows noticeable peaks around 2969–2831 cm−1 which referred to stretching in
C–H of CH, CH2, and CH3; while the spectra of preheated glass fabrics did not show any noticeable
peaks before 2200 cm−1 which means that the sizing coating after heating was below the detection
limit [29]. So, we can expect that almost of the sizing coating was removed.
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Figure 4. FTIR spectra for (a) initial PES powder, unreinforced PES powder sample after compression
molding, and unreinforced solution sample after removing solvent. (b) PES impregnated composites
(route 4) with different fiber to polymer weight ratios. (c) As-received GF and GF preheated at 350 ◦C.

The comparison of the flexural strength and Young′s modulus of the PES composites reinforced
with as-received and preheated GF is shown in Figure 5. For samples reinforced with as-received GF
(Figure 5a) the highest value of flexural strength was observed for samples with the fiber to polymer
ratio of 60/40, whereas for samples filled with preheated GF (Figure 5b) flexural strength nearly not
depend on sample composition. Young’s modulus value gradually increases with an increase in the
GF content for PES filled both with as-received and preheated GF. It can be proposed that in case
of PES filled with as-received GF, an increase in the fiber amount affected the interface between the
fiber and the polymer in the case of 70/30 samples which leads to flexural strength decrease and the
fiber being pulled out from the matrix, as it will be shown in SEM images (Figure 7e). The problem
of the poor interface was solved by preheating the fiber before using, which leads to removal of the
sizing coating and enhanced adhesion between the fibers and polymer. It can be concluded that in
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addition to the increase in the properties of the composites due to the increase of the fiber content,
the interfacial interaction between the fiber and the polymer was improved. This improvement of the
adhesion between fiber and matrix provides a good stress transfer, which controls the strength of the
composites [42,43].

 
Figure 5. Flexural strength and Young’s modulus for composites reinforced with (a) as-received GF
(route 3) and (b) preheated at 350 ◦C GF (route 4).

To clarify this interfacing behavior, a shear test was carried out for the as-received and preheated
GF reinforced composites to study the effect of preheating on the interfacial interaction. Figure 6 shows
the shear strength for as-received and preheated GF reinforced composites. As shown in the figure
the shear stress for the as-received glass fabrics composites increases from 48 MPa (for 50/50 samples)
to 60 MPa (for 60/40 samples), while the shear strength in 70/30 samples (47 MPa) was affected by
the decrease in polymer’s content which bond the fabrics layers together and directly affect the shear
stress. On the other hand, a clear enhancement was noted in the preheated samples (56, 59, and 57 MPa
for 50/50, 60/40, and 70/30 samples, respectively) compared with the as-received samples. It can be
concluded that the shear strength increases in the case of preheated GF reinforced composites, which
was an indication of the improvement of the interfacial interaction which leads to the increase of the
flexural strength of the preheated composites compared with the as-received composites.
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Figure 6. Shear strength of composites reinforced with as-received GF (route 3) and preheated at 350
◦C GF (route 4).

The improvement of the flexural strength and Young’s modulus for as-received and preheated
glass fibers can be concluded from Table 1. It can be noticed that the flexural strength and Young′s
modulus increased when the fiber percentage increased, which behaved like most of the thermoplastic
composites [2,4,44]. The thermal treatment showed an additional improvement of all the samples [36],
20.1, 18.2, and 30.7% were the improvement percentages in flexural strength for the preheated
composites for 50/50, 60/40, and 70/30, respectively, compared with the as-received composites and the
improvement percentages in Young′s modulus were 26.3, 22.7, and 43.5%, respectively.

Table 1. The flexural strength and Young’s modulus for composites reinforced with as-received GF
(route 3) and preheated at 350 ◦C GF (route 4).

Fiber/Polymer 50/50 60/40 70/30

Property
Flexural
Strength,

MPa

Young′s
Modulus,

GPa

Flexural
Strength,

MPa

Young′s
Modulus,

GPa

Flexural
Strength,

MPa

Young′s
Modulus,

GPa

As-received
GF composites 417 19 457 22 423 23

Preheated GF
composites 501 24 540 27 553 33

Increase, % 20.1 26.3 18.2 22.7 30.7 43.5

SEM images of the fracture surfaces of the PES filled with 50/50 as-received GF, 50/50 preheated
GF, 70/30 preheated GF, and 70/30 as-received GF are shown in Figure 7. The preheating of fibers
allowed a good impregnation in the 50/50 sample as shown in Figure 7b compared with the sample
50/50 as-received GF in Figure 7a. The large amount of PES particles in preheated samples referred
to the good interfacing between the fiber and polymer while a small amount of PES particles on the
surface of the filaments of the as-received sample indicates bad adhesion. This leakage of adhesion
led to fiber pull-out that appears in as-received samples. The 60/40 as-received composites shown in
Figure 7c show a good distribution of PES particles on the glass fibers’ surface, these particles increased
in amount and size in the case of 60/40 preheated composites shown in Figure 7d. This improvement
was because of the good interface due to removing the sizing coating (in case of using preheated GF).
However, the amount of PES particles decreased in the case of 70/30 preheated samples shown in
Figure 7f but still provided a good impregnation which appears on the fibers’ surface. On the contrary,

157



Polymers 2019, 11, 1364

a poor adhesion occurred in the 70/30 as-received glass fibers reinforced composites (Figure 7e), which
was evident in the form of fiber pull-out phenomenon.

 
Figure 7. The structure of the fracture surface of the composites: (a) 50/50 as-received GF; (b) 50/50
preheated GF; (c) 60/40 as-received GF; (d) 60/40 preheated GF; (e) 70/30 as-received GF, and (f) 70/30
preheated GF composites.

4. Conclusions

A new method to improve the mechanical properties of PES composites by preheating the glass
fibers to remove the sizing coating was suggested. Firstly, it was found that the method used to
produce the samples has a great effect on the properties of the prepared composites. Using the PES in
the solution form provides a good impregnation between the fibers and the polymer which improves
the interaction between matrix and reinforcement resulting composite with better properties. The
influence of the fiber to polymer ratio in addition to the effect of the thermal treatment of the fiber
on the mechanical behavior of the composites was investigated. The results show that the flexural
strength of the composites significantly increased when using the PES solution to impregnate the
GF and preheated glass fabrics as reinforcements. The composites reinforced with as-received glass
fabrics showed insufficient interfacial interaction between fibers and polymer, which resulted in lower
mechanical properties compared with preheated composites. In the as-received composites 60/60 fiber
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to polymer ratio showed good results. The results reveal that the mechanical properties increased
with increasing the fiber to polymer ratio, and the 70/30 samples were the best composition in case
of using the preheated GF. Improvement was noticed in the mechanical properties of the PES-based
composites due to the heat treatment of the glass fibers before using, which led to remove most of the
sizing coating of fabrics (according to the FTIR of the fibers after preheating) and enhance the adhesion
between the fabrics and polymer. According to SEM images, a good interface occurred in the case of
using the preheated glass fabrics compared with those in as-received composites.
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Abstract: The effect of thermal treatment of glass fibers (GF) on the mechanical and thermo-mechanical
properties of polysulfone (PSU) based composites reinforced with GF was investigated. Flexural and
shear tests were used to study the composites’ mechanical properties. A dynamic mechanical analysis
(DMA) and a heat deflection temperature (HDT) test were used to study the thermo-mechanical
properties of composites. The chemical structure of the composites was studied using IR-spectroscopy,
and scanning electron microscopy (SEM) was used to illustrate the microstructure of the fracture
surface. Three fiber to polymer ratios of initial and preheated GF composites (50/50, 60/40, 70/30
(wt.%)) were studied. The results showed that the mechanical and thermo-mechanical properties
improved with an increase in the fiber to polymer ratio. The interfacial adhesion in the preheated
composites enhanced as a result of removing the sizing coating during the thermal treatment of GF,
which improved the properties of the preheated composites compared with the composites reinforced
with initial untreated fibers. The SEM images showed a good distribution of the polymer on the GF
surface in the preheated GF composites.

Keywords: glass fibers; heat treatment; polysulfone; mechanical properties

1. Introduction

Polysulfone (PSU) is a high-performance amorphous thermoplastic with excellent mechanical
properties, high service temperature due to its high glass transition temperature (Tg) 185 ◦C, flexibility,
and excellent thermal stability. These superior properties make PSU the most appropriate choice for
wide applications such as medicine, food, processing equipment, and relatively high-temperature
components [1–4]. PSU is broadly used because of increasing demands for high-temperature polymers
in many industries, such as automotive, aerospace, and microelectronics.

Many materials and types of fillers are used to reinforce polymer matrix composites [5–8].
Nowadays, most of the high-performance polymer-based composite materials are produced using
fibrous fillers [4–9]. GF are one of these materials that offer high specific strength and stiffness, low cost,
and suitable heat resistance [6,10,11]. The mechanical properties of composites mainly depend on
reinforcing fiber/matrix properties, fibers’ surface morphology, and the interfacial bonding between the
fiber and the matrix [8,10]. It is also recognized that the bonding strength at the fiber–matrix interface
has a significant effect on composite materials’ mechanical properties. Therefore, so far, many efforts
have been made to propose an appropriate engineered fiber/matrix interface to significantly increase
the composite’s strength, toughness, and environmental stability [11,12]. As it is known, the bonding
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strength mainly depends on physical absorption, chemical reaction, and bonding between the fiber
surface layer and the matrix polymer. The bonding strength is strongly affected by a fiber surface
modification such as surface treatment or chemical sizing [10].

Several studies dealing with thermoplastic composites reveal that temperature has a noticeable
influence on mechanical properties [12–18]. It has been found that tensile strength and Young’s
modulus of thermoplastic composites decrease with increasing temperature and drop sharply close
to the Tg [19,20]. On the other hand, above the Tg, the strain increases because of the intensive
motion of polymers’ molecular chains. This effect in unfilled polymers is greater than that of in
reinforced polymers [21,22]. The effect of temperature and different environmental conditions on
the thermoplastic reinforced with GF was studied, and it was observed that a bi-linear reduction in
strength and stiffness occurred in the Tg range [23,24].

In addition to traditional methods of polymer composites mechanical properties investigations,
such as tensile, compression, flexural tests, etc., thermal and dynamical tests methods are widely
used nowadays. One of these methods is dynamic mechanical analysis (DMA), which is widely and
successfully used to study the dynamic mechanical response of composites. The data used as a function
of temperature, time, frequency, and stress can also be an indicator of the interface, morphology,
and presence of an internal defect in the composite structure. It is an excellent technique to study the
effect of temperature on the mechanical properties of composite materials. Since polymeric composites
in many applications exposed to different types of dynamic stressing during service, studying the
viscoelastic behavior of these materials have become critical [25–27]. The heat deflection temperature
(HDT) test is another effective tool to evaluate the physical performance of a polymer under load
and elevated temperature. The HDT data represent the maximum service temperature without a
large deflection [28–31].

Recently [32], we investigated the effect of the formation route on the GF reinforced
polyethersulfone based composites. It was observed that composite formation via compression
molding of a polymer powder together with GF does not allow samples to be obtained with high
mechanical properties, whereas the formation of composites by GF impregnation with polyethersulfone
solution results in the formation of composites with high flexural strength. Therefore, in the present
study, we applied the polymer solution route to obtain PSU based composites. The current study
aims to illustrate the thermal treatment effect of the removal of GF sizing coating on the mechanical
and thermal properties of PSU composites. According to our results, the mechanical and thermal
properties increase with an addition of a preheated GF, which leads to an expansion of high-temperature
applications of these composites. Additionally, the current study seeks to increase the knowledge
base of thermoplastic composites especially in terms of understanding the effect of temperature on the
performance of PSU/GF composites. Additionally, the comparison of the present study results with the
data obtained in [32] allows the effect of the polymer nature on the interaction between the matrix and
GF in the composites to be revealed.

2. Materials and Methods

2.1. Material and Sample Preparation

Woven glass fabrics (NPO “Stekloplastic”, Moscow, Russia) (T-23/1 “260 ± 10 g/m2) and PSU
Ultrason S2010 (Basf, Ludwigshafen, Germany) powder were used as raw materials. A polysulfone
solution was obtained by dissolving the PSU powder in N-methyl-2-pyrrolidone (Eastchem, Jiangsu,
China). Bulk composite samples were formed in accordance with the method described in [32].
The solution was prepared in a 20/80 polymer to solvent weight ratio for 24 h using a magnetic stirrer.
The samples were dried at a temperature of 150 ◦C for 5 h, and then they were compression molded
at 340 ◦C and 10 MPa. Figure 1 shows a scheme of the preparation process of the PSU solution and
composites. Three fiber to polymer weight ratios were prepared (50/50, 60/40, and 70/30 (wt.%)).
There are many sizing compositions used in commercial GF, which can be completely wiped out by
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using a thermal treatment in a range of 200 to 400–500 ◦C [33–38]. The method of removing the sizing
coating from the GF surface was elaborated previously [32]. Notably, the investigation was carried
out using the same type of GF; it was shown that the optimal preheating conditions for the type of
GF used is annealing in an air-atmosphere furnace at 350 ◦C for 1 h, according to Fourier-transform
infrared (FTIR) spectra; preheated GF used in this study was prepared using the above-mentioned
conditions. The composites were reinforced using initial and preheated GF.

Figure 1. Scheme of the preparation of the polysulfone (PSU) solution and composites.

2.2. Characterization of the Samples’ Structures

An FTIR spectrometer Nicolet 380 (Thermo Scientific, Waltham, MA, USA) (spectral range of
4000–450 cm−1, resolution of 1 cm−1) was used to study the chemical structures of the samples.
The microstructure, fracture, interfacial bonding, and fiber pulling out were studied using a scanning
electron microscope (VEGA 3 TESCAN) (TESCAN ORSAY HOLDING, a.s., Brno–Kohoutovice,
Czech Republic) in backscattered electron image mode. Before the SEM examination, the samples were
coated with a thin layer (10–15 nm) of carbon in a sputter coater.

2.3. Mechanical Tests

Flexural and shear properties were measured using a Zwick/Roell Z020 universal test machine
(Zwick Roell Group, Ulm, Germany) provided with 1 and 20 kN sensors and a MultiXtens contact
strain measurement system. Conforming with ISO 14125:1998 standards, the samples for the flexural
tests were prepared in a dimension of 110 mm × 10 mm × 2 mm and 80 mm span. For shear tests
(according to ASTM D 3846), 110 mm × 10 mm × 4 mm samples were used with a gauge length of
80 mm. According to this method, the shear strength was measured by applying a compressive load
to a notched specimen of uniform width. The specimen was loaded edgewise in a supporting jig of
the same description in ASTM D 695 for testing thin specimens. A failure of the specimen occurred
in shear between two centrally located notches machined halfway through its thickness and spaced
a fixed distance apart on opposing faces. The distance between the notches was 6.5–8 mm. The test
speeds were 10 and 1.3 mm/min for the flexural and shear tests, respectively. At least five samples
were examined at room temperature in each condition.
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2.4. Thermo-Mechanical Tests

A DMA Q800 (TA Instruments, New Castle, DE, USA) dynamic mechanical analyzer was used to
study the dynamic mechanical properties. The specimens sized 2 mm × 2 mm × 45 mm were used for
the DMA tests. The measurements were realized using a double cantilever clamp at a frequency of
1 Hz and a deformation of 0.1%, in a temperature range from 30 to 220 ◦C; the heating rate was of
2 ◦C/min. The HDT tests were carried out using an Instron CEAST 6910 HDT/Vicat tester. The samples
sized 80 mm × 10 mm × 4 mm were used in the HDT test at a load of 1.8 MPa and a span length of
64 mm (ISO 75). The deflection in the HDT test was set up to 1 mm as a maximum deflection. The DMA
and HDT were performed for both PSU composites reinforced with initial and preheated GF. In each
condition, three fiber to polymer weight ratios (50/50, 60/40, and 70/30 (wt.%)) were used.

3. Results and Discussion

3.1. FTIR

Figure 2 shows the FTIR spectra for the initial PSU and PSU reinforced with both initial and
preheated GF 50/50 composites. For the initial PSU spectra, the C–H band for the aryl group was
noticed in a range of 3000–3100 cm−1. The peaks at 2800 and 3000 cm−1 related to symmetric and
asymmetric bands of CH3 and CH2. The C–C in-ring bands were revealed by 1401, 1501, and 1586 cm−1

peaks. The stretching vibration of the asymmetric O=S=O band occurred at 1292 and 1325 cm−1,
while the peak at 1232 cm−1 referred to the stretching vibration of the C–O band. The stretching of
the symmetric O=S=O bands appeared at 1140 and 1168 cm−1, and the aryl group was indicated by
1019 cm−1 peak [1,23,39,40].

Figure 2. FTIR spectra for the initial PSU and 50/50 PSU composites reinforced with initial and
preheated GF.

Few differences could be distinguished in the spectral attribution of PSU composites. In the spectra
of the composites, the C=O band appeared clearly due to the presence of some residual solvent [32].
The amplitude of this peak was stronger in the spectra related to the PSU reinforced with preheated GF
due to the oxidation during the preheating process. In the case of the composites containing preheated
GF, the peaks between 2800 and 3000 cm−1 reduced because of the removal of GF sizing [32]. Based on
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the data observed from FTIR, it could be noted that the spectrum characteristic for the composite was
very similar with that of PSU except some new peaks because of the presence of some residual solvent
and the effect of the removal of GF coating.

3.2. Mechanical Tests

The flexural and shear tests were implemented to study the mechanical properties of the composites.
The comparison of flexural strength and Young’s modulus values for the initial GF reinforced composites
are shown in Figure 3a. The curve showed a trend of increasing flexural strength and Young’s modulus
with increasing the GF ratio. The composites with a GF to PSU ratio of 70/30 recorded the maximum
value of flexural strength (460 MPa) and Young’s modulus (26 GPa) compared with the 340 MPa and
18 GPa for the 50/50 composites. The comparison of these data with those observed previously for
polyethersulfone based composites [32] shows that in case of PSU matrix composites, no decrease in
Young’s modulus at the increase of the GF content from 60/40 to 70/30 was observed.

Figure 3. Flexural strength and Young’s modulus for the initial GF (a,b) the preheated GF
reinforced composites.

The sizing coating prevents good adhesion between the fiber and the polymer, which mainly
affects the composite’s strength. A thermal treatment was carried out to remove the sizing coating of the
fiber to enhance the interface bonding between the polymer and the fibers [32,41]. Figure 3b illustrates
the values of flexural strength and Young’s modulus for the preheated GF reinforced composites. It can
be noted that the mechanical properties increased with increasing the GF content; the flexural strength
increased from 408 MPa for 50/50 composites and 483 MPa for the 60/40 composites to 550 MPa in the
case of the 70/30 composites, whereas Young’s modulus increased from 20 GPa for the 50/50 composites
to 26 and 30 GPa for the 60/40 and 70/30 composites, respectively. A remarkable enhancement occurred
in the preheated GF composite properties compared with the initial GF composites at the same ratio.
It was considered that heating the GF removed the GF sizing, which contributed to the improvement
of interface bonding between the fiber and the matrix.

Shear strength, which is affected mainly by the interface bonding, is illustrated in Figure 4.
The effect of the removal of the GF sizing on the interface between GF and the matrix was clearly
demonstrated by an increase of shear strength values of the preheated GF composites compared with
those of the initial GF composites at the same ratios shown in the figure. Shear strength increased
from 43 MPa for the initial GF to 45 MPa for the preheated GF 50/50 composites and from 45/46 MPa
for the initial GF 60/40 and the 70/30 composites to 47/49.5 MPa for the preheated GF 60/40 and
70/30 composites, respectively. The comparison of these data with those observed previously for
polyethersulfone based composites [32] shows that in case of the PSU matrix composites, shear strength
tended to increase with an increase in the GF content from 60/40 to 70/30 both for the composites
containing initial and preheated GF, whereas for polyethersulfone based composites such an increase
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in the GF content resulted in a decrease in shear strength even for the composites reinforced with
the preheated GF. It is additional evidence of the important role of the chemical nature of the matrix
polymer on the interaction between the matrix and the reinforcers.

Figure 4. Shear strength for the initial GF and the preheated GF reinforced composites.

3.3. Thermo-Mechanical Tests

Figure 5a shows the temperature dependences of the storage modulus for the initial GF reinforced
composites. The values of the storage modulus remained at a plateau in a temperature range below
the Tg, while it started to fall around the Tg, which is the region of the transformation from glassy
to rubbery state. It can be noted that the storage modulus increased with an increase in the GF
content as a result of an increase in the stiffness and the thermo-resistance of the composites with
increases in the GF ratio. The results recorded that the storage modulus of 22 GPa was found for
the 70/30 composites, while the storage modulus values for the 50/50 and 60/40 composites were
15.5 and 20.5 GPa, respectively. It is considered that the thermo-mechanical characteristic of the
composite was improved with increasing the GF/PSU ratio due to the enhancement of thermal stability
of the composite as a result of an increase of the composite’s stiffness and the interfacial interaction,
which increased the thermodynamic compatibility between GF and the polymer [21,25].

Figure 5. Temperature dependences of the storage modulus for the initial (a,b) the preheated GF
reinforced composites.
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The effect of using the preheated GF on the storage modulus of the composites is investigated
in Figure 5b. The data showed a noticeable enhancement of the storage modulus values compared
with the initial GF composites at the same ratio. This increase was attributable to the improvement of
the stiffness of the preheated GF composites due to an increase of the interface between the fiber and
the polymer after removing the GF coating, which affected directly on the storage modulus and the
ability of the material to store energy. The storage moduli of the 50/50, 60/40, and 70/30 preheated GF
composites were 20, 22, and 26 GPa, respectively.

Another way to evaluate thermal stability of the composites’ mechanical properties is tangent
delta (tan δ) measurement. Tan δ refers to the ratio between loss and storage modulus, and the peak
on the Tan δ curve refers to the Tg, which differentiates between the glassy and rubbery region of
the thermo-mechanical behavior of the composite. Tan δ of a different initial GF to polymer ratio is
shown in Figure 6a. It can be seen that the tan δ maximum decreased with an increase in the GF to PSU
ratio, i.e., it decreased from 0.75 for 50/50 composites to 0.65 and 0.53 for 60/40 and 70/30 composites,
respectively. On the other hand, the Tg increased from 163 ◦C for the 50/50 composites to 180 and 192 ◦C
for the 60/40 and 70/30 composites, respectively, due to an increase of thermal stability of the composites.
The reduction behavior of tan δ was due to a decrease of the molecular chain’s mobility as a result
of increasing the fiber/polymer interface bonding [2]. With using the preheated GF, the composites
became stiffer so that the values of tan δ decreased in the preheated composites, as shown in Figure 6b,
compared with the same ratio of the initial GF reinforced composites. The improvement achieved
from using the preheated GF raised thermal stability, which in turn enhanced the Tg of the composites.
The results showed an increase from 170 ◦C for the 50/50 composites to 187 and 198 ◦C for the 60/40
and 70/30 composites, respectively.

Figure 6. Temperature dependences of Tan δ for the initial (a,b) the preheated GF reinforced composites.

The HDT tests for the initial and preheated GF reinforced composites were carried out to study the
deformation behavior of the composites at the evaluated temperature. The maximum deflection was
set to be 1 mm. The HDT results of the initial GF reinforced composites, shown in Figure 7a, indicated
that the deflection remained approximately zero up to a temperature near the Tg of the polymer matrix
and drastically increased above the Tg. The HDT for the initial GF reinforced composites enhanced
from 168 ◦C for the 50/50 composites to 197 and 209 ◦C for the 60/40 and 70/30 composites, respectively.
It can be proposed that the HDT increases as a result of stiffness and thermal stability enhancement with
increasing the GF/PSU ratio [30,42]. The value of deflection works as an indicator of thermal stability.
As it is shown in Figure 7, the deflection of the composites was near to zero upon the Tg, whereas above
the Tg the deflection increased rapidly. The same behavior was observed in the case of the preheated
GF composites, as seen in Figure 7b. The HDT for the composites containing the preheated GF were
181, 202, and 214 ◦C for the 50/50, 60/40, and 70/30 composites, respectively. The HDT values were
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found to be higher in the preheated GF composites than those in the initial GF composites. This can be
explained by an increase in thermal stability of the composite along the improvement in the interface
bonding between the fiber and the matrix.

Figure 7. Heat deflection curves for (a) the initial and (b) the preheated GF reinforced composites.

The values of the Tg, tan δ, and HDT for the initial and preheated GF composites are given in
Table 1. It can be noticed that the thermal properties improved with use of the preheated GF instead of
the initial GF in polysulfone composites.

Table 1. The Tg, tan δ, and HDT values for the composites reinforced with the initial and preheated GF.

Fiber/Polymer 50/50 60/40 70/30

Property Tg (◦C) Tan δ
HDT
(◦C) Tg (◦C) Tan δ HDT (◦C) Tg (◦C) Tan δ HDT (◦C)

Initial GF composites 163 0.75 168 180 0.65 197 192 0.53 209

Preheated GF
composites 170 0.81 181 187 0.7 202 198 0.56 214

Figure 8 shows the microstructure of the flexural fracture surface of the PSU based composites
reinforced with the initial and preheated GF. Pull-out phenomena appeared in the case of the 50/50
initial fiber-reinforced composites (Figure 8a), which means that the adhesion on the PSU/GF interface,
in this case, was not sufficient. Preheating resulted in the improvement in the boundary adhesion
(Figure 8b), which was confirmed by the formation of a large amount of PSU particles adherent to
the fiber surface. Some pores appeared in the 50/50 preheated fiber-reinforced composites (Figure 8b)
because of the presence of some solvent that was not removed during the drying process before
compression molding. The evaporation of the solvent resulted in the formation of pores during
compression molding. The preheated fiber-reinforced composites of 60/40, as seen in Figure 8d,
also showed better interface bonding between the fiber and the polymer than those in the 60/40 initial
GF composite shown in Figure 8c. Good interface bonding between the fiber and the matrix occurred
in the 70/30 initial GF reinforced composites, as shown in Figure 8e. As seen in Figure 8f, the 70/30
preheated GF reinforced composites, the fracture of fiber was in a brittle form, which was due to
sufficient interface bonding between the fiber and the polymer. Moreover, the distribution of the
polymer was improved. Thus, an increase in the interfacial interaction due to GF preheating resulted
in higher mechanical properties of the composites.
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Figure 8. SEM images of the flexural fracture surfaces of the 50/50 (a,b), 60/40 (c,d), and 70/30 (e,f) PSU
based composites reinforced with the initial (a,c,e) and the preheated (b,d,f) GF.

4. Conclusions

Mechanical and thermo-mechanical properties of the PSU composites reinforced with initial and
preheated GF for a different fiber to polymer weight ratio were studied. The flexural test showed that
the composite stiffness and Young’s modulus enhanced with increasing the fiber ratio in the initial GF
reinforced composites. A remarkable improvement was achieved by using a preheated GF to reinforce
PSU. Additionally, shear strength increased in the cases of using a preheated GF. The storage modulus,
tangent delta, and Tg values obtained from the DMA test and HDT obtained from the HDT test were
increased in the preheated reinforced GF composites compared with those in the initial GF reinforced
composites. The fiber to polymer ratio of 70/30 recorded the best properties for the initial and preheated
GF reinforced composites. The 70/30 initial GF composites recorded 460 MPa, 26 GPa, and 22 GPa for
flexural strength, Young’s modulus, and storage modulus, respectively. Due to the improvement of the
interfacial adhesion, these magnitudes were increased in the case of the 70/30 preheated GF composites
to record 550 MPa, 30 GPa, and 26 GPa for flexural strength, Young’s modulus, and storage modulus,
respectively. FTIR of the PSU composites showed the main peaks of PSU and GF for the initial and
preheated composites. Additionally, the FTIR spectra showed that the sizing coating was removed by
heating the GF. It revealed that some of the solvent was not disposed of during the drying process.
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The SEM images showed a good distribution of the polymer on the GF surface, which improved with
using the preheated GF that led to an increase in the interface bonding between the polymer and GF.
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Abstract: Although sulfonic acid (SA)-based proton-exchange membranes (PEMs) dominate fuel
cell applications at low temperature, while sulfonation on polymers would strongly decay the
mechanical stability limit the applicable at elevated temperatures due to the strong dependence
of proton conduction of SA on water. For the purpose of bifunctionally improving mechanical
property and high-temperature performance, Nafion membrane, which is a commercial SA-based
PEM, is composited with fabricated silica nanofibers with a three-dimensional network structure via
electrospinning by considering the excellent water retention capacity of silica. The proton conductivity
of the silica nanofiber–Nafion composite membrane at 110 ◦C is therefore almost doubled compared
with that of a pristine Nafion membrane, while the mechanical stability of the composite Nafion
membrane is enhanced by 44%. As a result, the fuel cell performance of the silica nanofiber-Nafion
composite membrane measured at high temperature and low humidity is improved by 38%.

Keywords: bifunctionally composite; sulfonic acid based proton exchange membrane; silica nanofiber;
mechanical stability; high temperature fuel cell

1. Introduction

The excessive dependence of human on fossil fuels causes not only serious environment pollution
but also global energy crises [1–3]. In response to these crises, new generations of sustainable energy
have attracted widespread attention, such as wind energy and solar energy [4]. In order to efficiently
utilize sustainable energy sources, secondary energy technologies, represented by lithium-ion battery
and hydrogen energy, have to be applied as energy media [5–7]. As a primary segment in the hydrogen
energy chain, proton-exchange membrane fuel cells (PEMFCs) have also been regard as one of the
most promising green energies due to high efficiency and pollution-free properties [8–10]. As the core
component in a PEMFC, a proton-exchange membrane (PEM) acts as a proton-transporting medium
and can directly affect the performance of a PEMFC [11,12]. For numerous developed PEMs, sulfonic
acid (SA) groups are the most widely used functional groups due to the great proton conductive
efficiency of SA groups with the assistance of water molecules at low temperature [13–15]. However,
enhancing the operating temperature of PEMFCs over 100 ◦C is a convenient strategy to improve
the fuel cell performance and reduce the Pt dependence of PEMFCs [16–18]. Unfortunately, proton
conduction performance of SA-based PEMs, represented by commercial Nafion membranes, would be
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strongly decayed by elevating temperature over 100 ◦C due to the poor water capacity of SA-based
PEMs [19–21]. Therefore, various inorganic materials with excellent water retention capacity, including
silica [22–24], titania [25,26], and zirconium phosphate [27], were employed to cooperate with SA
groups to improve the proton conductivity of SA-based PEMs at elevated temperatures. As a result,
SA-based PEMs with particulate additives usually have good high-temperature proton conductivity
due to improved water retention capacity [28–30]. Nevertheless, poor mechanical stability of composite
membranes caused by particle agglomeration or excessive swelling and bed compatibility with matrices
greatly affect fuel cell performance [31]. Over the past decade, various nanofiber materials prepared by
electrospinning were widely used in modification of SA-based PEMs, such as poly(vinylidene fluoride)
(PVDF) [32], sulfonated polyether ether ketone (SPEEK) [33,34], and polyvinyl alcohol (PVA) [35].
Nanofibers with three-dimensional foam-like structures can not only avoid the agglomeration of
particulate fillers, but also prevent excessive swelling of membranes.

Inspired by this PEM-reinforcing strategy, silica nanofibers was fabricated to bifunctionally
composite a Nafion membrane, which was used as a model of SA-based PEMs, for stable application
at elevated temperatures. The silica nanofibers with a porous three-dimensional network structure
not only prevented excessive swelling of the membrane, but also facilitated the impregnation of a
sulfonic-based conductor into the nanofibers. More importantly, the silica nanofibers without calcination
treatment had abundant hydroxyl on the surface, and the nanofibers exhibited good compatibility
with the SA-based proton conductor. The silica nanofibers therefore acted as a bifunctional modifier
to simultaneously improve mechanical stability and high-temperature proton conductivity of the
SA-based composite PEM. As a result, the proton conductivity of the silica network–Nafion composite
membrane was enhanced to 0.045 S/cm at 110 ◦C and 60% RH with the mechanical stability improved
by 44%. As a result, high-temperature fuel cell performance was strongly improved as desired.

2. Experimental

2.1. Materials

The tetrathylorthosilicate (TEOS), dimethyl sulfoxide (DMSO), hydrochioric acid and ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Chengdu, China). All reagents were not
further treated. The Nafion 212 was supplied by Dupont Co. (Wilmington, DE, USA).

2.2. Preparation of Silica Nanofiber

Prior to electrospinning, a silica sol precursor solution was prepared by the following steps. Firstly,
a solution of TEOS, water, ethanol, and HCl at molar ratios of 1:2:2:0.1 was prepared. Secondly, the
solution was magnetically stirred for 5 h. Finally, the solution was heated on a hot plate at 80 ◦C,
until the volume of solution was reduced to 3/8 of the original volume. The silica sol was then
electrospun under the following conditions: (i) an applied voltage of 28 kV, (ii) a tip-to-collector
distance of 15 cm, (iii) a flow rate of 10 μL/min.

2.3. Preparation of Composite Membranes

A 2 wt % Nafion membrane/dimethyl sulfoxide (DMSO) solution was prepared by the following
steps. A pretreated Nafion 212 membrane was cut into small pieces. The sheared Nafion 212 membrane
was dissolved in a DMSO solution, and the mixture was stirred at 150 ◦C under Ar atmosphere for 2 h
to form a Nafion solution. A solution-casting method was used to prepare the composite membrane.
Ten milliliters of the Nafion membrane/DMSO solution was added to a glass plate with a diameter of
7 cm. The plate acted as a collector, and the nanofiber was directly immersed in the Nafion solution.
Then, another 10 mL of the Nafion solution was added. The mixed solution was dried in an oven at 80 ◦C
for 24 h. Finally, the composite membrane was hot-pressed. By controlling the time of electrospinning,
the contents of the silica nanofiber in the composite were 1%, 3%, and 5%, and the composite
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membranes were denoted as SiNF-Nafion-1%, SiNF-Nafion-3%, and SiNF-Nafion-5%, respectively.
For a comparison, a pristine Nafion membrane was also prepared by the same solution-casting method.

2.4. Characterizations

An electrochemical workstation (Interface 1000 Gamry and CHI) was used to evaluate proton
conductive performances of the membranes. With the help of a self-made test mold, all proton
conduction measurements were performed in an in-plane direction by a two-probe method under
high-temperature conditions and a four-probe method at full humidity. The result was calculated
according to the following equation:

σ =
d

RA
(S/cm), (1)

where σ represents the proton conductivity of the membrane, d is the distance between the electrodes,
A is the area of the membrane and R is the resistance (Ω) associated with the proton conductivity of
the membrane obtained from the electro-chemical impedance spectroscopy (EIS) data.

Water uptake (WU) and volume swelling (VS) ratios of the membranes were measured at 25 ◦C.
The membrane was dried under a vacuum oven at 80 ◦C for 24 h, and dry weight (Wdry) and dry
volume (Vdry) were immediately recorded. Then, the membrane sample was immersed in deionized
water for 24 h before the weight (Wwet) and wet volume (Vwet) recording. The WU and VS ratios of the
membrane were calculated as shown in Equations (3) and (4):

WU= (Wwet −Wdry)/Wdry, (2)

VS= (Vwet − Vdry)/Vdry. (3)

The pretreated membrane was sheared into pieces, and the dry weigh was accurately weighted.
The dry membrane was immersed in Fenton‘s reagent (3 ppm FeSO4 in 3% H2O2) at 80 ◦C. The oxidative
stability performance was finally evaluated by the percentage of retained weights, after the membrane
was treated in Fenton’s reagent for 1 and 24 h.

A scanning electron microscope (SU8010, Hitachi, Tokyo, Japan) with an energy-dispersive
X-ray spectrometer (EDS) was used to study the cross-sectional morphology of the modified Nafion
membrane. Small-angle X-ray scattering (SAXS) experiments were carried out on NanoSTAR with
a q range from 0.007 to 0.228 Å−1. A NetzschSTA 409 PC TG-DTA instrument was applied for the
thermal stability study for the membranes from 30 to 800 ◦C under nitrogen atmosphere, and the
content of silica was calculated by the thermogravimetric (TG) result. Mechanical properties of all the
modified Nafion membranes were evaluated by a universal tensile machine (Labthink XLW) at 25 ◦C.
The membrane samples were cut into rectangles (size: 0.5 cm × 3 cm).

The high-temperature fuel cell was measured as follows. The electrode had a catalyst loading of
0.5 mg/cm2 (Pt loading: 0.2 mg/cm2) on both the anode and the cathode. The catalyst-coated membrane
(active area: 2 cm × 2 cm) was then sandwiched between two sheets of carbon papers (TGP-H-030,
Toray) after being activated in a sulfuric acid solution (0.5 M) for 12 h. PEMFC testing was carried out
on a MiniTest3000 Fuel Cell Test System (TOYO Corporation) with flow rates of 0.2 and 0.5 L/min for
hydrogen and oxygen, respectively.

3. Results and Discussion

Based on the electrospinning method, silica nanofibers were prepared, and the structure of THE
pure thin silica-nanofiber membrane was characterized. Figure 1a is a photograph of a pristine
silica-nanofiber membrane prepared by electrospinning. The nanofiber membrane was bouffant and
flexible. Surface SEM images of the silica-nanofiber membrane are shown in Figure 1b,c. It can
be found that the nanofibers formed a porous three-dimensional network with a porous structure.
The large voids inside the three-dimensional network contributed to the impregnation of an SA-based
proton-transporting conductor. According to the nanofiber diameter distribution result in Figure 1d,
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the silica nanofiber had an average diameter of around 390 nm. The functional groups in nanofibers
were confirmed by the FT-IR spectrum of the silica-nanofiber membrane in Figure 1e, and the peaks
at 1056 and 945 cm−1 were attributed to Si–O–Si and Si–OH vibrations, respectively. Therefore, the
abundant hydroxyl on the surface of the silica nanofibers can achieve excellent interface compatibility
between the nanofiber and the SA-based matrix. The silica nanofibers with a porous three-dimensional
structure and abundant hydroxyl groups were successfully prepared. Then, with a Nafion membrane
as a representative of the SA-based transport conductor, the silica nanofiber (SiNF)-Nafion membrane
was prepared by a solution-casting method. It can be found from the photograph of a SiNF-Nafion
composite membrane (SiNF-Nafion-3%) in Figure 1f that the membrane turned transparent after
the composition.

 

Figure 1. (a) Photograph of a pristine silica-nanofiber membrane; (b) surface SEM image of the
pristine silica-nanofiber membrane; (c) cross-sectional surface SEM image of the pristine silica-nanofiber
membrane; (d) fiber diameter distribution of the pristine silica-nanofiber membrane; (e) FT-IR spectrum
of the pristine silica-nanofiber membrane; (f) photograph of the SiNF-Nafion-3% composite membrane.

Figure 2 displays the cross-sectional SEM images of the SiNF-Nafion membranes and the
corresponding elemental maps (Si) by an EDS. The cross-sections of all three SiNF-Nafion membranes
remained smooth, and there was no obvious phase separation after the impregnation of Nafion polymer
into the silica nanofiber. This result also demonstrated excellent compatibility between the silica
nanofiber and the Nafion matrix. As shown in the elemental maps of Si, the silica nanofibers were
uniformly distributed in the SiNF-Nafion membrane due to the facile impregnation of Nafion polymer.
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Figure 2. Cross-sectional SEM images and corresponding elemental maps of Si by an energy-
dispersive X-ray spectrometer (EDS): (a) SiNF-Nafion-1% membrane; (b) SiNF-Nafion-3% membrane;
and (c) SiNF-Nafion-5% membrane.

Since the silica nanofibers were confirmed to be uniformly filled into the composite membranes,
the effects of nanofibers on the overall performance of the composite membranes were subsequently
studied. Figure 3 compares the stress–strain and TG curves of the pristine Nafion and the SiNF-Nafion
membranes. According to the stress–strain curves (Figure 3a), the tensile stresses of the three
SiNF-Nafion-3% membranes were measured to be 10.2 MPa, which was 45.7% higher than that of
the pristine Nafion membrane. At the same time, elongation at break of all the three SiNF-Nafion
membranes was also significantly enhanced compared with that of the pristine Nafion membrane.
The improved mechanical stability of the SiNF-Nafion membranes was ascribed to the uniform
distribution of silica nanofibers in the composite membranes and the hydrogen bonding interactions
between the hydroxyl groups on the silica nanofibers and the SA groups on the Nafion chain. With the
silica nanofiber content increased to 5%, the elongation at break of the SiNF-Nafion-5% membrane
was significantly reduced due to the fact that excessive silica nanofibers broke the continuity of the
polymeric matrix. The mechanical stability improvement of the SiNF-Nafion membranes was also
reflected by the change on the VS of the composite membranes. As shown in Table 1, the WU of the
SiNF-Nafion-5% membrane was almost doubled compared with that of the pristine Nafion membrane,
while the VS ratio was even lowered. The reason is that the silica nanofibers can not only efficiently
retain water molecules, but also effectively limit the physical swelling of a polymeric–inorganic
composite membrane. The TG curves of the pristine Nafion and SiNF-Nafion membranes shown in
Figure 3b indicate that the thermal stabilities of the SiNF-Nafion membranes were not faded after the
addition of silica nanofibers. At around 330 ◦C, the pristine Nafion membrane showed a significant
mass loss, which was attributed to the decomposition of SA groups. However, for the SiNF-Nafion
membranes, the decomposition temperature of the SA groups was increased to about 380 ◦C. This result
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indicated that the nanofibers had a protective effect on the SA groups. At the same time, higher residual
weights of the composite membranes confirmed the successful composition of silica nanofibers with
the Nafion membrane. As an important factor in evaluating the practicability of a PEM in fuel cell
devices, the oxidative stability of the SiNF-Nafion membranes were found to be as good as that of the
pristine Nafion membrane due to the property of silica (Table 1).

Figure 3. Stress-strain curves (a) and thermogravimetric (TG) curves (b) of the pristine Nafion and
SiNF-Nafion membranes.

Table 1. Water uptake, volume swelling, and oxidative stability of the pristine Nafion and SiNF-Nafion
membranes.

Membrane Water Uptake Volume Swelling
Oxidative Stability

RW-1 1 RW-24 2

Pristine nafion 15.9% 29.3% 98.6% 98.4%
SiNF-Nafion-1% 20.4% 31.8% 98.9% 98.0%
SiNF-Nafion-3% 25.1% 28.6% 98.5% 98.1%
SiNF-Nafion-5% 28.3% 28.0% 98.8% 98.6%

1 Retained weight after 1 h Fenton’s reagent treatment at 80 ◦C. 2 Retained weight after 24 h Fenton’s reagent
treatment at 80 ◦C.

In addition to systematical stability, proton conductivity at high temperature and low humidity
conditions is a great concern for applications of PEMs in high-temperature fuel cells. It can be found
from Figure 4a that the SiNF-Nafion-3% membrane exhibited the highest proton conductivity at
20%–60% RH among the four membranes. At 110 ◦C and 20% RH, the proton conductivity of the
SiNF-Nafion-3% membrane was measured to be 0.015 S/cm, which was 25% higher than that of the
pristine Nafion membrane. With the humidity increased to 60% RH, the proton conductivity of the
SiNF-Nafion-3% membrane was rapidly increased to 0.046 S/cm, which was 1.84 times that of the
pristine Nafion membrane. This obvious increase in proton conductivity was ascribed to the great
water retention capacity of the silica network uniformly composited in the membrane. However, with
the nanofiber content increased to 5%, the proton conductivity of the SiNF-Nafion-5% membrane
was reduced, although the increment of proton conductivity by raising the humidity was higher
compared with that of the SiNF-Nafion-3% membrane. The reason is that Nafion chains impregnated
into voids inside silica nanofibers still acted as a primary proton exchange medium in SiNF–Nafion
composite membranes and excess silica broke the continuity of original proton conduction channels
of Nafion membranes. As a result, the proton conduction efficiency was decreased, even if the
water retention capacity of the membrane was enhanced for the SiNF-Nafion-5% membrane with
the highest silica content. The optimum silica nanofiber content was therefore considered to be 3%
for the SiNF-Nafion composite membranes. Besides, the structure changes in SA clusters may also
affect proton conductivity. The SAXS spectra of the pristine Nafion and SiNF-Nafion membranes are
shown in Figure 4b. Generally speaking, the SAXS peak emerging at around 0.5 nm−1 represents
the presence of ordered SA clusters, which was the main place for proton transport in membranes.
From the SAXS result, it can be concluded that no ordered SA clusters appeared in the recast Nafion
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membrane. With the addition of silica nanofibers, there was an obvious SAXS peak around 0.5 nm–1 in
the SiNF-Nafion membranes. This results indicated that the ordered SA clusters were formed in the
SiNF-Nafion membranes. The SA groups tended to form a cluster structure along the surface of the
nanofiber due to the interaction of SA groups with hydroxyl groups on the nanofiber surface. Therefore,
the synergistic effect of the excellent water retention capacity of silica nanofibers and the rearrangement
of SA clusters led to an increase in the proton conductivity of the SiNF-Nafion membranes. The results
were also confirmed by the 100% humidity proton conductivity of the pristine Nafion and SiNF-Nafion
membranes, shown in Figure 4c. In the entire temperature range (20–60 ◦C), the proton conductivities
of the SiNF-Nafion membranes were higher than that of the pristine Nafion membrane due to the
higher proton transport efficiency of the SiNF-Nafion membranes.

Figure 4. (a) High-temperature proton conductivity at low humidity of the pristine Nafion and
SiNF-Nafion membranes; (b) small-angle X-ray scattering SAXS spectra of the pristine Nafion and
SiNF-Nafion membranes; and (c) low-temperature proton conductivity at 100% relative humidity of
the pristine Nafion and SiNF-Nafion membranes.

Considering the excellent overall performance of the SiNF-Nafion-3% membrane, a fuel cell
with the SiNF-Nafion-3% membrane was carried out at 110 ◦C and 20% RH. The polarization and
power density curves of the pristine Nafion and SiNF-Nafion-3% membranes were compared in
Figure 5. As expected, the SiNF-Nafion-3% membrane had a higher power density than the pristine
Nafion membrane. Moreover, at the middle current range, the slope of the polarization curve of the
SiNF-Nafion-3% membrane was decreased compared with that of the pristine Nafion membrane,
which indicates that the internal resistance of the fuel cell was reduced. As a result, the maximum
power density of the SiNF-Nafion-3% membrane was 118 mW/cm2, which was 38 % higher than that
of the pristine Nafion membrane.

 
Figure 5. Polarization and power density curves of the pristine Nafion and SiNF-Nafion-3% membranes
under 20% RH and humidified under H2 and O2 atmospheres at 110 ◦C.
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4. Conclusions

In summary, an SA-based proton conductor can be bifunctionally composited by a silica network.
A silica nanofiber membrane with a three-dimensional porous structure can effectively retain water
molecules and limit excessive water swelling of a composite membrane at the same time, because an
abundant hydrogen bonding between the nanofiber and the SA-based matrix improves the mechanical
strength of the composite membrane. Meanwhile, the synergistic effect of excellent water retention
capacity of silica nanofiber and rearrangement of SA clusters contributes to the improvement of
high-temperature proton conductivity. At 110 ◦C and 60% RH, the proton conductivity of a reinforced
SiNF-Nafion-3% membrane is 1.84 times as high as that of the pristine Nafion membrane. As a result, the
SiNF-Nafion-3% membrane exhibits great high-temperature fuel cell performance with a 118 mW/cm2

power density at low humidity, which is 38 % higher than that of the pristine Nafion membrane.
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Abstract: Surface modification fundamentally influences the morphology of polyethylene
terephthalate (PET) fibers produced from abandoned polyester textiles and improve the compatibility
between the fiber and the matrix. In this study, PET fiber was modified through solution dip-coating
using a novel synthesized tetraethyl orthosilicate (TEOS)/KH550/ polypropylene (PP)-g-MAH (MPP)
hybrid (TMPP). The PET fiber with TMPP modifier was exposed to the air. SiO2 particles would be
hydrolyzed from TEOS and become the crystalline cores of MPP. Then, the membrane formed by
MPP, SiO2 and KH550 covered the surface of the PET fiber. TMPP powder was investigated and
characterized by fourier transform infrared spectroscopy, scanning electron microscope (SEM) and
thermogravimetric analysis (TGA). TMPP-modified PET fiber was researched by X-ray diffraction
and SEM. Furthermore, tensile strength of single fiber was also tested. PET fiber/PP composites were
studied through dynamic mechanical analysis and SEM. Flexural properties of composites were
also measured. The interfacial properties of PET fiber and PP matrix were indirectly represented by
contact angle analysis. Results showed that the addition of TEOS is helpful in homogenizing the
distribution of PP-g-MAH. Furthermore, TMPP generates an organic-inorganic ‘armor’ structure on
PET fiber, which can make up for the damage areas on the surface of PET fiber and strengthen each
single-fiber by 14.4%. Besides, bending strength and modulus of TMPP-modified PET fiber-reinforced
PP composite respectively, increase by 10 and 800 MPa. The compatibility between PET fiber and PP
was also confirmed to be increased by TMPP. Predictably, this work supplied a new way for PET fiber
modification and exploited its potential applications in composites.

Keywords: PET fiber; PP; compatibility; modification

1. Introduction

Polyethylene terephthalate (PET) fiber is a material with poor wettability and weak interfacial
bonding with resin matrix, thus, it is difficult to be used to obtain a high-performance fiber-reinforced
resin composite [1]. In particular, the ester groups in PET chains make PET fiber inert toward
polypropylene (PP) and polyethylene (PE) matrices, which consist of nonpolar molecular chains in
the carbon skeletons [2,3]. In order to improve the compatibility between PET fiber and polyolefin
resin matrix to produce a composite with better mechanical strength, and completely embody their
advantages including high strength and high modulus, some effective and economic methods to
modify the surface of PET fiber are highly desirable.

In recent years, great attention on polyester fiber has shifted from performance development to
fiber recycling. As the most widely used fiber in the world, the amount of PET waste is still growing
with sustained and high speed, and the earth’s environment has been seriously damaged. Besides,
the accumulation of PET fiber is waste of oil resources. Waste PET could be reused in polymer alloys,
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toys, soundproof cotton and some other staple fiber products. However, all of these recycling uses
only occupy 10% of waste PET, some more effective and economical ways of recycling must be found
and industrialized.

PET fiber-reinforced composites may be a potential method because PET fiber is an organic fiber
with high strength and modulus, which would be a substitute of glass fiber. However, how to improve
the interfacial properties between PET fiber and the matrix is the most important issue. Thus, the study
about the surface modification of fiber has attracted the attention of many research laboratories for
decades. To date, extensive research efforts have been devoted to the study of the surface modification
of PET fiber. Most of these studies are based on surface chemical etching (alkali treatment), grafting
modification, and plasma modification, etc. Through alkali weight reduction processing, the antistatic
property, permeability and moisture absorption performance of PET fabric were obviously damaged [4].
Moreover, the fracture strength of PET fiber treated with alkali was also seriously damaged [5].
Plasma processing predominated over the amorphous region of PET fiber. Electron bombardment
and free radical reaction were also used for the surface modification of fiber or films [6]. However,
previous results [7] showed that the severe plasma treatments in low-pressure plasma led to extensive
degradation of the PET fiber, resulting in a decrease of tensile strength. Thus, compared to plasma
processing, alkali treatment can be easily controlled by reaction time and temperature. Further,
the decrease of fiber strength and weight loss could be designed and predicted [8]. Thus, alkali
treatment is often chosen as a basic treatment, while grafting and coating treatment are employed for
further functionalized treatment.

Currently, coating modification of the fiber surface is gradually becoming a hot research topic.
The coating on the fiber surface can not only reduce the thermal stress between the fiber and the
resin matrix during processing procedure and repair defects on the surface of fiber and damages
caused by alkali treatment, but also improve the molecular structure of the fiber surface and improve
the wettability of PET fiber in the resin matrix [9]. However, modification of PET fiber through
surface coating has rarely been reported. Kwak et al. [10–12] modified the surface of PET fiber by
thermal treatment with a silver-carbamate complex. First, PET fabric was modified by a series of
pretreatments with octaethylene glycol monododecyl, sodium hydroxide, distilled water, ethanol and
solution of thiopropyl triethoxy silane in acetone. Then, the treated fabric was immersed in silver
2-ethyl-hexylcarbamate solution and squeezed gently. To form silver nanoparticles, the fabric was
transferred into a convection oven at 130 ◦C for 5 min. After thermal reduction, a continuous layer of
silver-coated nanoparticles with sizes between 30 and 100 nm was assembled on the PET fiber. Huang
et al. [13] modified PET fiber with titania and PE nanoparticles. Results showed that titania and PE
particles were effective in controlling agglomeration of each phase and aided in homogenizing the
modified layer. According to these studies, inorganic particles and layers have been proven to be
helpful for the dispersion of PET fiber.

Moreover, to retain the original shape and properties of PET fiber during the fabrication of PET
fiber-reinforced composites, the melting point of the matrix should be lower than that of PET. PE was
selected as a matrix in our previous study, and the results showed that the mechanical properties and
thermal stability of PE matrix could be obviously enhanced by PET fiber. Tetraethyl orthosilicate (TEOS)
and KH550 have been shown to be successful in coating on fiber with an inorganic layer [14,15]. Owing
to the slow hydrolysis reaction in air, TEOS generates uniform SiO2 particles on the modified fiber.

Compared to PE, PP is much better in strength and modulus. As a result, PP was set as the matrix
to be strengthened. PP-g-MAH (MPP) was selected as a compatibilizer to improve the compatibility
between fillers and the PP matrix [16].

In this study, SiO2 particles were designed to link with the MPP molecular chain through silane
coupling agent KH550, which formed an organic-inorganic film by grain structure on the surface of
PET fiber obtained from abandoned polyester textiles. This method, taking both advantages of MPP
and SiO2 particles, is expected to make up for fiber damage caused by alkali treatment and improve
the compatibility between the fiber and the PP matrix used in this study.
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Moreover, modified PET fiber and untreated PET fiber-filled PP composites were also prepared
for comparative analysis. The effects of different surface modification of PET fiber on the interfacial
and mechanical properties between the fiber and the matrix were systematically investigated.

2. Experiments

2.1. Materials

PET fibers with 20 μm diameter were obtained by laddering from abandoned polyester textiles
(commercially available, 75D/24F/22T). These abandoned polyester textiles are leftovers of the daily
production in textile mills. The matrix polymer was polypropylene (PP7633) powder with a density of
0.9 g/cm3, and MFR = 2 g/10 min (2.16 kg/230 ◦C, LCY Chemical Corp, Taiwan, China). PP-g-MAH
(E516) with a density of 0.93 g/cm3 and free maleic anhydride content of less than 1.0% was provided
by Ningbo MaterChem Technology Co., LTD (Hangzhou, China). Other agents were of analytical
grade and all agents were used as received.

2.2. Synthesis of Fiber Modifier

The synthesis of fiber modifier was carried out following the procedure by Chen et al. [17]. Briefly,
PP-g-MAH powder was added into boiling xylene solution until it dissolved completely (solution A).
TEOS, p-toluenesulfonic acid (PTSA) and xylene were mixed in a mass ratio of 1:0.01:20 (solution B),
under stirring for 2 h at room temperature. KH550 and xylene were mixed in a mass ratio of 0.5:20
(solution C). Then, solutions A, B and C were mixed together at 130 ◦C for 1 h, PET fiber modifier was
accomplished, and it was named as TMPP. It is worth noting that the TMPP synthesis process should
be carried out without water to avoid the hydrolysis reaction of TEOS.

2.3. Surface Treatment of Polyethylene Terephthalate (PET) Fiber

The PET fiber was immersed in a mixed solution of acetone and water (volume ratio 1:1) for 2 h,
and then washed 3 to 4 times with deionized water before being dried for 4 h at 85 ◦C. Further, the fiber
was treated with NaOH solution (0.01 mol L−1) at a ratio of 2% (W/V) at 80 ◦C for 1 h. Then, they were
dried and modified with MPP and TMPP by solution dip-coating, respectively. Finally, the modified
fiber was dried at room temperature for 3 days. During the course of the formation of TMPP-modified
PET fiber, the vapor in the air induced TEOS into a sol–gel reaction, when the modifier was exposed to
the air, and SiO2/MPP composite powders were produced on the surface of the PET fiber. A schematic
illustration of the interaction between TEOS and KH550 is presented in Figure 1 [18].

 
Figure 1. Interaction between TEOS and KH550.

2.4. Preparation of PET/Polypropylene (PP) Composites

The PET fiber and PP were mixed and homogenized in the mass ratio of 15:85 in an internal mixer
with the rotor speed 60 rad s−1 at 200 ◦C for 10 min, and then dried at 100 ◦C for 4 h in an oven after
being smashed. According to the modification of PET fiber, these composites were divided into PP, PP
filled with untreated fiber, PP filled with MPP-treated fiber and PP filled with TMPP-treated fiber.
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2.5. Characterization

2.5.1. Scanning Electron Microscopy

The morphology of TMPP modifier, the modified PET fiber and the bending sections of PET
fiber/PP composites were examined by scanning electron microscopy (SEM, S-3400N, Hitachi, Tokyo,
Japan). Samples were treated with spray gold craft before observation.

2.5.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR, Nicolet Magna-IR550, Thermo Electron, New York, USA)
spectroscopy was used to identify the modification of the surface of the PET fiber. Samples were loaded
on potassium bromide tablets.

2.5.3. Thermogravimetric Analysis

The thermal stability of MPP and TMPP modifiers was tested by thermogravimetric analysis (TGA,
Pyris6, Perkin-Elmer, company, Waltham, MA, USA). Samples were heated from ambient temperature
to 800 ◦C at a heat rate of 10 ◦C/min. The TGA was performed in nitrogen atmosphere with the flow
rate of 50 mL/min.

2.5.4. X-ray Scattering Analysis

The crystallization of the PET fiber was detected by wide angle X-ray scattering (WAXS, PW1830,
Philips) at room temperature. Bragg diffraction angles (2θ) were obtained from a diffraction diagram.
The inter-planar spacing (d) and crystallite size (t) of the PET fiber were calculated by using Bragg’s
law Equation (1) as follows [19]:

λ = 2dsinθ (1)

where, d is the Bragg spacing (Å), λ is the radiation wavelength (λ = 1.542 Å) and 2θ is the diffraction
angle (deg).

Then, t was calculated by using Equation (2):

t =
0.9λ
Δω

cosθ (2)

where, t is the crystallite size (Å), and Δω is the peak width at half-maximum (rad). The values of Δω
were determined from diffraction diagrams and converted to radians (radians = degrees × π/180).

2.5.5. Measurements of Interfacial Properties

The contact angles of substrate relative to water and glycerol were measured using a contact angle
meter (OCA20, Dataphysics Company, Esslingen, Germany). Surface energy, interfacial tension and
adhesive energy among these phases were calculated by using the Wu’s Equations (3)–(7) as follows:
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where, θ is the contact angle, γ is the surface energy (mN m−1), and γd and γp are the dispersion
component and polar component of surface energy, respectively. Subscripts 1 and 2 represent different
phases, γ12 is the interfacial tension (mN m−1) between two phases, and W12 is the adhesive energy of
two phases (mN m−1).

2.5.6. Mechanical Properties

The tensile strength of single-fiber was measured by a universal tester (XQ-1, Shanghai) in
accordance with GB/T 14337. Bending samples were produced according to standard GB/T 9341-2008
by injection molding (QS-100T, Shanghai Quansheng Plastic Machinery Co., Ltd.). The flexural
properties of PP and PET fiber/PP composites were tested using a mechanical property testing machine
(WSM-20KN, Changchun).

2.5.7. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) of the composites was carried out using a dynamic
mechanical analyzer (Rheogel-E4000, Japan) at a fixed frequency of 11 Hz in bending mode. Results
were obtained at a heating rate of 3 ◦C/min within the temperature range from 70 to 160 ◦C. A specimen
with the dimensions of 40 mm × 5 mm × 2 mm was used in this study.

3. Results and Discussion

3.1. Modifier Powder

3.1.1. Aggregation Morphology and Size of Modifier Powder

Figure 2 shows the SEM images of MPP and TMPP powders. Figure 2a,b exhibit that the average
sizes of MPP and TMPP powders are 7.3 and 2.3 μm, respectively. Compared to MPP, the uniformity of
TMPP particle size improves significantly. MPP only dissolve in xylene and only when the temperature
is high enough; therefore, after heating is stopped, MPP gradually comes out of the solution along
with the decrease of solution temperature. Thus, the instability of the MPP modifier limits its practical
application in the industry. After adding TEOS, a colloidal solution was formed by sol–gel reaction
and the modifier could remain stable for a long time at room temperature. When exposed to air,
the anhydrous condition for TMPP/xylene gel was destroyed, and the hydrolysis process of TEOS with
water vapor in the air was triggered; thus, homogeneous TMPP powder was produced. Moreover,
MPP and TEOS reacted with silane coupling agent KH550 through anhydride and alkoxy groups
separately. The schematic illustration of generation of the product is exhibited in Figure 3. In other
words, the TMPP modifier could not only form connections between organic polymer and inorganic
SiO2 powder, but also improve the solubility of MPP particles in xylene. Therefore, the stability of
the TMPP modifier was improved significantly and the aggregation of SiO2 particles was prevented,
eventually particles acquired the best dispersibility and suitable size.
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Figure 2. Scanning electron microscope (SEM) images of MPP and TMPP modifiers after hydrolysis.
((a) MPP powder, 1000 times, (b) TMPP powder, 1000 times, (c) MPP powders, 3000 times, (d) TMPP
powder, 3000 times).

Figure 3. The structural representation of SiO2/MPP modifier.

3.1.2. Fourier Transform Infrared (FTIR) spectra of MPP and TMPP

FTIR spectra of MPP and TMPP are shown in Figure 4. Peaks at 3411, 2721 and 1627 cm−1 are
characteristic of amidogens. Only one peak is observed between 3300 and 3500 cm−1, and no peak is
present around 2000 cm−1; thus, the amidogens intended to be secondary amidogens [20]. The peak
at 1627 cm−1 represents that the secondary amidogens are in close proximity with carbonyl groups.
The peak at 1097 cm−1 corresponds to the Si–O–bond. Taking the structures of KH550, TEOS, and MPP
into consideration, the –NH2 in KH550 reacts with maleic anhydride from MPP molecular chains.
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Figure 4. Fourier transform infrared (FTIR) spectra of MPP and TMPP modifiers.

The ideal structures of TMPP modifier and PET fiber are shown in Figure 5. TEOS and KH550
react and form a layer on the surface of the PET fiber, and the sites of –NH2 limit the location of MPP
molecules. Then, homogenization of MPP distribution is achieved. However, the reaction of KH550
and TEOS could not be controlled, as shown in Figure 5b, the aggregation of SiO2 generated a structure
as presented in Figure 3, SiO2 gathered into centers, and MPP linked with them through the reaction
between MAH and –NH2.

 
Figure 5. Ideal model of (a) PET fiber and (b) TMPP-modified PET fiber.

3.1.3. Thermal Stability of MPP and TMPP Powders

Figure 6 displays the thermogravimetry and differential thermogravimetry analysis (TG and DTG)
curves of MPP and TMPP modifiers. Figure 6a exhibits that the initial decomposition temperatures
of MPP and TMPP modifiers are 300 and 322 ◦C, respectively. Figure 6b shows that the DTG peak
maxima are at 417 and 437 ◦C for MPP and TMPP modifiers, respectively. The improvement of thermal
stability from MPP to TMPP is attributed to the inhibition of thermal decomposition of TMPP because
of the introduction of SiO2 granules. Furthermore, the DTG curve of TMPP shows two peaks, one is at
about 417 ◦C and the other is at 437 ◦C, which indicates the reaction of only part of MPP molecules
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with SiO2. Therefore, the MPP part in the TMPP modifier could be divided into the following two
groups: MPP linked with SiO2, and pure MPP. Besides, with the increase in the temperature to 800
◦C, there is no residual of MPP modifier; however, the percentage of TMPP residual mass is 10 wt.%
(Figure 6a), which is supposed to be the content of SiO2 generated by TEOS hydrolysis.

Figure 6. The (a) TG and (b) DTG curves of MPP and TMPP modifiers.

3.2. Fiber

3.2.1. Crystal Properties and Surface Microstructure of PET Fiber

Curve (a) in Figure 7, exhibits the existence of only one peak at 17.92◦, which is the characteristic
peak of PET fiber. Curve (b) shows peaks of MPP-modified PET fiber. Besides the peak 17.86◦, the other
three peaks represent different crystal faces of MPP. Comparative analysis of curves (b) and (c) indicates
that in curve (c), the peak at 25.20◦ disappears and the area of the peak at 14.24◦ apparently increases.
The characteristic peak of PET at 17.92◦ is divided into two peaks. Table 1 lists the characteristic
diffraction angles obtained from Figure 7, and the calculation results of Bragg spacing and crystallite
size. Table 1 summarizes that the crystallite size of PET decreases from 53.63 Å to 53.28 Å and 52.88 Å
when it is modified with MPP and TMPP, respectively. TMPP-modified PET fiber exhibited the smallest
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PET crystal size among all the samples. The results of inter-planar spacing were opposite to those of
crystal size, and inter-planar spacing increased after the modification. The results indicate that after
alkali treatment, PET chains in crystalline regions are partly broken and form smaller microcrystals [21].
TMPP-modified PET fiber exhibited the smallest crystal size among these samples because effective
coating of TMPP on PET fiber promoted the interactions among functional groups present on the
surface of PET fiber and TMPP. Peaks at 14.24◦, 22.12◦ and 25.20◦ are characteristic diffraction peaks of
MPP on the surface of the fiber. The extra peak at 18.69◦ of TMPP-modified PET fiber corresponds
to PET linked with SiO2 through KH550 [22]. Shifting of the peak of MPP from 22.12◦ to 21.98◦
indicates the reaction between MPP and SiO2. The reactions between KH550 and TEOS on the surface
of TMPP-modified PET fiber lead to the generation of a mesh structure consisting of MPP and Si–O–.
Then, the chain segment movement of MPP is restricted, which results in the disappearance of the
peak at 25.20◦.

Figure 7. Curves of (a) PET fiber, (b) MPP-modified PET fiber and (c) TMPP-modified PET fiber.

Table 1. Diffraction angles (2θ), inter-planar spacing (d) and crystallite size (t) of PET fiber, and modified
PET fiber.

Sample Code Peak NO. 2θ(o)
d = λ/(2sinθ)

(À)
t = 0.9λ/Δωcosθ

(À)

PET fiber 1 17.92 4.95 53.63

MPP-modified PET fiber

1 14.24 6.22 54.26
2 17.86 4.97 53.28
3 22.12 4.02 51.66
4 25.20 3.53 62.77

TMPP-modified PET fiber

1 14.24 6.22 54.35
2 17.18 5.16 52.88
3 18.69 4.75 52.16
4 21.98 4.04 51.24

These results also show that KH550 and TEOS react and are woven into an armor-like structure
on the surface of the PET fiber. They are linked with the Si–O–bond, and the –NH2 groups are left and
centered on Si–O–circles. The result of FTIR spectroscopy clearly indicated the reaction of MAH of MPP
with –NH2, which then provides the given space in the armor where MPP is located. Reunification of
MPP is prevented and a homogeneous MPP layer is placed on the surface of the PET fiber.

3.2.2. Microstructure of MPP- and TMPP-modified PET Fiber

Figure 8 shows the surface morphologies of untreated and modified PET fiber. A columned and
smooth fiber is observed in untreated PET fiber. After being dipped into MPP, the smooth surface was
partly made up for by severely agglomerated MPP molecules (Figure 8b). Compared to MPP-modified
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PET fiber, the surface of TMPP-modified PET fiber is occupied with an integrated compact membrane
with embedded and semi-embedded particles (Figure 8c,d), so that the surface roughness and the area
of the covered region increased. These results are attributed to the formation of an integrated compact
membrane during solvent volatilization and TEOS hydrolysis because of the capillary force when PET
fiber soaked with TMPP was exposed to air [23]. The membrane was shaped into a strong cover by
SiO2 from TEOS and molecular chains of MPP. The TMPP modifier cover restrained the reunion of
MPP, and then released more functional groups of MPP than the single-MPP modifier-modified layer.
As a result, the TMPP modifier cover was more perfect and stronger than the MPP modifier layer.
Moreover, the organic–inorganic ‘armor’ on the PET fiber led to the dramatic increase in the roughness
of the PET fiber. The specific surface area of the fiber was enlarged, leading to the generation of the
molecular tangles between the fiber and the matrix [24]. All these changes led to the increase in the
interfacial bonding strength between the fiber and the matrix and were found to be beneficial for the
ultimate performance of PET fiber-reinforced composites.

 
Figure 8. Microstructure of (a) untreated PET fiber, (b) MPP-modified PET fiber, and (c) and (d)
TMPP-modified PET fiber.

3.2.3. Tensile Test for Single Fiber

Tensile strength of single fiber is an important index to measure the mechanical properties of fiber.
Figure 9 shows that the values of tensile strength of untreated PET fiber, MPP-modified PET fiber,
and TMPP-modified PET fiber are 1.25, 1.37 and 1.41 GPa, respectively. MPP and TMPP modifiers led
to the increase in the tensile strength of PET fiber by 10.4% and 14.4%, respectively. It is well known
that PET fiber is composed of highly oriented PET molecular chains. However, numerous terminal
hydroxyl groups were generated from the breaking of PET molecular chains on the fiber surface after
alkali treatment. The terminal hydroxyls reacted with the epoxy groups from MPP, and MPP was
linked to the surface of PET fiber via –C–O–linkages. Therefore, MPP could apparently increase tensile
strength of single fiber. Besides the effect of the single-MPP modifier, the TMPP modifier could form
a special structure with the MPP-SiO2 link, through TEOS, MPP, and KH550. The special structure
covered the fiber like a crust, and then the coating was tighter and more homogeneous. The structure
also made up the hollows on the fiber surface, optimized the surface structure, improved stress transfer
ability, and finally, enhanced the strength and carrying capacity of the fiber [25]. TMPP modification
could strengthen the PET fiber and improve the compatibility between the fiber and the matrix at the
same time.
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Figure 9. Tensile strength of single fiber.

3.3. Composites

3.3.1. Interfacial Properties

To verify the effect of MPP and TMPP modifiers on surface modification, interfacial properties of
the composites were analyzed by using contact angle. Surface energy, interfacial tension and adhesive
energy were calculated and are listed in Tables 2 and 3. Table 2 summarizes that the surface energies
of PP, MPP, and TMPP modifier are 22.26, 15.59 and 22.75 mN m−1, respectively. Clearly, the surface
energy of PP was closer to that of the TMPP modifier than the MPP modifier, which indicates that the
TMPP modifier has better compatibility with PP than with the MPP modifier. It is due to the fact that
MPP is mostly evenly coated on the surface of the PET fiber when modified with the TMPP modifier,
which leads to the surface polarity of the TMPP-modified PET fiber being more similar to that of PP
than the MPP-modified PET fiber. Table 3 presents that the interfacial tension of MPP/PP is higher
than that of TMPP/PP, and the adhesive energy of MPP/PP is lower than that of TMPP/PP. According
to He’s work [26], smaller interfacial tension causes tighter bonds between two phases. As a result,
the addition of TEOS and KH550 in the TMPP modifier regulates the location and direction of MPP.
In a word, the modification of the TMPP modifier was better than that of the MPP modifier.

Table 2. Surface energies between the MPP modifier, the TMPP modifier and the PP matrix.

Sample
Contact Angle
θH2O (o)

Contact Angle
θC3H8O3(o)

Surface Energy
γ (mN/m)

Dispersion
Component
γd (mN/m)

Polar
Component
γp (mN/m)

MPP 107.49 97.99 15.59 6.50 9.09
TMPP 97.99 81.99 22.75 14.86 7.89

PP 97.50 85.74 22.26 13.49 8.77
H2O - - 72.80 21.80 51.00

C3H8O3 - - 63.40 37.00 26.40

Table 3. Interfacial tensions and adhesive energies between the MPP modifier, the TMPP modifier and
the PP matrix.

Sample
Interfacial Tension
γ12 (mN/m)

Adhesive Energy
W12 (mN/m)

MPP/PP 2.45 36.59
TMPP/PP 0.11 44.95
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3.3.2. Interface Compatibility of Composite Materials

Figure 10 shows the DMA curves, exhibiting the dynamic properties of PET fiber/PP composites
reinforced with different modified PET fibers. Compared to PP, the storage modulus of PET fiber/PP
composites increased with the addition of PET fiber, as shown in Figure 10a. The cooperation of
modifier and PET fiber leads to the obvious increase in the storage modulus of the PP composite.
This is attributed to the fact that compared to untreated PET fiber, the MPP-modified PET fiber exhibits
larger specific surface area and better compatibility with PP, which results in higher storage modulus.
The TMPP-modified PET fiber leads to the further increase in the storage modulus of the PP composite,
because of a more homogeneous modifier layer, larger specific surface area, and higher single-fiber
tensile strength than the MPP-modified PET fiber. Figure 10b shows the loss modulus curves of PP
and PP composites. Results indicate that the glass-transition temperature (Tg) of composites increased
when filling with untreated PET fiber and MPP-modified ones. This is attributed to the fact that after
modification, the interfacial compatibility of PET fiber and PP gets promoted, and the interaction
force increases; thus, the energy required for releasing molecular chains also increases. As a result,
the loss modulus and Tg of composites increase [27,28]. Moreover, compared to the MPP-modified
PET fiber-reinforced PP composite, the Tg of the TMPP-modified PET fiber-reinforced PP composite
decreases. When PET fiber is modified with the TMPP modifier, the addition of TEOS imports a
few SiO2 particles at the interface between fiber and the matrix, which works as a nucleator for PP.
Crystallinity of PP increases for the SiO2, and the amorphous phase decreases. As a result, in contrast
with the PP composite filled with the MPP-modified fiber, the Tg of the PP composite filled with the
TMPP-modified PET fiber decreases.

Figure 10. Dynamic properties of different PP composites (a): storage modulus, (b): loss modulus.
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The bending properties of PP and PET fiber/PP composites are shown in Figure 11. Compared
to PP, the bending strength and modulus of PET fiber-reinforced composites improved significantly.
The properties of the TMPP-modified PET fiber-reinforced PP composite was the best among all the
samples and increased by 10 and 800 MPa more than the PP composite filled with untreated PET
fiber, with respect to bending strength and modulus respectively, which resulted from the fact that the
coatings on PET fiber led to the improvement in the filler-matrix compatibility. In particular, the PET
fiber is evenly coated with a layer of membrane in the TPMM-modified PET fiber, similar to a shell to
provide the resistance to stress deformation.

Figure 11. Bending properties of different PP composites ((a) PP, (b) PP composite filled with untreated
PET fiber, (c) PP composite filled with the MPP-modified PET fiber, (d) PP composite filled with the
TMPP-modified PET fiber).

Figure 12 exhibits SEM images, showing the bending sections of different PET fiber/PP composites.
Figure 12a demonstrates that the untreated PET fiber apparently separates from the matrix. The PET
fibers still remain smooth and unbroken when they are pulled out from the PP matrix. Different
from the untreated PET fiber-filled PP, the number of pulled-out PET fiber decreases, as shown in
Figure 12b, and the PET fiber is coated with a layer in MPP-modified PET fiber-filled PP. This is because
the fiber is partly coated with non-polar groups in the MPP-modified PET fiber and the interfacial
compatibility between the fiber and the PP matrix is improved. Figure 12c exhibits the cross-section of
TMPP-modified PET fiber-filled PP composites, showing that the PET fiber is finely dispersed in the
matrix and is inlaid into the matrix. Moreover, the fiber and the matrix were combined as a whole
through a homogeneous amphiprotic TMPP membrane. In general, the TMPP modifier improved the
interfacial compatibility of the composites and optimized the dispersion of fiber in the matrix. As a
result, the PP composite filled with the TMPP-modified PET fiber presented the best bending properties.

 
Figure 12. SEM images of PP composites filled with (a) untreated PET fiber, (b) MPP-modified PET
fiber and (c) TMPP-modified PET fiber.
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4. Conclusions

In summary, the TMPP modifier was firstly obtained in an anhydrous atmosphere, and then a
uniform and homogeneous TMPP membrane was synthesized by sol–gel method on the surface of
the PET fiber. Finally, a TMPP-modified PET fiber-reinforced PP composite was also produced. FTIR,
XRD, and SEM analyses confirmed the formation of a membrane with chemical construction and
micro-topography on the PET fiber surface after modification. The TMPP membrane was formed by
amid bonds, which came from the reaction between KH550 and MPP. TGA showed the presence of
SiO2 particles and indicated that only partial MPP participated in the reaction with KH550 on the fiber
surface. The TMPP membrane increased single-fiber strength by 14.4% and improved the bending
strength and modulus of the PET fiber/PP composite by 21% and 34% respectively, compared to the
untreated fiber-filled composite. The analysis of contact angles and DMA testified to the increase of
compatibility between the TMPP-modified fiber and the PP matrix. The coating modification effectively
and conveniently improved the interfacial properties between the fiber and the matrix as well as the
mechanical properties of the PET fiber. This method is expected to be an important direction for
further research on fiber surface modification and develops the applications of recycled PET fiber
in composites.
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Abstract: In recent years, due to the rapid development of industrial lightweight technology, composite
materials based on fiber reinforced plastics (FRP) have been widely used in the industry. However, the
environmental impact of the FRPs is higher each year. To overcome this impact, co-injection molding
could be one of the good solutions. But how to make the suitable control on the skin/core ratio
and how to manage the glass fiber orientation features are still significant challenges. In this study,
we have applied both computer-aided engineering (CAE) simulation and experimental methods to
investigate the fiber feature in a co-injection system. Specifically, the fiber orientation distributions
and their influence on the tensile properties for the single-shot and co-injection molding have been
discovered. Results show that based on the 60:40 of skin/core ratio and same materials, the tensile
properties of the co-injection system, including tensile stress and modulus, are a little weaker than
that of the single-shot system. This is due to the overall fiber orientation tensor at flow direction (A11)
of the co-injection system being lower than that of the single-shot system. Moreover, to discover and
verify the influence of the fiber orientation features, the fiber orientation distributions (FOD) of both
the co-injection and single-shot systems have been observed using micro-computerized tomography
(μ-CT) technology to scan the internal structures. The scanned images were further utilizing Avizo
software to perform image analyses to rebuild the fiber structure. Specifically, the fiber orientation
tensor at flow direction (A11) of the co-injection system is about 89% of that of the single-shot system in
the testing conditions. This is because the co-injection part has lower tensile properties. Furthermore,
the difference of the fiber orientation tensor at flow direction (A11) between the co-injection and the
single-shot systems is further verified based on the fiber morphology of the μ-CT scanned image.
The observed result is consistent with that of the FOD estimation using μ-CT scan plus image analysis.

Keywords: co-injection molding; fiber reinforced plastics (FRP); fiber orientation distribution (FOD);
micro-computerized tomography (μ-CT) scan technology

1. Introduction

Due to its excellent properties, fiber-reinforced plastics (FRP) material has been applied in
industry for years, especially as one of the major lightweight technologies for automotive or aerospace
products [1,2]. Specifically, the market of composite products is expected to achieve an estimated
$40.2 billion by 2024. The compound annual rate (CAGR) from 2019 to 2024 is about 3.3% [3,4].
Moreover, according to the Composite Industry Market report in 2018, around 1.141 million tons of
glass-FRP composite materials were produced in Europe [5]. In the United States, the demand for FRP
was 4.3 billion pounds in 2017 [3]. To handle the recycling of FRP composites, there are three primary
methods, including mechanical, thermal, and chemical processes [3,6]. However, since the presence of
the fiber makes the microstructures inside FRP more complicated than that of general thermoplastics,
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it causes the recycling of FRP to be very difficult. As higher amounts of FRP are consumed, higher
environmental impacts are needed to be addressed now and in future [7]. To overcome this impact,
co-injection molding, based on the mechanical recycling process, could be a good solution.

Co-injection molding is commonly used as a daily accessory, and in many other contexts. Basically,
the co-injection technology can provide several advantages with integrating materials to reduce cost.
This technology also allows for the reuse of materials, offers an upgrade in production efficiency,
and can make raw skin/recycled core structures. However, there are some challenges for co-injection
processes. For example, how to visualize and control suitable skin/core material distribution is
very difficult during the processing. To deal with this complicated process, there is some literature
that can be used as guidelines. Seldén [8] monitored different process conditions and found out the
skin-to-core material ratio is the main factor causing break-through problems. Moreover, the correlation
between internal material distributions, process condition, and material property are discussed in
many previous studies [9–11]. The cavity-filling ratio of skin material determines the break-through
location. Material viscosity and filling rate affect uniformity of core material distribution. Furthermore,
since the geometrical structure of real products is very complicated, the progress of the co-injection
processing becomes much more of a challenge. To simulate this situation, Yang and Yokoi [12] proposed
a co-injection with a multi-cavity molding system with a fork structure. They found that the core
flow pattern in the fork structure is strongly affected by injection flow rate. It is also affected by
material property. However, their work is not comprehensive yet because they didn’t discuss the flow
behavior at the end of filling for the multi-cavity system. Later, Huang [13] and Huang et al. [14]
verified that in multi-cavity co-injection systems, the skin-to-core material ratio is still the main factor
to dominant the break-through phenomena, while the injection flow rate can be used to adjust the core
penetration uniformity. Indeed, the core penetration prediction in the real co-injection system is still
very challenging.

On the other hand, as mentioned earlier, due to its excellent properties, the fiber-reinforced plastic
(FRP) material has been applied in many industries. The reason that FRP has so much potential is
because of the functions of fibers’ microstructures, including their orientation, length, and concentration.
It is expected that those microstructures will further affect the final shrinkage and warpage of the
single-shot and co-injected parts. Moreover, how to manage the glass fiber orientation features and their
influence in the recycling of the FRP products are still very complicated. To realize how fiber structures
would influence the mechanical properties of the finished parts, Thomason et al. [15,16] studied the
phenomenon experimentally and proposed some empirical standards of fiber length to guarantee
enough impact strength for automobiles. Moreover, some researchers have studied the important fiber
microstructure variables, including fiber orientation, fiber length, and fiber concentration, to determine
the level of effectiveness of mechanical property enhancement [17–19]. Cilleruelo et al. further
considered the effect of carbon black and nucleating agents on impact properties experimentally [20].
Indeed, the microstructures of fibers were still very difficult to validate in this work. To understand
why the fiber orientation is changed, Folgar and Tucker [21], Advani and Tucker [22], and Advani [23]
proposed numerical models to predict fiber orientation in short fiber. Using their short fiber model,
the fiber orientation distribution (FOD) could be predicted reasonably. As the demand on the impact
property increases, the longer fiber length retained in the final injected part is in greater demand.
In recent years, some researchers have extended the numerical prediction capability and experimental
validation to the long fiber orientation [24–27]. However, no matter how short or long the fibers, to
the best of our knowledge, very few researchers have discovered the connection between the fiber
microstructures to the mechanical properties of the final injection parts quantitatively. Moreover,
knowing how to catch these fiber microstructures in the final parts is still not easy in reality. In general,
there are two methods which have been utilized. One is optical section method, and the other is
micro-computerized tomography (μ-CT) scan method [28]. Some researchers [28–30] have applied the
micro-computerized tomography (μ-CT) scan method to get through finished parts. The μ-CT is a
relatively new method to measure the fiber orientation distribution in FRP parts. It is a non-destructive
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testing method, but the procedure was still not easy to handle. This is especially because there are a
huge number of images created after using μ-CT technology, and further image analysis is another key
issue to deal with. Overall, this is to say; the ways in which fiber orientation provides the reinforced
features in co-injection molding is still not fully understood in reality. In addition, the exact working
function of the fibers is not easily visualized and managed.

In this study, we have applied both CAE simulation and experimental methods to investigate
the interface (between skin and core) penetration behavior. Furthermore, the connection between the
inside FOD variation and the tensile properties of the single-shot and co-injection molding based on
the standard tensile bar (ASTM D638 TYPE V) system has been studied. To give better understanding,
the main content of this paper is organized as follows. The theoretical background is presented in
Section 2. Section 3 describes the model and related information. It will discuss the simulation model
and experimental equipment separately. Then, the results and discussion are in Section 4. Finally,
the brief conclusion will be addressed in Section 5.

2. Theoretical Background and Numerical Method

2.1. Model for Co-Injection Molding

The numerical simulation was conducted using the Moldex3D R16® software. Both the skin and
core materials are considered to be compressible, generalized Newtonian fluid. Surface tension at the
melt front is neglected. The governing equations for 3D transient non-isothermal motion are [13]:

∂ρ

∂t
+ ∇·ρu = 0 (1)

∂
∂t
(ρu) + ∇·(ρuu + τ) = −∇p + ρg (2)

ρCP

(
∂T
∂t

+ u·∇T
)
= ∇·(k∇T) + η

.
γ

2 (3)

where ρ is density; u is velocity vector; t is time; τ is total stress tensor; u is acceleration vector of
gravity; p is pressure; η is viscosity; Cp is specific heat; T is temperature; k is thermal conductivity;

.
γ is

shear rate. For the polymer melt, the stress tensor can be expressed as:

τ = −η
(
∇u + ∇uT

)
(4)

The modified-Cross model with Arrhenius temperature dependence is employed to describe the
viscosity of polymer melt:

η
(
T,

.
γ
)
=

ηo(T)

1 +
(
ηo

.
γ/τ∗

)1−n (5)

with
ηo(T) = BExp

(Tb

T

)
(6)

where n is the power law index, ηo is the zero shear viscosity, τ∗ is the parameter that describes the
transition region between zero shear rate, and the power law region of the viscosity curve.

A volume fraction function, f i, is introduced to specify the evolution of the polymer/air front
(i = 1) and skin/core front (i = 2) interfaces. Here, f i = 0 is defined as the no-filled region, f = 1 as the
fully-filled region, and finally the interfacial front is located within cells of an f value between 0 and 1.
The advancement of f over time is governed by the following transport equation:

∂ fi
∂t

+ ∇·(u fi) = 0 (7)
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During the polymer melt filling phase, the velocity and temperature are specified at the mold
inlet. While the core material is injected, the flow rate setting is specified at the mold inlet. On the
mold wall, the non-slip boundary condition is applied, and fixed mold wall temperature is assumed.

2.2. Model for Fiber Orientation Distribution

The fiber orientation is described as follows. A single fiber is regarded as an axisymmetric bond
with rigidness. The bond’s orientation unit vector p along its axis direction can described as the fiber
orientation. Orientation state of a group of fibers is given by second moment tensor,

A =

∮
ψ(p)pp dp (8)

where ψ(p) is the probability density distribution function over orientation space; p is the definition of
the orientation vector, as shown in Figure 1. Tensor A4 is a fourth order orientation tensor, defined as:

A4 =

∮
ψ(p)pppp dp (9)

where this tensor is also symmetric. The acceptable calculation is obtained through the eigenvalue-based
optimal fitting approximation of the orthotropic closure family. To handle this complicated tensor
system, Tseng et al. [25,26] developed a new fiber orientation model to couple with Jeffery’s
hydrodynamic (HD) model, namely, the iARD-RPR model (known as Improved Anisotropic Rotary
Diffusion model combined with Retarding Principal Rate model),

.
A =

.
AHD +

.
AiARD(CI, CM) +

.
ARPR(α) (10)

where
.

A represents the material derivative of A. Parameters CI and CM describe the fiber–fiber
interaction and fiber–matrix interaction, while parameter α can slow down a response of fiber
orientation. Details of the RPR model and the iARD model are available elsewhere [21,22].

.
AHD = (W·A − A·W) + ξ(D·A + A·D − 2A4 : D) (11)

where W and D are the vorticity tensor and rate-of-deformation tensor, respectively. ξ is a shape factor
of a particle.

Figure 1. Definition of the orientation vector p.

3. Geometrical Model and Related Information

3.1. Simulation Model and Related Information

The geometry model and dimensions of the runner and cavity are shown as in Figure 2. Specifically,
it is based on ASTM D638 Type V standard specimen with dimension of 63.5 mm × 9.53 mm × 5.3 mm
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(see Figure 2a). The moldbase and cooling channel layout is exhibited in Figure 2b. The meshed model
is shown in Figure 2c. The associated mesh type and element count are listed in Table 1. In addition,
the numerical convergence testing regarding the mesh resolution is shown in Figure 3. Clearly, when
it is kept with 20-layer or higher in thickness direction, the sprue pressure history curve is almost
unchanged. Hence, in this study, the major mesh type is hexahedron. The selected mesh model is Mesh
4 which has 20-layer in thickness direction and 252,720 total element counts. Moreover, the process
conditions for the co-injection process and the counterpart single-shot injection are listed in Tables 2
and 3. Briefly, the filling time is 0.3 s; melt temperature is 230 ◦C; mold temperature 35 ◦C; skin-to-core
switch over is at 60% by volume. The material used is PP Globalene SF7351 which has 30% short fiber
content. Moreover, in order to conduct the interface (between skin and core) penetration behavior and
also study the fiber orientation variation dynamically, some measuring nodes have been specified,
as shown in Figure 4. Specifically, there are three measuring nodes named A, B, and C. During the
co-injection process, when the interface between skin and core arrives at point A, it is specified as time
t1 (see Figure 4b). Similarly, when the interface arrives at point B, and then point C, it is specified as t2
and t3, respectively, as displayed in Figure 4c,d.

 

(a) 

 

(b) 

Figure 2. Cont.
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(c) 

Figure 2. (a) Geometry model and dimensions, (b) moldbase and cooling channel layout, (c) the
meshed model.

 

Figure 3. The numerical convergence testing for mesh type and resolution.

Figure 4. The locations of measuring modes: (a) Locations of three measuring nodes, (b) t1: The core
interface arrives at point A, (c) t2: The core interface arrives at point B, (d) t3: The core interface arrives
at point C.

Table 1. The mesh types and related information.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

mesh type (runner) tetrahedron
mesh type (cavity) hexahedron
layers in thickness 5 10 15 20 25

mesh size (mm) 0.2
cavity count 51,520 103,040 154,560 206,080 257,600
runner count 22,940 40,560 49,340 46,640 66,900

total element count 74,460 143,600 203,900 252,720 324,500
analysis time (h) 0.25 0.45 0.61 0.75 1
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Table 2. Process condition for co-injection.

Material Skin: PP Globalene SF7351; Core: PP Globalene SF7351

Filling time (s) 0.3
Packing time (s) —-
Flow rate (cm3/s) 10

Melt temperature (◦C) 230
Mold temperature (◦C) 35

Injection pressure (MPa) 175
Core switch over (by volume filled) (%) 60

Table 3. Process condition for single shot injection.

Material PP Globalene SF7351

Filling time (s) 0.3
Packing time (s) 3
Flow rate (cm3/s) 10

Melt temperature (◦C) 230
Mold temperature (◦C) 35

Injection pressure (MPa) 175

3.2. Experimental Model and Related Information

In order to realize what happens during the co-injection molding physically, the real co-injection
system and the mold were constructed, as shown in Figure 5. The machine model is TA-4.0ST-2ST-80T
made by Ta Ai Machinery Co. Ltd. from Taiwan (Figure 5a). The cavity with the same dimension as
that of the simulation is listed in Figure 5b. Moreover, to observe the real fiber orientation behavior,
micro-computerized tomography (μ-CT) technology was performed using Bruker Skyscan 2211 with
100 kV, 8.3 W, and a resolution of 7 μm, supported by MCL Multiscale X-ray CT laboratory, Industrial
Technology Research Institute, Taiwan. Moreover, to realize how the mechanical properties have been
affected due to the different processing, the tensile test was performed. The universal tensile testing
machine of LS1 high precision testing machine model supplied by Lloyd company was used as shown
in Figure 6. The testing procedures are based on [31]. The definition of the dimension parameter and
the specific amount are listed in Figure 7 and the Table 4. During each testing, at each time period,
the deformation and the associated force were recorded. Then, the deformation and associated force
were transferred into stress and strain, based on Equations (12) and (13), described below. The stress
and strain obtained in Equations (12) and (13) can be used to make the stress–strain curve. The tensile
stress (σ) is obtained by dividing the force (F) by the initial cross-section area of the narrow portion (A).

σ =
F
A

=
F

(W1 × H)
(12)

The elongation (ε) is obtained by dividing the deformation (ΔL) by the length of narrow portion
and stated as a percentage.

ε =
ΔL
L1
× 100% (13)

The tensile modulus (E) is calculated from the secant between 0.05% and 0.25% strain of the
averaged stress–strain curve.

E =
σ0.25% − σ0.05%

ε0.25% − ε0.05%
(14)
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(a) (b) 

Figure 5. (a) Co-injection molding system, (b) the cavity.

 

(a) (b) 

Figure 6. (a) The universal tensile testing machine, (b) the sample holder.

Figure 7. The parameter definition for the tensile test.

Table 4. Specimen Specification.

Symbol Definition mm

L1 Length of narrow portion
L2 Distance between broad parallel portions
L3 Initial clamping length
L4 Overall length
W1 Width of narrow portion
W2 Width at ends
H Thickness
R Radius
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4. Results and Discussion

4.1. Skin/Core Ratio Effect

Figure 8 shows the numerical simulation of the movement of the core interface (between skin
and core) at various skin/core ratio settings. When the ratio is from 90:10 to 60:40, the higher the
ratio, the longer core penetration could be obtained. However, when the ratio is 50:50, the skin
break-through phenomenon happened close to the end of the cavity. Furthermore, when the skin/core
ratio is increased from 50:50 to 10:90, the skin break-through area was extended. Alongside this, the
final core penetration location was be moved from the end of the cavity to the beginning of the cavity, as
far as to the runner. This clearly shows how the break-through location is very sensitive to the skin/core
ratio in co-injection molding. In addition, in some applications (for example, in plastic recycling), it is
expected to that there is more core material covering the inside of the co-injection product to prevent
break-through happening. However, to avoid the break-through phenomena happen, a skin/core ratio
of 60:40 will be a good choice for our future studies.

Figure 8. Core penetration behavior at various skin/core ratios, from 90:10 to 10:90.

4.2. Fiber Orientation Distribution (FOD) Prediction

Moreover, to study the fiber effect in FRP products, the fiber orientation distribution (FOD) inside
the cavity during single-shot molding has been investigated. For comparison purposes, as the core
interface touched point A (time t1), we selected the same melt front time for both single-shot and
co-injection systems, as shown in Figure 9a. Meanwhile, Figure 9b presents the fiber orientation tensor
components A11, A22, and A33 for the single-shot molded specimen. Specifically, from the top surface
through the frozen layer to the core layer at the central line of the specimen, the fiber orientation tensor
at flow direction (A11) will be slightly increased from 0.75 to 0.85, and then decreased to 0.25. At the
same time, the fiber orientation tensor in the cross-flow direction (A22) will be slightly decreased from
0.20 to 0.15, and then increased to 0.5. Furthermore, Figure 9c shows the fiber orientation tensor (A11)
at point A through different time periods (from t1 to t3). In Figure 9c, the fiber orientation tensor (A11)
is almost the same from t1 to t3 in the single-shot system. It can be inferred that the fiber orientation is
strongly affected by the frozen layer and the adjacent shear layer during the conventional injection
molding. As long as the frozen layer forms, it influences the shear layer to build a strong A11 fiber
orientation tensor. Meanwhile, since the FOD calculation in co-injection system is not developed
successfully yet, that FOD of the co-injection system will be discovered by using μ-CT plus image
analysis technology. The details will be addressed in a later section.
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(a) 

 

(b) 

 

(c) 

Figure 9. Fiber orientation features of the single-shot: (a) The time period as the flow front is the same
for both single and co-injection, (b) the FOD for a single shot at point A at time t1, (c) the flow direction
orientation tensor A11 at point A with different time period.

4.3. Experimental Investigation and Validation

4.3.1. Short Shot Validation

Figure 10 presents the short shot testing at the skin/core ratio of 60:40 for both the simulation
and the experiment. Based on the careful evaluation from 46% to 100% of filling, it is clear that the
flow front and interface penetration for the simulation prediction is quite closely matched with the
experimental observation.

4.3.2. Break-Through Study and Validation

Moreover, Figure 11 shows the experimental validation of the skin/core ratio effect, specifically
for the evaluation of the break-through locations. Basically, from a skin/core ratio of 90:10 to 60:40,
no break-through phenomena happened. However, when the skin/core ratio is from 50:50 to 10:90;
the more core material injected, the larger the penetration area that is observed. Figure 11b shows the
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break-through behavior for the skin/core ratio of 40:60. The results show that both simulation and
experiment are in close agreement. In addition, the final core penetration location will be moved from
the end of the cavity to the beginning of the cavity, even to the runner, when the core material ratio
is increased. Overall, this is to say that the observation is matched with the simulation prediction
very well.

 

Figure 10. Short shot testing for simulation prediction and experimental study (at skin/core ratio= 40:60).

(a) 

 

(b) 

Figure 11. Experimental validation for skin/core ratio effect: (a) For various combination from 90:10 to
10:90, (b) the observation of the break-through location at skin/core ratio = 40:60.
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4.3.3. Fiber Morphology Observation

In order to understand the fiber morphologies and their difference between the single-shot and
co-injection systems, the μ-CT scanned images (sliced plane) at different thickness locations have
been selected. Figure 12 defines the locations of the selected planes to observe the fiber morphology.
Three thickness locations from the top surface have been selected, that is, thickness th = 0.5 mm,
1.0 mm, and 1.75 mm, respectively. Moreover, the fiber morphology inside the co-injected parts can
be observed, as shown in Figure 13. Specifically, Figure 13(a1) presents the numerical prediction of
the skin/core interface. Since there is no core material observed at th = 0.5 mm, there is no skin/core
interface. Figure 13(b1) shows the fiber morphology at thickness th = 0.5 mm experimentally. At this
plane, no core material existed. This shows that the fibers are strongly aligned in flow direction near
the frozen-layer and shear-layer, but also presents the cross-flow direction in the center core region.
Furthermore, when it is moved to thickness th = 1.0 mm, as shown in Figure 13(a2,b2), the skin/core
structure appears. In order to trace the skin/core interface and detect the differences across the interface
boundary in co-injection molded parts, we have applied numerical simulation (in Figure 13(a2)) to
specify the interface first. Then, the marked boundary line can be inserted into the sliced plane of the
real scanned image as in Figure 13(b2). When we focused on the areas across the interface boundary
from the outer material (skin) to the inner material (core), there was no significant difference across
the interface boundary. Similarly, we even moved to the central thickness portion (th = 1.75 mm), as
shown in Figure 13(a3,b3). There was no significant difference across the interface boundary from the
skin to core materials. Hence, when an FRP co-injection is performed using two of the same materials,
the skin/core interface is not significant.

 

Figure 12. The locations for making the sliced plane to observe the fiber morphology; where th is the
distance from the top surface.
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(a1) (b1) 

 

(a2) (b2) 

 

(a3) (b3) 

Figure 13. Observation of the fiber morphology based on the sliced plane for co-injected parts at near
gate region (NGR) with different thickness locations: (a1) Simulation at th = 0.5 mm, (b1) sliced image
at th = 0.5 mm, (a2) simulation at th = 1.0 mm, (b2) sliced image at th = 1.0 mm, (a3) simulation at
th = 1.75 mm (central portion), (b3) sliced image at th = 1.75 mm.

Moreover, it is worth discovering what the difference was in fiber morphology between the
single-shot and co-injection FRPs parts. Figure 14 shows the observation on the fiber morphology
for the single-shot and co-injected parts at different thickness locations. Specifically, one region with
(7 mm × 3 mm) has been selected for comparison. In Figure 14(a1,b1), from frozen-layer to central
core-layer, no core material existed at th = 0.5 mm. In this region, the strongly aligned fiber area
of the single-shot is larger than that of the co-injection system. Similarly, when we focused on the
fiber morphology at th = 1.0 mm, as shown in Figure 14(a2,b2), the fibers presented similar behavior,
as shown in Figure 14(a1,b1). Finally, the similar trend can be observed in Figure 14(a3,b3). Hence,
when it generates one boundary interface via skin/core sequential co-injection molding using two of
the same FRPs, the flow field drives the fibers to orientate less in the flow direction. Even the change is
small, and this behavior will further affect the mechanical property of the final parts.
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(a1) (b1) 

 

(a2) (b2) 

 

(a3) (b3) 

Figure 14. Observation of the fiber morphology based on the sliced plane for the single-shot and
co-injected parts at point A with different thickness locations: (a1) Single-shot at th = 0.5 mm,
(b1) co-injected at th = 0.5 mm, (a2) single-shot at th = 1.0 mm, (b2) co-injected at th = 1.0 mm,
(a3) single-shot at th = 1.75 mm (central portion), (b3) co-injected at th = 1.75 mm.

4.3.4. Fiber Orientation Distribution (FOD) Estimation and Validation

Furthermore, it is worth connecting fiber reinforced features to the product quality. The fiber
microstructures can be characterized partially based on fiber orientation distribution (FOD). Figure 15a
shows the simulation prediction of the FOD at end of filling (t = t3). From the top surface through
the frozen layer to the core layer, at central line of the specimen, the fiber orientation tensor at flow
direction (A11) will be increased slightly from 0.75 to 0.85, and then decreased to 0.25. At the same
time, the fiber orientation tensor at cross direction (A22) will be decreased slightly from 0.20 to 0.15,
and then increased to 0.5. This result is consistent with that observed in Figure 14(a1,a3). Meanwhile,
the real specimens are scanned by μ-CT to get the detailed inner microstructure images. Then, those
images are further analyzed using AVIZO software to rebuild the structures. Figure 15b presents the
FOD of the real measurement, from top surface through frozen layer to core layer at central line of
the specimen. The fiber orientation tensor at flow direction (A11) is increased slightly from 0.7 to 0.78,
and then decreased to 0.2. At the same time, the fiber orientation tensor at cross direction (A22) will
slightly be decreased from 0.30 to 0.2, and then increased to 0.7. Moreover, there is a little difference
between the numerical prediction and experimental study from normalized thickness 0 to 0.2 region.
This could be due to the shrinkage of the co-injection parts which will further affect the direction of the
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FOD along the frozen layer. Overall, the FOD via the real measurement is in a reasonable agreement
with that of simulation prediction.

 

(a) 

 

(b) 

Figure 15. The comparison of the fiber orientation distribution (FOD) estimation: (a) Simulation at
point A, (b) experiment around point A (NGR).

Moreover, the detailed FOD behavior at flow direction (A11) and cross-flow direction (A22) for
both single-shot and co-injection were investigated. Figure 16a shows that the flow direction FOD
tensor (A11) of the co-injection is lower than that of the single-shot at the central portion. Furthermore,
the overall fiber orientation capability can be described by the integration of the area under the FOD
curve. For example, the area below the curve of the co-injection to that of the single-shot is (0.47/0.53
= 0.89). That is to say, the flow direction FOD tensor (A11) of the co-injection is about 89% of that of
the single-shot. On the other hand, in Figure 16b, the cross-flow direction FOD tensor (A22) of the
co-injection is higher than that of the single-shot at the central portion. Specifically, the area below
the curve of the co-injection molding to that of the single-shot is (0.44/0.38 = 1.16). The cross-flow
direction FOD tensor (A22) of the co-injection is about 116% of that of the single-shot. From the above
results the fiber orientation features of the co-injection molding can be quantified as “the flow direction
A11 is decreased by 11%, and cross-flow direction A22 is increased by 16%.” It is inferred that the
FOD variation of the co-injection system is due to the presence of the skin layer which can reduce the
influence of the solid boundary for changing the fiber alignment.
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(a) (b) 

Figure 16. The comparison of the fiber orientation distribution (FOD) tensor component at NGR:
(a) flow direction tensor A11, (b) cross-flow direction tensor A22.

4.3.5. Tensile Property Measurement

Moreover, to understand the difference of the fiber reinforced performance between two processes,
the mechanical properties based on standard tensile test can be applied. As mentioned earlier,
the tensile testing was performed following the standard procedures described in Ref. [31]. Specifically,
the specimen is installed into the machine holder (see Figure 6b) under a constant strain at 20 mm/min
without pre-tensioning. For each system (single-shot or co-injection), five specimens have been used
for the same testing. After finished five tests for each type, the average stress–strain behavior is
presented in Figure 16. In Figure 17a, the stress–strain behavior of the single-shot injected part is
a little higher than that of co-injection part. Moreover, the associated tensile properties including
elongation at break, tensile strength, and tensile modulus are further discussed. Figure 17b shows that
the single-shot sample has a larger elongation at break feature than that of the co-injection system,
but it is not significant. Furthermore, the detailed tensile stresses and modulus are recorded in
Figure 17c and Table 5. Obviously, the average tensile strength of the single-shot is a little higher
than that of the co-injection molding by 1.6% (i.e., (86.07 − 84.69)/86.07 × 100% = 1.6%). As per our
previous observation and conduction, overall, the fiber orientation tensor at flow direction (A11) of
the single-shot is higher than that of the co-injection. Hence, the lower tensile strength and stress
modulus of co-injection are consistent with that observation of fiber orientation variation due to
the sequential co-injection process. However, the reduction of the tensile properties by co-injection
molding is not significant. Hence, using co-injection molding to execute FRP recycling is feasible
theoretically. Moreover, some connection between the fiber orientation and the mechanical properties
of the final co-injection parts can be obtained.
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(a) 

 

(b) 

 

(c) 

Figure 17. Tensile property measurement for single-shot and co-injection specimens: (a) The average
tensile stress-strain behavior, (b) the average elongation at break, (c) the average tensile strength.

Table 5. The comparison of the tensile properties.

Item Single-Shot Co-Injection

Tensile Strength (N/mm2) 86.07 84.69
Tensile Modulus (N/mm2) 75.93 39.08

Elongation at Break (%) 25.77% 25.73%

5. Conclusions

In this study, we have applied both CAE simulation and an experimental study to investigate
the fiber orientation distributions and their influence on the tensile properties for single-shot and
co-injection molding. Specifically, we have obtained some connection between the fiber orientation
and the mechanical properties of the final co-injection parts. Some key findings are as follows:
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1. The skin/core ratio of 60:40 can provide suitable core-layer penetration without break-through,
numerically and experimentally.

2. To discover and verify the influence of the fiber orientation features, the fiber orientation
distributions (FOD) of both co-injection and single-shot systems have been observed using μ-CT
technology to scan the internal structures, and then software used to perform image analyses
for those scanned images. Specifically, the fiber orientation tensor at flow direction (A11) of the
co-injection is about 89% of that of the single-shot in the testing conditions. The lower the A11,
the lower the tensile property that is expected.

3. The difference of the fiber orientation tensor at flow direction (A11) between the co-injection and
the single-shot systems is further verified based on the fiber morphology of the μ-CT scanned
image. The observed result is consistent with that of the FOD estimation using the μ-CT scan
plus image analysis.

4. To validate the FOD effect on the mechanical properties due to the co-injection, tensile testing
was performed. The tensile strength and tensile modulus of the co-injection part is a little weaker
than that of the single-shot system. The reason inferred is that the overall fiber orientation tensor
at flow direction (A11) of the co-injection system is lower than that of the single-shot system.
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Abstract: In this study, four types of waste bamboo fibers (BFs), Makino bamboo (Phyllostachys
makinoi), Moso bamboo (Phyllostachys pubescens), Ma bamboo (Dendrocalamus latiflorus), and Thorny
bamboo (Bambusa stenostachya), were used as reinforcements and incorporated into polypropylene
(PP) to manufacture bamboo–PP composites (BPCs). To investigate the effects of the fibers from these
bamboo species on the properties of the BPCs, their chemical compositions were evaluated, and their
thermal decomposition kinetics were analyzed by the Flynn–Wall–Ozawa (FWO) method and the
Criado method. Thermogravimetric results indicated that the Makino BF was the most thermally
stable since it showed the highest activation energy at various conversion rates that were calculated by
the FWO method. Furthermore, using the Criado method, the thermal decomposition mechanisms of
the BFs were revealed by diffusion when the conversion rates (α) were below 0.5. When the α values
were above 0.5, their decomposition mechanisms trended to the random nucleation mechanism.
Additionally, the results showed that the BPC with Thorny BFs exhibited the highest moisture content
and water absorption rate due to this BF having high hemicellulose content, while the BPC with
Makino BFs had high crystallinity and high lignin content, which gave the resulting BPC better
tensile properties.

Keywords: bamboo-plastic composites (BPCs); waste bamboo fibers; chemical composition;
physico-mechanical properties; thermal decomposition kinetics

1. Introduction

Owing to the depletion of fossil fuels and the growth of environmental awareness, the effective
utilization of forestry waste residues is a notable issue. In Taiwan, the waste residues that are produced
from bamboo or woody processing are buried, incinerated, or burned in boilers [1]. According to
the literature [2], this waste can be recycled and reused to contribute more economic and social
benefits. Bamboo is a renewable material and grows quickly compared to other plants. Additionally,
bamboo possesses approximately 60% cellulose with high lignin content and a longitudinal alignment
of fibers, which includes a relatively small microfibrillar angle [3–5], resulting in highly specific
mechanical properties. In Taiwan, Makino bamboo (Phyllostachys makinoi), Moso bamboo (Phyllostachys
pubescens), Ma bamboo (Dendrocalamus latiflorus), and Thorny bamboo (Bambusa stenostachya) are
common economical and popular bamboo species. Among these bamboo species, Moso bamboo
is the most globally harvested bamboo. Therefore, several studies have investigated the chemical,
anatomical, physical, and mechanical properties of Moso bamboo [4–7]. In Taiwan, production from
Makino bamboo has accounted for more than 80% of gross bamboo production in the past decade [8].
Chung and Wang [6] reported that the flexural properties of Makino bamboo were greater than those
of Moso bamboo since the chemical composition of Makino bamboo has higher holocellulose and
α-cellulose contents. To effectively utilize waste bamboo residues, polymer composites composed
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of natural fibers are of significant interest and have been identified as emerging trends in composite
science. Furthermore, the addition of natural fibers leads the composite to being an eco-friendly
material and reduces the cost of the final composite products due to the numerous advantages of the
natural fiber, including low density, high toughness, good specific strength properties, biodegradability,
and renewability [9–13]. These composites are widely applied in residential markets and construction
industries as window framing, decking, and fencing. Among several natural fibers, bamboo fiber
(BF) reinforcement has significant potential for improving the properties of polymer composites
due to its excellent characteristics [14–17]. Previous studies [18–20] indicated that the chemical
composition and morphology of the fiber, fiber-matrix stress transfer efficiency, and microstructure
and void content of the composite are factors that significantly affect the physical and mechanical
properties of wood-plastic composites (WPCs). Similarly, the chemical components, including cellulose,
hemicellulose, lignin, and extractives, of different bamboo fibers could result in distinct differences in
the performance of bamboo–polypropylene composites (BPCs). Moreover, thermal degradation of
natural fibers occurs during the manufacturing process of a composite [21,22]. Hence, the thermal
decomposition mechanisms from kinetic analyses are crucial for providing information on the thermal
degradation processes of fibers. Furthermore, the kinetic modeling of decomposition could help the
design of composite processes and is useful for further understanding the thermal stability of the
composite. The thermal decomposition kinetics can be evaluated by the isoconversional method, which
includes model-free kinetics for determining the activation parameters [23,24]. Some studies have
indicated that the thermal decomposition kinetics are influenced by the properties of the fibers such as
chemical composition, moisture content, density, and crystallinity [25–27]. Criado et al. [28] proposed
several kinetic equations to explain the thermal decomposition mechanisms of solid-state reactions,
such as diffusion, nucleation and growth, random nucleation, and phase boundary control. To the
best of our knowledge, there is little information available on the properties of BPCs with various
waste BFs obtained from these four bamboo species in Taiwan. Accordingly, the aim of the present
study was to focus on the effects of the chemical composition and thermal decomposition behavior of
different BFs on the physical and mechanical properties of BPCs. Additionally, the thermal stability
and kinetic mechanism of the BF were determined using thermogravimetric (TG) analysis by the
isoconversional method.

2. Materials and Methods

2.1. Materials

Waste bamboo shavings from various 3-year-old Makino bamboo (Phyllostachys makinoi), Moso
bamboo (Phyllostachys pubescens), Ma bamboo (Dendrocalamus latiflorus), and Thorny bamboo (Bambusa
stenostachya) culms were provided by a local bamboo-processing factory (Nantou County, Taiwan).
The BFs were prepared by hammer-milling and sieving between 6 and 16 mesh (φ1.00–3.35 mm).
The polypropylene (PP) used in this study was purchased from Yung Chia Chemical Industries Co.,
Ltd. (Taipei, Taiwan). The density, melting temperature, and melt flow index of the PP were 915 kg/m3,
145 ◦C, and 4–8 g/10 min, respectively. The PP pellets were ground in an attrition mill to reduce their
size to between 20 and 80 mesh (φ180–850 μm). The solvents (methanol and toluene) and chemicals
(glacial acetic acid, sodium chlorite, and sulfuric acid) were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA).

2.2. Manufacturing Process of the Bamboo–Polypropylene Composites (BPCs)

The weight ratio of oven-dried BF (moisture content < 3%) to PP was 50/50 for manufacturing the
BPCs through the flat-platen pressing process, designated BPCMakino, BPCMoso, BPCMa, and BPCThorny.
All the BPCs were produced in a two-step pressing process as follows: (1) hot pressing (2.9 MPa)
at 180 ◦C for 3 min and (2) finishing by cold pressing until the temperature decreased to 50 ◦C.
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The expected density of the BPCs was 0.8 g/cm3. The expected dimensions of the BPCs were 300 mm ×
200 mm with a thickness of 3 mm.

2.3. Chemical Composition Analysis

According to ASTM D1107-96, ASTM D1104-56, and ASTM D1106-96, the contents of extractives,
holocellulose, and Klason lignin were determined for the various BFs. The chemical composition
contents were expressed as a percentage of the initial oven-dried weight.

2.4. X-ray Diffraction (XRD)

X-ray diffractograms (XRD) were collected with an MAC science MXP18 instrument (Tokyo,
Japan) using Ni-filtered CuKα1 radiation (λ = 0.1542 nm) at 40 kV and 30 mA. The intensities of the
XRD patterns were recorded in the 2θ range of 4–40◦ with a scan rate of 2◦/min. The crystallinity index
(CrI) of the BF was calculated according to the following equation [29]:

CrI (%) = 100 × (I200 − Iam)/I200 (1)

where Iam is the intensity of diffraction of the amorphous material at 2θ = 18.3◦, and I200 is the intensity
of the 200 lattice reflection of the cellulose crystallographic form at 2θ = 22◦.

2.5. Thermal Decomposition Kinetics Analysis

A Perkin Elmer Pyris 1 instrument (Shelton, CT, USA) was used to investigate the thermal
properties of various BFs. A total of 3 mg of BF was heated in a nitrogen atmosphere (20 mL/min) from
50 to 600 ◦C at various constant heating rates of 5, 10, 20, 30, and 40 ◦C/min. The data obtained from
the TG curves were used to calculate the kinetic parameters. The conversion rate (α) can be defined as:

α =
m0 −mt

m0 −m f
(2)

where m0 is the initial weight of the sample, mf is the final residual weight, and mt is the weight of the
pyrolyzed sample at time t. The fundamental equation for a dynamic TG analysis in a nonisothermal
experiment can be generally written as follows:

dα
dT

=
A
β

exp
(
− Ea

RT

)
f (α) (3)

where T is the absolute temperature (K), A is the pre-exponential factor (min−1), β is the heating rate (=
dT/dt), Ea is the activation energy (kJ/mol), R is the gas content (8.314 J/ K/mol), and f (α) is the reaction
model. Additionally, the integrated form of Equation (3) with a constant heating rate can be expressed
in Equation (4):

g(α) =
∫ α

0

dα
f (α)

=

∫ T

0

A
β

exp
(
− Ea

RT

)
dT =

Ea

βR
exp(−x)

x
π(x) (4)

where x = Ea/RT and π(x) is the rational approximation of Senum and Yang [30]. According to
Equation (4), the isoconversional Flynn–Wall–Ozawa (FWO) method can be transformed to estimate
the activation energy (Ea) value for the thermal decomposition process of the BF. This method is
represented by the following equation [31,32]:

log β = log
(

AEa

g(α)R

)
− 2.315− 0.4567

Ea

RT
(5)

For various heating rates (β) and a given conversion rate (α), a linear relationship is observed
by plotting log β versus 1/T, and the Ea value is calculated from the slope of the straight line [31–35].
The reaction mechanism of the decomposition process is determined by the Criado method [28,36],
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which assumes that the Zm(α) master curves are a convolution of the functions f (α) and g(α)
corresponding to the different models listed in Table 1 [37,38]:

Zm(α) = f (α)g(α) (6)

Table 1. Algebraic expressions of the kinetic models for f (α) and g(α) for kinetic mechanisms of
solid-state processes [28,36].

Kinetic
Mechanism

Kinetic
Model

Algebraic Expression

f (α) g(α)

Nucleation and growth
Avrami equation A2 2(1 − α)[ − ln(1 − α)]1/2 [ − ln(1 − α)]1/2

Avrami equation A3 3(1 − α)[ − ln(1 − α)]2/3 [ − ln(1 − α)]1/3

Avrami equation A4 4(1 − α)[ − ln(1 − α)]3/4 [ − ln(1 − α)]1/4

Geometrical: Phase
boundary-controlled reaction

Linear contraction R1 1 α
Contracting area R2 2(1 − α)1/2 1 − (1 − α)1/2

Contracting volume R3 3(1 − α)2/3 1 − (1 − α)1/3

Diffusion
One-dimensional D1 (1/2)α α2

Two-dimensional (Valensi equation) D2 [ − ln(1 − α)]−1 (1 − α)ln(1 − α)+α
Three-dimensional (Jander equation) D3 (3/2)(1 − α)2/3 [1 − (1 − α)1/3]−1 [1 − (1 − α)1/3]2

Three-dimensional
(Ginstling-Brounshtein equation) D4 (3/2)[(1 − α) − 1/3 − 1]−1 [1 − (2/3)α] − (1 − α)2/3

Reaction-order: Random nucleation
on the individual particle

1st order (One nucleus) F1 (1 − α) − ln(1 − α)
2nd order (Two nuclei) F2 (1 − α)2 [(1 − α)−1] − 1
3rd order (Three nuclei) F3 (1 − α)3 (1/2)[(1 − α)−2] − 1

On the other hand, the experimental Ze(α(T)) function can be obtained from Equation (6) by
combining Equations (3) and (4):

Ze(α(T)) =
[dα
dT

exp
( Ea

RT

)][Ea

R
exp(−x)

x
π(x)

]
(7)

In this study, the fourth degree rational expression of Senum and Yang [30] was used, in which
the percentage deviation is less than 10−5% when x > 20. This π(x) is expressed as follows:

π(x) =
x3 + 18x2 + 86x + 96

x4 + 20x3 + 120x2 + 240x + 120
(8)

2.6. Determination of BPC Properties

The density, moisture content (MS), and water absorption rate (WAR) were determined according
to ASTM D2395-17 and ASTM D1037-12. The ASTM D 638-14 and ASTM D 790-17 methods were
implemented using a universal testing machine (Shimadzu AG-10kNX, Tokyo, Japan) to determine the
tensile properties and flexural properties of the BPCs, respectively. The tensile properties, including the
tensile strength (TS) and tensile modulus (TM), were assessed with type I dumbbell-shaped samples
at a loading speed of 5 mm/min and a gage length of 57 mm. The modulus of rupture (MOR) and
modulus of elasticity (MOE) were obtained using a three-point static flexural test with dimensions of
80 mm × 10 mm × 3 mm at a loading speed of 1.28 mm/min and a span of 48 mm. All the samples
were conditioned at 20 ◦C and 65% relative humidity (RH) for two weeks prior to testing.
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2.7. Analysis of Variance

All of the results are expressed in terms of the mean± the standard deviation (SD). The significance
of the differences was calculated using Scheffe’s test; p < 0.05 was considered to be significant.

3. Results and Discussion

3.1. Chemical Composition and Thermal Stability of Various BFs

The chemical compositions of various BFs are listed in Table 2. The extractive contents of the
Makino, Moso, Ma, and Thorny BFs were 2.9, 3.8, 8.5, and 6.9%, respectively, which yields an order of
Makino <Moso < Thorny <Ma. It is noted that their holocellulose contents were in the order of Makino
>Ma >Moso > Thorny (the values were 62.5, 58.0, 57.1, and 56.0%, respectively). This result indicated
that the Makino BF had the highest holoceullose content among all of the samples. Additionally,
it is worth noting that the Moso BF revealed the lowest lignin content (24.5%), while there were no
signifcant differences among the lignin contents of Makino, Ma, and Thorny BFs, which were in the
range of 28.1% to 30.7%. As shown in Figure 1, the crystallinity indexes (CrIs) of various BFs were
calculated by the XRD patterns. The major peaks of cellulose crystal diffraction were observed for all
the samples at approximately 15.9◦ (101/101 lattice planes) and 22◦ (200 lattice plane), whereas the
diffraction value at 18.3◦ represented the amorphous region [8]. According to Equation (1) described
above, the CrI values were 53.2%, 41.8%, 40.9%, and 35.0% for Makino, Moso, Ma, and Thorny BFs,
respectively. A parameter termed the CrI has been used to describe the relative amount of crystalline
material in cellulose. Therefore, this result illustrated that the Makino BF had the highest ordered
cellulose content among all the samples, while the lowest amount of ordered cellulose appeared for
the Thorny BF.

Table 2. Chemical compositions of various bamboo fibers (BFs).

Bamboo Species
Chemical Composition

Holocellulose (%) Lignin (%) Extractives (%)

Makino 62.5 ± 0.8 a 30.7 ± 1.0 a 2.9 ± 0.5 d

Moso 57.1 ± 0.6 b,c 24.5 ± 1.2 b 3.8 ± 0.4 c

Ma 58.0 ± 0.7 b 30.3 ± 0.5 a 8.5 ± 0.5 a

Thorny 56.0 ± 0.6 c 28.1 ± 0.9 a 6.9 ± 0.3 b

Values are the mean ± SD (n = 3). Different letters (a, b, c, and d) indicate significant differences (p < 0.05).

Figure 1. X-ray diffraction (XRD) patterns and crystallinity indexes (CrIs) of various BFs.
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In this study, TG analysis was used at various thermal decomposition temperatures to interpret the
preliminary evaluation of the thermal stabilities of the BFs and their BPCs during composite processing.
Figure 2 shows the residual weight (RW) and differential RW curves of the different BFs from the
results of the TG analysis. Órfão et al. [26] and Yang et al. [39] revealed that the thermal decomposition
of wood is separated into three stages in the differential RW curve. The first stage corresponds to water
evaporation, with a temperature range of 60–120 ◦C. The second stage simultaneously includes the total
decomposition of hemicellulose and cellulose and the partial decomposition of lignin, at temperatures
from 210–370 ◦C. During the third stage in the range of 370–480 ◦C, the remaining lignin decomposition
and the combustion of the residues occur. As shown in detail in Figure 2a, the RW curves showed
that various BFs started to exhibit significant weight loss at approximately 140–180 ◦C. Additionally,
the temperatures at which the sample lost 3% (T3%) of its weight were 226, 219, 196, and 204 ◦C for the
Makino, Moso, Ma, and Thorny BFs, respectively. The results demonstrated that the Ma BF exhibited
the lowest T3% value among all the samples. This result is related to the Ma BF having the highest
extractive content, as shown in Table 2. It is well-known that extractive decomposition occurs at lower
temperatures since extractives are compounds with lower molecular weights than the other chemical
components. Previous studies [40–42] indicated that extractives could promote the ignitability of wood
at lower temperatures and accelerate wood degradation due to their higher volatility. Furthermore,
the Makino BF had the highest T3% value (226 ◦C) and thus had higher thermal stability relative to
the other BFs. This result is associated with the Makino BF having the lowest content of extractives.
Figure 2b presents the differential RW curves of various BFs. These curves displayed a slight shoulder
in the range of 250–300 ◦C, and remarkable peaks were observed in the range of 310–340 ◦C. According
to the pyrolysis behaviors of the three main components (cellulose, hemicellulose, and lignin) in the
differential RW curves, hemicellulose and cellulose were decomposed in active pyrolysis in the ranges
of 220–315 ◦C and 315–400 ◦C, respectively [39]. The thermal decomposition of lignin occurs in active
and passive pyrolysis over a wide temperature range from 160–900 ◦C without characteristic peaks [39].
As shown in Figure 2b, the hemicellulose decomposition in the Thorny BFs occurred at relatively low
temperatures (215–285 ◦C), and the temperature of its characteristic peak (315 ◦C) was lower than those
of the other BFs. This behavior may be related to the higher content of hemicellulose in Thorny BFs
relative to those in the other BFs. Hence, this result indicates that a higher content of hemicellulose causes
cellulose decomposition at a lower temperature and accelerates the thermal degradation of a BF. John and
Thomas [43] explained that hemicellulose comprises a random amorphous structure and is more easily
degraded than the other components at its thermal decomposition temperatures (220–315 ◦C).

3.2. Thermal Decomposition Kinetics of Various BFs

To further understand the thermal properties of different BFs, the activation energy (Ea) was
determined by the FWO method. Figure 3 shows the plots of the application of the FWO method for
conversion rates (α) from 10% to 70%. Highly linear fits are remarkably obtained from the plots of logβ
vs. 1/T for various BFs, as validated by the square of the correlation coefficient (R2), which was greater
than 0.99 (Table 3). Thus, this method is suitable for determining the Ea at different α for the thermal
decomposition processes of various BFs. At a given conversion rate, the Ea values were calculated from
the slope of the linear portion and the intercept of the curve according to Equation (5). According to a
previous study [35], the temperature used for composite processing does not exceed 10% conversion.
Therefore, the Ea value at 10% conversion was used to evaluate the thermal stability of the BFs in this
study. As shown in Table 3, when the conversion rate reached 10% (α = 10%), the temperature was
approximately 260 to 290 ◦C (at heating rates of 5–40 ◦C/min), which occurred with the decomposition
of hemicellulose and the amorphous area of cellulose and the partial decomposition of lignin. At this
conversion rate, the Ea value was approximately 188 kJ/mol for the Makino BF, whereas lower Ea

values (171–173 kJ/mol) were observed for the Moso BF and Ma BF. The higher Ea value for the Makino
BF is related to that this BF contained the lowest extractive content (2.9%). In addition, the lower
lignin content (24.5%) for Moso BF and the high quantities of extractives (8.5%) for Ma BF caused
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lower Ea values. Accordingly, this result indicated that the Moso BF and the Ma BF were the least
thermally stable, while the Makino BF was the most thermally stable. Moreover, these results revealed
that the lower lignin content or higher extractive content promoted the thermal decomposition of
BFs at relatively low temperatures, reducing the thermal stability of the BF. Furthermore, when α =
30–40%, the temperature reached approximately 300–350 ◦C, corresponding to the decomposition of
hemicellulose and cellulose. The Makino BF had an Ea value close to 200 kJ/mol at conversion rates
of 30–40%. However, the Ea values for the Moso, Ma, and Thorny BFs were nearly 200 kJ/mol up to
conversion rates of 60% to 70%. This result confirmed that the Makino BF had the highest thermal
stability among all the samples. This result is attributed to the higher CrI value of Makino BF, indicating
that the Makino BF contained a higher quantity of ordered cellulose.

Figure 2. Thermogravimetric (TG) curves of various BFs at a heating rate of 5 ◦C/min. (a) Residual
weight (RW) curves; (b) differential RW curves.

227



Polymers 2020, 12, 636

Figure 3. Typical isoconversional plots of various BFs using the Flynn–Wall–Ozawa (FWO) method.
(a) Makino, (b) Moso, (c) Ma, and (d) Thorny.

Table 3. Apparent activation energies of various BFs calculated by the FWO method.

Bamboo
Species

Items
Conversion Rate (α)

10% 20% 30% 40% 50% 60% 70%

Makino Ea (kJ/mol) 188 186 193 198 202 206 217
R2 0.9960 0.9992 0.9992 0.9995 0.9994 0.9999 0.9997

Moso Ea (kJ/mol) 171 172 180 188 196 201 214
R2 0.9979 0.9998 0.9990 0.9988 0.9988 0.9990 0.9986

Ma Ea (kJ/mol) 173 170 176 181 181 183 191
R2 0.9941 0.9966 0.9939 0.9969 0.9971 0.9969 0.9969

Thorny Ea (kJ/mol) 179 173 177 178 178 182 198
R2 0.9954 0.9948 0.9934 0.9927 0.9937 0.9928 0.9918

To analyze the thermal decomposition mechanisms of the BFs in depth, the Criado method was
used in this study. In this method, the reference theoretical curves, which are called the mater curves
(Zm(α)), were obtained from Equation (6). The Zm(α) curves are derivatives of algebraic expressions
(f (α) and g(α)) that represent four groups (An, Rn, Dn, and Fn) of theoretical mechanisms in Table 1.
The experimental data, Ze(α(T)), for various BFs were calculated by applying the Ea values obtained
from the FWO method (Equation (7)), and these values were determined using a heating rate of
5–40 ◦C/min. The experimental data and the master curves are compared, and thereby, the mechanism
type of the thermally degraded BF can be identified. Figure 4 presents the master curves of the kinetic
models and the experimental data for various BFs at conversion rates from 0.1 to 0.7. Comparison of
the similarity of these curves yields the kinetic mechanisms throughout the thermal decomposition
processes of the different BFs. Furthermore, the experimental data for all of the samples showed
the same tendency, regardless of the conversion rate (α) reached or the heating rate (β) used. At the
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beginning (0.1 ≤ α < 0.3), the plots of the experimental data matched the Dn (diffusion-controlled
mechanism) curves, which refer to one-, two-, and three-dimensional diffusion. For 0.3 ≤ α < 0.5,
the Ze(α(T)) curves reflected the trend of the D3 and D4 curves, which corresponds to diffusion in three
dimensions (Jander equation and Ginstling–Brounshtein equation). These results implied that the
diffusion mechanism becomes prominent for a lower conversion rate (α < 0.5). According to previous
studies [38,44–46], diffusion models are ascribed to the diffusion of gaseous products from thermally
degraded samples. Accordingly, the thermal decomposition rates of waste BFs depend on the heat
diffusion from the heating source and the diffusion of the formed gases throughout the sample at a
lower conversion rate. For higher conversion rates (0.5 ≤ α ≤ 0.7), there was a gradual change to the
F3 mechanism for the experimental data of all the BFs. This mechanism is associated with random
nucleation with three nuclei on an individual particle. For these conversion rates, the temperature was
higher than 350 ◦C. Accordingly, the higher temperatures accelerated the cellulose polymer chain into
shorter chains. These chains with lower molecular weights could act as sites for random nucleation
and growth for degradation reactions. Similar results were reported in the work of Poletto et al. [38]
and Singh et al. [46].

 
Figure 4. Master curves of kinetic models and experimental data obtained from the Criado method for
various BFs. (a) Makino, (b) Moso, (c) Ma, and (d) Thorny.

3.3. Characteristic Properties of the BPCs

The density, moisture content (MC), and water absorption rate (WAR) of the BPCs with various
BFs are listed in Table 4. Generally, the mechanical properties of materials can be directly influenced
by the density. None of the densities of the composites were significantly different (approximately
0.77–0.80 g/cm). In addition, the BPC with Thorny BFs exhibited the highest MC (3.25%) and WAR
(10.5%) values. This phenomenon may be affected by the high hemicellulose content in the Thorny
BF, which was determined by the TG analysis results. It is well known that hemicellulose is very
hydrophilic and has the highest capacity for water absorption, followed by cellulose and lignin [43].
Furthermore, the effects of the various BFs on the mechanical responses of the BPCs are presented in
Figure 5 and Table 5. BPCMakino showed the highest tensile strength (TS) and tensile modulus (TM)
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values at 11.7 MPa and 1130 MPa, respectively, whereas BPCMoso had the lowest tensile properties
(10.0 MPa for TS and 987 MPa for TM). For the flexural properties, the moduli of rupture (MORs) of
all the samples were approximately 25.0–27.7 MPa; no significant differences were observed among
these results. Moreover, the lowest modulus of elasticity (MOE) was found in the BPC with Moso
BFs (1482 MPa), followed by BPCMakino (1741 MPa), BPCThorny (1808 MPa), and BPCMa (1958 MPa).
These results seem to reveal that the mechanical properties of the BPCs were influenced by the intrinsic
properties of the BFs such as their structural stiffness and their chemical composition (cellulose and
lignin). Jarvis [47] indicated that cellulose has a tight, high strength, and high stiffness crystalline
edifice owing to a complex network of hydrogen bonds. The strength and stiffness of natural fibers
depend on the crystallinity index, which can represent the cellulose content [20]. Lignin is a branched
hydrophobic heteropolymer as a matrix that bonds cellulose fibers together. Additionally, lignin
provides strength and stiffness to fiber walls and transfers stress between the cellulose fibers and the
matrix [48]. In this study, the Makino BF had a high crystallinity index (53.2%) and lignin content
(30.7%), resulting in BPCMakino having the better tensile properties. In contrast, the BPCMoso had the
lowest TS, TM, and MOE due to having the lowest lignin content (24.5%) among all the samples.
These results illustrated that the Makino BF is a desired reinforcing filler, providing the better tensile
properties for a BPC.

Table 4. Physical properties of the BPCs with various BFs.

Code
Density
(g/cm3)

MC
(%)

WAR
After 24 Soaking

(%)

BPCMakino 0.78 ± 0.02 a 2.81 ± 0.27 b 6.7 ± 1.7 b

BPCMoso 0.80 ± 0.02 a 2.87 ± 0.16 b 5.5 ± 0.3 b

BPCMa 0.77 ± 0.05 a 3.09 ± 0.17 a,b 7.3 ± 1.8 b

BPCThorny 0.78 ± 0.02 a 3.25 ± 0.10 a 10.5 ± 1.6 a

Values are the mean ± SD (n = 5). Different letters (a and b) indicate significant differences (p < 0.05).

Figure 5. Stress-strain curves obtained from the tensile (a) and flexural (b) tests for various BPCs.

Table 5. Mechanical properties of the BPCs with various BFs.

Code
Tensile properties Flexural properties

TS
(MPa)

TM
(MPa)

MOR
(MPa)

MOE
(MPa)

BPCMakino 11.7 ± 1.0 a 1130 ± 106 a 25.0 ± 2.3 a 1741 ± 156 a,b

BPCMoso 10.0 ± 0.4 b 987 ± 68 b 25.1 ± 1.3 a 1482 ± 210 b

BPCMa 10.9 ± 0.7 a,b 1110 ± 85 a,b 27.7 ± 4.5 a 1958 ± 291 a

BPCThorny 11.0 ± 1.0 a,b 1097 ± 65 a,b 26.0 ± 2.1 a 1808 ± 198 a

Values are the mean ± SD (n = 8). Different letters (a and b) indicate significant differences (p < 0.05).

230



Polymers 2020, 12, 636

4. Conclusions

The chemical composition analysis showed that the Makino BF contained the highest holocellulose
content and the lowest extractive content, whereas the Moso BF contained the lowest amount of lignin.
According to the XRD patterns, the Makino BF had the highest crystallinity index among all of the
samples, which means that this BF had the highest cellulose content. Moreover, according to the results
of TG analysis, higher hemicellulose and extractive contents promoted the thermal decomposition
of the BF at lower temperatures. Moreover, the activation energy (Ea) and kinetic mechanisms for
various BFs under the controlled heating of the TG analyses were determined by the FWO method
and the Criado method. Among all the BFs used in this study, the Makino BF exhibited the highest Ea

values at various conversion rates, indicating that this BF was the most thermally stable. Using the
Criado method, it is noted that the diffusion-controlled mechanism (Dn mechanism) was dominant at
lower conversion rates (0.1 ≤ α < 0.5). When the conversion rate was above 0.5, the degradation of
the BFs was governed by the 3rd order random mechanism (a F3 mechanism). Furthermore, the BPC
with Thorny BFs exhibited the highest moisture content and water absorption rate due to the higher
hemicellulose content of the Thorny BF. When a BPC was manufactured with Makino BF, which had
high crystallinity and high lignin content, the tensile properties of the composite were high. These
results indicated that the amounts of various chemical components within BFs affect the physical and
mechanical properties of a BPC. Furthermore, the results of this study offer information for optimizing
polymer composites, and the reinforcement of waste BFs needs to be precisely selected in the future.

Author Contributions: Conceptualization, T.-C.Y.; Formal analysis, C.-H.Y. and T.-C.Y.; Funding acquisition,
T.-C.Y.; Investigation, C.-H.Y. and T.-C.Y.; Resources, T.-C.Y.; Supervision, T.-C.Y.; Validation, T.-C.Y.; Visualization,
T.-C.Y.; Writing—original draft, C.-H.Y. and T.-C.Y.; Writing—review and editing, C.-H.Y. and T.-C.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan (MOST 108-2313-B-005-014-MY3).

Conflicts of Interest: The author declares no conflict of interest.

References

1. Chung, M.J.; Wang, S.Y. Physical and mechanical properties of composites made from bamboo and woody
wastes in Taiwan. J. Wood Sci. 2019, 65, 57. [CrossRef]

2. Obata, Y.; Takeuchi, K.; Soma, N.; Kanayama, K. Recycling of wood waste as sustainable industrial resources—
Design of energy saving wood-based board for floor heating systems. Energy 2006, 31, 2341–2349. [CrossRef]

3. Li, Y.; Yin, L.; Huang, C.; Meng, Y.; Fu, F.; Wang, S.; Wu, Q. Quasi-static and dynamic nanoindentation to
determine the influence of thermal treatment on the mechanical properties of bamboo cell walls. Holzforschung
2015, 69, 909–914. [CrossRef]

4. Liu, H.; Jiang, Z.; Fei, B.; Hse, C.; Sun, Z. Tensile behaviour and fracture mechanism of moso bamboo
(Phyllostachys pubescens). Holzforschung 2015, 69, 47–52. [CrossRef]

5. Liu, H.; Wang, X.; Zhang, X.; Sun, Z.; Jiang, Z. In situ detection of the fracture behaviour of moso bamboo
(Phyllostachys pubescens) by scanning electron microscopy. Holzforschung 2016, 70, 1183–1190. [CrossRef]

6. Chung, M.J.; Wang, S.Y. Effects of peeling and steam-heating treatment on basic properties of two types of
bamboo culms (Phyllostachys makinoi and Phyllostachys pubescens). J. Wood Sci. 2017, 63, 473–482. [CrossRef]

7. Obataya, E.; Kitin, P.; Yamauchi, H. Bending characteristics of bamboo (Phyllostachys pubescens) with respect
to its fiber–foam composite structure. Wood Sci. Technol. 2007, 41, 385–400. [CrossRef]

8. Yang, T.-C.; Lee, T.-Y. Effects of density and heat treatment on the physico-mechanical properties of
unidirectional round bamboo stick boards (UBSBs) made of Makino bamboo (Phyllostachys makinoi).
Constr. Build. Mater. 2018, 187, 406–413. [CrossRef]

9. Alsaeed, T.; Yousif, B.F.; Ku, H. The potential of using date palm fibres as reinforcement for polymeric
composites. Mater. Des. 2013, 43, 177–184. [CrossRef]

10. Bledzki, A.K.; Reihmane, S.; Gassan, J. Thermoplastics reinforced with wood fillers: A literature review.
Polym. Plast. Technol. Eng. 1998, 37, 451–468. [CrossRef]

231



Polymers 2020, 12, 636

11. Dittenber, D.B.; Ganga Rao, H.V.S. Critical review of recent publications on use of natural composites in
infrastructure. Compos. Part A 2012, 43, 1419–1429. [CrossRef]

12. Kumar, V.; Tyagi, L.; Sinha, S. Wood flour—reinforced plastic composites: A review. Rev. Chem. Eng. 2011,
27, 253–264. [CrossRef]

13. Saba, N.; Paridah, M.T.; Jawaid, M. Mechanical properties of kenaf fibre reinforced polymer composite:
A review. Constr. Build. Mater. 2015, 76, 87–96. [CrossRef]

14. Hsu, C.-Y.; Yang, T.-C.; Wu, T.-L.; Hung, K.-C.; Wu, J.-H. Effects of a layered structure on the physicomechanical
properties and extended creep behavior of bamboo-polypropylene composites (BPCs) determined by the
stepped isostress method. Holzforschung 2018, 72, 589–597. [CrossRef]

15. Yang, G.; Zhang, Y.; Shao, H.; Hu, X. A comparative study of bamboo Lyocell fiber and other regenerated
cellulose fibers. Holzforschung 2009, 63, 18–22. [CrossRef]

16. Yang, T.-C.; Wu, T.-L.; Hung, K.-C.; Chen, Y.-L.; Wu, J.-H. Mechanical properties and extended creep behavior
of bamboo fiber reinforced recycled poly(lactic acid) composites using the time–temperature superposition
principle. Constr. Build. Mater. 2015, 93, 558–563. [CrossRef]

17. Yu, Y.; Tian, G.; Wang, H.; Fei, B.; Wang, G. Mechanical characterization of single bamboo fibers with
nanoindentation and microtensile technique. Holzforschung 2011, 65, 113–119. [CrossRef]

18. Ashori, A.; Nourbakhsh, A. Reinforced polypropylene composites: Effects of chemical compositions and
particle size. Bioresour. Technol. 2010, 101, 2515–2519. [CrossRef]

19. Bouafif, H.; Koubaa, A.; Perré, P.; Cloutier, A. Effects of fiber characteristics on the physical and mechanical
properties of wood plastic composites. Compos. Part A 2009, 40, 1975–1981. [CrossRef]

20. Ou, R.; Xie, Y.; Wolcott, M.P.; Sui, S.; Wang, Q. Morphology, mechanical properties, and dimensional stability
of wood particle/high density polyethylene composites: Effect of removal of wood cell wall composition.
Mater. Des. 2014, 58, 339–345. [CrossRef]

21. Bledzki, A.K.; Sperber, V.E.; Faruk, O. Natural and Wood Fiber Reinforcement in Polymers; Rapra Technology
LTD.: Birmingham, UK, 2002.

22. Nabi Saheb, D.; Jog, J.P. Natural fiber polymer composites: A review. Adv. Polym. Technol. 1999, 18, 351–363.
[CrossRef]

23. Vyazovkin, S. Advanced isoconversional method. J. Therm. Anal. 1997, 49, 1493–1499. [CrossRef]
24. Vyazovkin, S.; Dollimore, D. Linear and nonlinear procedures in iso-conversional computations of the

activation energy of nonisothermal reactions in solids. J. Chem. Inf. Comput. Sci. 1996, 36, 42–45. [CrossRef]
25. Di Blasi, C. Modeling chemical and physical process and biomass pyrolysis. Prog. Energy Combust. Sci. 2008,

34, 47–90. [CrossRef]
26. Órfão, J.J.M.; Antunes, F.J.A.; Figueiredo, J.L. Pyrolysis kinetics of lignocellulosic materials–three independent

reactions model. Fuel 1999, 78, 349–358. [CrossRef]
27. Popescu, M.C.; Popescu, C.M.; Lisa, G.; Sakata, Y. Evaluation of morphological and chemical aspects of

different wood species by spectroscopy and thermal methods. J. Mol. Struct. 2011, 988, 65–72. [CrossRef]
28. Criado, J.M.; Málek, J.; Ortega, A. Applicability of the master plots in kinetic analysis of non-isothermal data.

Themochim. Acta 1989, 147, 377–385. [CrossRef]
29. Hung, K.-C.; Wu, J.-H. Mechanical and interfacial properties of plastic composite panels made from esterified

bamboo particles. J. Wood Sci. 2010, 56, 216–221. [CrossRef]
30. Pérez-Maqueda, L.A.; Criado, J.M. The accuracy of Senum and Yang’s approximation to the Arrhenius

integral. J. Therm. Anal. Calorim. 2000, 60, 909–915. [CrossRef]
31. Flynn, J.H.; Wall, L.A. General treatment for the thermogravimetry of polymers. J. Res. Nat. Bureau Stand.

1966, 70A, 487–523. [CrossRef]
32. Ozawa, T. A new method of analyzing thermogravimetric data. Bull. Chem. Soc. Jap. 1965, 38, 1881–1886.

[CrossRef]
33. Hung, K.-C.; Wu, J.-H. Characteristics and thermal decomposition kinetics of wood-SiO2 composites derived

by the sol-gel process. Holzforschung 2017, 71, 233–240. [CrossRef]
34. Hung, K.-C.; Wu, J.-H. Comparison of physical and thermal properties of various wood-inorganic composites

(WICs) derived by the sol-gel process. Holzforschung 2018, 72, 379–386. [CrossRef]
35. Hung, K.-C.; Yeh, H.; Yang, T.-C.; Wu, T.-L.; Xu, J.-W.; Wu, J.-H. Characterization of wood-plastic composites

made with different lignocellulosic materials that vary in their morphology, chemical composition and
thermal stability. Polymers 2017, 9, 726. [CrossRef] [PubMed]

232



Polymers 2020, 12, 636

36. Núñez, L.; Fraga, F.; Núñez, M.R.; Villanueva, M. Thermogravimetric study of the decomposition process of
the system BADGE (n = 0)/1,2 DCH. Polymer 2000, 41, 4635–4641. [CrossRef]

37. Bianchi, O.; Martins, J. DeN.; Fiorio, R.; Oliveira, R.V.B.; Canto, L.B. Changes in activation energy and kinetic
mechanism during EVA crosslinking. Polym. Test. 2011, 30, 616–624. [CrossRef]

38. Poletto, M.; Zattera, A.J.; Santana, R.M.C. Thermal decomposition of wood: Kinetics and degradation
mechanisms. Bioresour. Technol. 2012, 126, 7–12. [CrossRef]

39. Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin
pyrolysis. Fuel 2007, 86, 1781–1788. [CrossRef]

40. Grønli, M.G.; Várhegyi, G.; Di Blasi, C. Thermogravimetric analysis and devolatilization kinetics of wood.
Ind. Eng. Chem. Res. 2002, 41, 4201–4208. [CrossRef]

41. Poletto, M.; Zattera, A.J.; Forte, M.M.C.; Santana, R.M.C. Thermal decomposition of wood: Influence of
wood components and cellulose crystallite size. Bioresour. Technol. 2012, 109, 148–153. [CrossRef]

42. Shebani, A.N.; van Reenen, A.J.; Meincken, M. The effect of wood extractives on the thermal stability of
different wood species. Thermochim. Acta 2008, 471, 43–50. [CrossRef]

43. John, M.J.; Thomas, S. Biofibres and biocomposites. Carbohydr. Polym. 2008, 71, 343–364. [CrossRef]
44. Doddapaneni, T.R.K.C.; Konttinen, J.; Hukka, T.I.; Moilanen, A. Influence of torrefaction pretreatment on the

pyrolysis of Eucalyptus clone: A study on kinetics, reaction mechanism and heat flow. Ind. Crop. Prod. 2016,
92, 244–254. [CrossRef]

45. Mishra, G.; Kumar, J.; Bhaskar, T. Kinetic studies on the pyrolysis of pinewood. Bioresour. Technol. 2015, 182,
282–288. [CrossRef]

46. Singh, S.; Chakraborty, J.P.; Mondal, M.K. Intrinsic kinetics, thermodynamic parameters and reaction
mechanism of non-isothermal degradation of torrefied Acacia nilotica using isoconversional methods. Fuel
2020, 259, 116263. [CrossRef]

47. Jarvis, M. Chemistry: Cellulose stacks up. Nature 2003, 426, 611–612. [CrossRef]
48. Ali, A.; Shaker, K.; Nawab, Y.; Jabbar, M.; Hussain, T.; Militky, J.; Baheti, V. Hydrophobic treatment of natural

fibers and their composites-A review. J. Ind. Text. 2018, 47, 2153–2183. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

233





polymers

Article

Effect of Various Surface Treatments on the
Performance of Jute Fibers Filled Natural Rubber
(NR) Composites

Kumarjyoti Roy 1, Subhas Chandra Debnath 2, Lazaros Tzounis 3, Aphiwat Pongwisuthiruchte 1,4

and Pranut Potiyaraj 1,4,*

1 Department of Materials Science, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand;
kukumarjyotiroy@gmail.com (K.R.); apw.pongwisuthiruchte@gmail.com (A.P.)

2 Department of Chemistry, University of Kalyani, Kalyani, Nadia 741235, India; scd@klyuniv.ac.in
3 Department of Materials Science & Engineering, University of Ioannina, 45110 Ioannina, Greece;

latzounis@gmail.com
4 Center of Excellence on Petrochemical and Materials Technology, Chulalongkorn University,

Bangkok 10330, Thailand
* Correspondence: pranut.p@chula.ac.th

Received: 4 December 2019; Accepted: 17 January 2020; Published: 7 February 2020

Abstract: In the present study, the suitability of various chemical treatments to improve the
performance of jute fibers (JFs) filled natural rubber (NR) composites was explored. The surface of JFs
was modified by three different surface treatments, namely, alkali treatment, combined alkali/stearic
acid treatment and combined alkali/silane treatment. Surface modified JFs were characterized by
X-ray diffraction (XRD) pattern, Fourier transform infrared (FTIR) spectroscopy and field emission
scanning electron microscopy (FESEM). The reinforcing effect of untreated and surface treated JFs in
NR composites was comparatively evaluated in terms of cure, mechanical, morphological and thermal
properties. Combined alkali/silane treated JFs filled NR composite showed considerably higher
torque difference, tensile modulus, hardness and tensile strength as compared to either untreated or
other surface treated JFs filled NR systems. A crosslink density measurement suggested effective
rubber-fibers interaction in combined alkali/silane treated JFs filled NR composite. Morphological
analysis confirmed the improvement in the interfacial bonding between NR matrix and JFs due to
combined alkali/silane treatment allowing an efficient “stress-transfer” mechanism. As a whole,
combined alkali/silane treatment was found to be most efficient surface treatment method to develop
strong interfacial adhesion between NR matrix and JFs.

Keywords: rubber; short jute fibers; surface treatments; mechanical properties; scanning electron
microscopy

1. Introduction

Short fiber reinforced rubber composites are commonly used for the manufacturing of several
industrial products such as hoses, seals, tire treads, V-belts, complex-shaped goods, etc. [1,2]. The
overall performances of short fiber reinforced rubber composite are closely related to some factors
like strong adhesion between rubber and fibers, aspect ratio of fibers, degree of dispersion of fibers
within the rubber matrix and control of fibers orientation [2,3]. Natural fibers are bio-based renewable
materials with some interesting features like high specific strength, low self-weight, unrestricted
formability and resistance to corrosion [4,5]. Among the various non-petroleum based materials,
natural occurring jute fibers (JFs) are one of the most promising alternatives to traditional petroleum
based fillers for the development of environmentally friendly rubber composites.
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In the last two decades, due to upward environmental awareness, there is an increasing demand
for the development of natural fiber based green and sustainable rubber composites. Many researchers
reported the designing of advanced rubber composites based on different types of natural fiber such
as short jute [2,6–9], bamboo [10,11], short coir [12–14], sisal [15,16], oil palm [15–17], kenaf [18],
grass [19,20], hemp [21,22], pineapple leaf [23,24], etc. Compared to petroleum based materials, natural
fibers have some additional advantages, i.e., availability, biodegradability, light-weight, low-cost,
renewability and non-toxic nature [9,25]. However, the proper dispersion of short natural fibers
in natural rubber (NR) composites is a challenging task due to the poor compatibility between the
hydrophilic natural fibers and the hydrophobic rubber matrix.

Among the different natural fibers, jute is a commercially cheap lignocellulosic fiber with large
cellulose content [7,25]. Initially, Murty et al. introduced short JFs as new reinforcing material in rubber
composites [6]. In recent years, very few research articles have been published regarding the use of
short JFs as a green reinforcing filler to improve the performance of NR compounds [2,8,9]. Surface
treatment of JFs is the key strategy to enhance the interfacial adhesion between hydrophilic jute and
hydrophobic NR matrix [8]. Tzounis et al. [9] investigated the effect of carbon nanotube modified
JFs (JF-CNT) as “hierarchical” multiscale reinforcements on the mechanical and thermal properties
of NR composites. According to the authors, JF-CNT filler had better hydrophobic character than
unmodified JFs as filler, while the nanostructured surface of the JFs due to the roughness endowed by
the CNTs facilitated a mechanical interlocking mechanism between the fiber–matrix components. As
a result, JF-CNT filled NR composites exhibited considerably higher tensile properties and thermal
stability as compared to those of unmodified JFs filled NR samples at same filler loading level. Recently,
Roy et al. [2] reported on the role of stearic acid modified nanoclay (SANC) on the cure, mechanical
and thermal properties of alkali treated JFs filled NR composites. Actually, SANC was able to increase
the hydrophobic character of JFs due to the hydrogen bonding interaction between the carboxyl group
of SANC and surface hydroxyl groups of JFs. Thus, the tensile strength and storage modulus of
JFs filled NR composites were greatly improved in presence of SANC. Nevertheless, the research
work concerning the use of JFs as green and natural occurring filler for the development of both
environmental and industrial friendly rubber composites is in the preliminary stage.

The main aim of the present study was to achieve a novel concept for the development of high
performance and low-cost natural JFs reinforced NR composites. The performance of JFs filled NR
composites was closely connected to the “engineered” and by design adhesive interface between rubber
and fibers in this study. More precisely, the JFs surface modification endowed enhanced interfacial
compatibility between NR and JFs with an enhanced interfacial strength as supported by the chemical
interaction mechanism that have been illustrated as well as the SEM fracture surfaces. Undoubtedly,
the present study demonstrates a facile, versatile, scalable and unique protocol to develop natural
fibers based green rubber composites making use of surface science and technology.

2. Materials and Methods

2.1. Materials

NR (RMA-1X), zinc oxide (surface area 5–6 m2/g, Merck, Kenilworth, NJ, USA), stearic acid
(LobaChemie, Mumbai, India), sulfur (LobaChemie, Mumbai, India), sodium hydroxide (Merck) and
toluene (Merck) were used as received. Tetra methyl thiuram disulfide (TMTD) was procured from
Thailand Rubber Research Institute (Bangkok, Thailand). JFs (TD 4 grade) were obtained from Gloster
Jute Mills, Howrah, India. Bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) (Sigma-Aldrich, Dorset,
UK) were used as received.
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2.2. Surface Modification of JFs

2.2.1. Alkali Treatment

At first, short JFs were cut and ground to powder form using a mixer grinder. Then, the JFs were
ultrasonicated in 1 wt % aqueous solution of sodium hydroxide (NaOH) for 1 h to eliminate lignin and
hemicelluloses. Next, the alkali treated JFs were washed with distilled water followed by neutralization
with diluted acetic acid until the fibers surface becomes completely free from the unreacted alkali [9].
Then, the JFs were again washed with distilled water. Finally, the alkali treated JFs were dried in a hot
air oven at 70 ◦C for 24 h. The untreated JFs were designated hereafter as JFun. The alkali treated JFs
were also designated as A-JF. The mechanism of alkali surface treatment of JFs is shown in Figure 1a.

 
Figure 1. Mechanism of surface modification of jute fibers (JFs) by different chemical treatments, (a)
alkali treatment, (b) combined alkali/stearic acid treatment, (c) combined alkali/silane treatment.

2.2.2. Combined Alkali/Stearic Acid Treatment

Initially, 1 wt % stearic acid was added to water and heated to prepare a homogeneous solution.
After that, the alkali modified JFs (A-JF) were treated with 1 wt % stearic acid solution in an
ultrasonication bath for 1 h. Then, the surface treated JFs were washed with toluene followed by
methanol to remove excess unreacted stearic acid. Finally, combined alkali/stearic acid treated JFs were
dried in a hot air oven at 70 ◦C for 24 h. The combined alkali/stearic acid treated JFs were designated
as A-St-JF. The mechanism of surface treatment of JFs by combined alkali/stearic acid is shown in
Figure 1b.

2.2.3. Combined Alkali/Silane Treatment

At first, 1 wt % solution of silane coupling agent, i.e., TESPT was prepared in water:ethanol
mixture (water:ethanol = 40:60). Subsequently, the alkali treated jute fibers (A-JF) were treated with 1
wt % solution of TESPT in an ultrasonication bath for 1 h. Finally, the surface treated JFs were washed
with distilled water to remove the unreacted TESPT followed by drying in a hot air oven at 70 ◦C for
24 h. The combined alkali/silane treated JFs were designated as A-Si-JF. The mechanism of surface
treatment of JFs by combined alkali/silane is shown in Figure 1c.
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2.3. Preparation of NR Composites

Various NR composites were prepared in a two-roll mixing mill according to the formulation
shown in Table 1. The compounding of various NR composites was carried out at room temperature.
During mixing process, the speed of one roll was kept at 20 rpm and that of the other roll was
maintained at 24 rpm to attain the friction ratio of 1:1.2.

Table 1. The formulation of studied vulcanizates in parts per hundred parts of rubber (phr).

Ingredients
Compound Designation

Unfilled NR NR/JFun NR/A-JF NR/A-St-JF NR/A-Si-JF

NR 100 100 100 100 100
ZnO 5 5 5 5 5

Stearic acid 2 2 2 2 2
TMTD 2.16 2.16 2.16 2.16 2.16
Sulfur 0.5 0.5 0.5 0.5 0.5
JFun - 10 - - -
A-JF - - 10 - -

A-St-JF - - - 10 -
A-Si-JF - - - - 10

2.4. Characterization Techniques

X-ray diffraction (XRD) patterns of untreated and surface treated JFs were recorded on
Xpertpro-Panalytical X-ray diffractometer (Malvern, UK). Scanning electron microscopy (SEM) images
of JFs and tensile fracture surfaces of NR composites were obtained using field emission scanning
electron microscopy (FESEM, JEOL, JSM-7610 F, Tokyo, Japan). Fourier transform infrared (FTIR)
investigations of untreated and surface treated JFs were performed using Perkin-Elmer L 120-000A
spectrometer (Waltham, MA, USA) (νmax in cm−1) on KBr disks. The cure characteristics like minimum
torque (ML), maximum torque (MH), scorch time (t2) and optimum cure time (t90) were measured
on a moving die rheometer (rheoTech MD+, Model no. A022S, Ajpha Technologies, Akron, OH,
USA) at 160 ◦C. Different compounded NR samples were cured according to their optimum cure
time at 160 ◦C in a hot press. For various NR sheets, the mechanical properties like modulus at
100% (M100) elongation, tensile strength (T.S.) and elongation at break (E.B. in %) were measured
using Amsler (Göteborg, Sweden) tensile tester according to ASTM D 412-51 T. Hardness (shore
A) of different NR samples was calculated by a Hiroshima Hardness Tester (Aishwarya, Telangana,
India) according to ASTM D 2240. Crosslink density values and solvent uptake properties of unfilled
and filled NR samples were measured from swelling experiment according to the method given by
Roy et al. [26]. Thermo-gravimetric analysis (TGA) was carried out using a TGA instrument (Mettler
Toledo, Columbus, OH, USA), TGA/DSC 3+ under nitrogen flow from 50 to 600 ◦C with a heating rate
of 10 ◦C/min.

3. Results and Discussion

3.1. Confirmation of Surface Modification of JFs

The XRD patterns of untreated and surface treated JFs are represented in Figure 2. In both
untreated and surface treated JFs, the common peaks at about 17 and 22.5◦ were attributed to the (101)
and (002) planes of cellulose [27]. Thus, there was no noticeable change in the macromolecular chain
structure of JFs due to the surface treatments [27]. However, diffraction peak intensities of surface
treated JFs showed clear increment as compared to untreated JFs. This result was due to the increase
in the ratio of crystalline cellulose resulting from the removal of amorphous waxy substances after
surface treatments [27].
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The surface morphology of various JFs was examined using FESEM analysis. The FESEM images
of untreated and surface treated JFs are presented in Figure 3. As shown in Figure 3a, JFun had smooth
surface owing to the presence of waxy substances like lignin and hemicelluloses [27,28]. On the other
hand, several grooves were formed along the structure of chemically treated JFs due to the elimination
of waxy substances after surface treatments. As a result, all surface modified JFs, namely, A-JF, A-St-JF
and A-Si-JF showed higher surface roughness than JFun (Figure 3b–d). The rough surface morphology
was the key factor for the enhancement of interfacial strength due to mechanical interlocking between
surface treated JFs and rubber matrix [27,28].

Figure 2. XRD pattern of unmodified and surface modified JFs.

 

Figure 3. FESEM images of (a) JFun, (b) A-JF, (c) A-St-JF and (d) A-Si-JF.
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FTIR spectra of untreated and chemically treated JFs are shown in Figure 4. Both, untreated
and surface treated JFs showed common peak at about 900 cm−1 due to the C–H bending mode of
cellulose [27]. As shown in Figure 4a, there was a significant peak around 1737 cm−1 in the FTIR
spectrum of JFun due to the C=O stretching vibration resulting from carboxyl and acetyl groups in
hemicelluloses. This peak of hemicelluloses disappeared in the FTIR spectra of surface treated JFs.
This result indicated the proper removal of waxy substances from JFs due to the surface treatments.
As shown in Figure 4c, the FTIR spectrum of A-St-JF showed some characteristics band of stearic
acid at about 2923 and 2856 cm−1 due to C–H stretching vibration of methylene groups [28]. Some
interesting peaks were observed in the FTIR spectrum of A-Si-JF. As shown in Figure 4d, a clear peak
at about 2924 cm−1 was attributed to the existence of C–H stretching vibration of CH3 and CH2 groups
of TESPT [29]. In addition, the presence of a peak around 1100 cm−1 was associated with the formation
of silicon-oxygen bond in the combined alkali/silane treated JFs [29,30].

 

Figure 4. FTIR spectra of (a) JFun, (b) A-JF, (c) A-St-JF and (d) A-Si-JF.

3.2. Cure Characteristics

The cure curves of unfilled and JFs filled NR composites are represented in Figure 5. Cure
characteristics of various NR composites are also displayed separately in Table 2. The value of
maximum torque (MH) of NR composites showed considerable increment due to the addition of both
untreated and surface treated JFs as filler, which implies the restriction of the mobility of the NR
chains in presence of filler [31]. In other words, the increase in the MH value of filled NR compounds
was closely related to the increase in the stiffness of NR composites due to the incorporation of both
untreated and surface treated JFs. Again, the value of torque difference i.e., the difference between
maximum torque (MH) and minimum torque (ML) is the indirect measure of crosslink density for
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rubber composites [31,32]. As shown in Table 2, both untreated and surface treated JFs were able to
increase the torque difference value of NR composites. Thus, there was a successful enrichment in the
crosslink density of NR composites in presence of both untreated and surface treated JFs. Among the
various filled NR composites, the torque difference value was found to be maximum for NR composite
filled with A-Si-JF. This result might be explained by considering the exceptional improvement in the
interfacial interaction between NR matrix and JFs after combined alkali/silane treatment [26].

Figure 5. Cure curves of unfilled and JFs filled natural rubber (NR) composites.

Table 2. Cure properties of NR composites.

Formulation
Maximum Torque

(Nm)
Torque Difference

(Nm)
Scorch Time, t2

(min)
Optimum Cure Time, t90

(min)

Unfilled NR 4.48 4.07 1.85 3.17
NR/JFun 4.88 4.73 1.66 2.48
NR/A-JF 4.94 4.77 1.55 2.34

NR/A-St-JF 4.96 4.78 1.6 2.4
NR/A-Si-JF 5.23 4.98 1.5 2.26

The values of scorch time (t2) and optimum cure time (t90) decreased markedly due to the addition
of both untreated and chemically treated JFs into the NR matrix. Actually, a rubber sample remains
for a greater time on the mixing mill during preparation of filled rubber composites. Thus, for filled
NR composites, the decreasing trend of t2 and t90 was closely related to the generation of greater
amount of heat due to additional friction [10]. NR/A-Si-JF had shorter t2 and t90 than other JFs filled
NR composites, which is attributed to the optimum dispersion of A-Si-JF within the NR matrix [10].

3.3. Mechanical Properties

The mechanical properties of NR composites in the presence of untreated and surface treated
JFs are summarized in Table 3. The value of modulus at 100% elongation (M100) of NR composites
showed clear increment due to the addition of both untreated and surface treated JFs. However,
surface modified JFs were more effective to increase the M100 value of NR composites as compared
to unmodified raw JFs. NR/A-Si-JF exhibited highest M100 value among the various JFs filled NR
composites. The value of M100 was found to increase by 113% for NR/A-Si-JF system in comparison to
an unfilled NR system. This result confirms the outstanding enhancement in the crosslink density of
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NR/A-Si-JF system due to the excellent interfacial interaction between the NR matrix and A-Si-JF [30].
On the other hand, both untreated and surface treated JFs had a similar effect on the hardness of
the NR composites. The hardness of the NR composites increased rapidly in the presence of JFs as
filler, which indicates the formation of stiffer NR composites due to the addition of filler materials
into the rubber matrix [32]. The variation of hardness followed the same trend as that of the M100 of
filled NR composites and NR/A-Si-JF had higher hardness value as compared to other JFs filled NR
composites. This might be due to the better crosslink density of NR/A-Si-JF composite than all other
filled NR composites.

Table 3. Mechanical properties of NR composites.

Formulation M100 (MPa)
Hardness
(Shore A)

Tensile Strength
(MPa)

Elongation at
Break (%)

Crosslink Density
× 105 (mol cm−3)

Unfilled NR 0.83 ± 0.04 47 ± 2 12.07 ± 0.58 835 ± 15 7.21
NR/JFun 1.20 ± 0.09 55 ± 2 10.52 ± 0.69 765 ± 15 8.54
NR/A-JF 1.49 ± 0.07 58 ± 1 14.21 ± 0.89 750 ± 20 8.76

NR/A-St-JF 1.63 ± 0.12 59 ± 1 15.91 ± 0.44 750 ± 20 9.01
NR/A-Si-JF 1.77 ± 0.11 62 ± 2 17.04 ± 0.52 770 ± 20 10.88

The tensile strength values of NR composites in presence of various types of JFs are also
comparatively depicted in Table 3. The value of tensile strength showed a clear reduction due to
incorporation of JFun into the NR matrix, which is attributed to the poor dispersion of untreated
hydrophilic JFs within the hydrophobic NR matrix. However, surface modified JFs had slightly positive
effect on the tensile strength of NR composites. The tensile strength value suggested the understandable
reinforcing effect of various surface treated JFs in NR compounds. This result might be due to the
improved dispersion of surface modified JFs within the NR matrix. Further, the tensile strength of
NR/A-Si-JF was notably higher as compared to either NR/A-St-JF or NR/A-JF. Thus, combination of
alkali and silane treatment was the most effective technique to improve the dispersion level of JFs
within NR matrix. The value of elongation at break was lower for various JFs filled NR composites as
compared to unfilled NR composite, which is due to the increase of stiffness and brittleness of NR
composites in presence of filler [33].

3.4. Crosslink Density

Crosslink density is a unique parameter, which is closely linked with the cure and mechanical
performances of filled rubber composites. The crosslink density values of unfilled and filled NR
composites are displayed in Table 3. It was found that surface modified JFs based NR composites
exhibited noticeably higher crosslink density as compared to unmodified JFs based NR composite,
indicating excellent interfacial interaction between NR matrix and modified JFs. Among the three
surface modified JFs, A-Si-JF facilitated greater crosslink density for NR composite as compared to
either A-St-JF or A-JF. Therefore, TESPT had a clear role on the crosslink density of A-Si-JF filled NR
composite. The plausible mechanism of cross-linking between A-Si-JF and NR chains is schematically
illustrated in Figure 6. The variation of crosslink density was found to be in good agreement with the
torque difference, hardness and tensile modulus of NR composites.
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Figure 6. The probable mechanism of cross-linking between A-Si-JF and NR chains.

3.5. Morphology of Composite Fracture Surfaces

Filler dispersion is an important parameter regarding the mechanical performances of filled rubber
composites [34]. FESEM analysis was performed to compare the degree of dispersion of untreated and
surface treated JFs in NR composites. Figure 7 shows the morphological characteristics of untreated
and surface treated JFs filled NR composites fractured surfaces. As shown in Figure 7a, many holes
were generated due to fibers pulling out from NR matrix in NR/JFun composite. This was due to the
poor interfacial adhesion between hydrophobic NR matrix and hydrophilic JFs. As a result, the tensile
strength of NR/JFun composite was lower than the unfilled NR composite. On the other hand, the
fracture surfaces of NR/A-JF and NR/A-St-JF showed better wetting and dispersion of JFs within NR
matrix (Figure 7b,c). Thus, moderate improvement in the mechanical properties was observed in the
cases of NR/A-JF and NR/A-St-JF composites. As shown in Figure 7d, NR/A-Si-JF composite had very
smooth and continuous surface, which indicates excellent interfacial adhesion between NR matrix
and A-Si-JF. The remarkable enhancement in the tensile strength, modulus and crosslink density was
reflected to the efficacious interfacial adhesion between NR matrix and A-Si-JF in NR/A-Si-JF composite.
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Figure 7. FESEM micrographs of (a) NR/JFun, (b) NR/A-JF, (c) NR/A-St-JF and (d) NR/A-Si-JF.

3.6. Solvent Uptake Behaviour of JFs Filled NR Composites

Solvent uptake behavior provides indirect information about the interaction between cellulose
based JFs and NR matrix [26]. The lowering of solvent uptake is related to the good interaction
between JFs and NR matrix [26]. The plots of solvent uptake (weight percent) vs. (time) 1/2 of different
JFs filled NR composites are illustrated in Figure 8. All the solvent uptake plots showed a similar
pattern with speedy solvent uptake at smaller time region. The values of equilibrium solvent uptake
(weight percent) of unfilled and JFs filled NR composites are also presented in Figure 9. The values of
equilibrium solvent uptake of surface treated JFs filled NR composites were considerably lower as
compared to either untreated JFs filled NR composite or unfilled NR composite. Moreover, the lowest
value of equilibrium solvent uptake was found for an NR composite filled with A-Si-JF. Hence, the
rubber-JFs interaction was improved obviously due to the surface modification of fibers by combined
alkali/silane treatment.
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Figure 8. Solvent uptake behavior of unfilled and JFs filled NR composites.

Figure 9. The values of equilibrium solvent uptake of different NR composites.

3.7. Thermal Properties of JFs Filled NR Composites

TGA study was utilized to compare the thermal stability of untreated and surface treated JFs
filled NR composites. Different TGA curves of unfilled and filled NR samples are shown in Figure 10.
The TGA results of various NR composites are summarized in Table 4. The thermal stabilities of
various NR composites were examined in terms of temperature corresponds to 10% weight loss (T10%),
temperature corresponds to 20% weight loss (T20%), temperature corresponds to 50% weight loss (T50%)
and temperature corresponds to 80% weight loss (T80%). There was no improvement in the values
of T10% and T20% of NR compounds in the presence of both untreated and surface treated JFs. The
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NR/A-Si-JF composite showed a little increment in the values of T50% and T80% as compared to either
unfilled NR or NR/JFun composites, which indicates a slight improvement in the thermal stability
of NR composite in presence of A-Si-JF. Actually, the mobility of NR chains was restricted in the
vicinity of A-Si-JF due to the presence of strong rubber-fibers interaction [35]. Thus, the diffusion of the
degradation products from the NR/A-Si-JF system was little bit more difficult as compared to both
unfilled NR and NR/JFun systems.

Figure 10. TGA curves of unfilled and JFs filled NR composites.

Table 4. Temperatures at different stages of degradation of NR composite.

Formulation
Temperature (◦C)

T10% T20% T50% T80%

Unfilled NR 343 359 381 413
NR/JFun 341 359 382 420
NR/A-JF 335 355 381 417

NR/A-St-JF 338 357 382 419
NR/A-Si-JF 342 361 387 421

4. Conclusions

The main goal of the present study was to elucidate the potential of different surface treated JFs as
a non-petroleum based filler for the advancement of commercially serviceable rubber technology. For
this purpose, the surface of JFs was modified by using three different chemical approaches, i.e., alkali
treatment, combined alkali/stearic acid treatment and combined alkali/silane treatment. The cure
characteristics, mechanical, morphological, solvent uptake and thermal properties were comparatively
assessed for NR composites filled with untreated and surface treated JFs. The value of the torque
difference increased clearly due to the incorporation of both untreated and chemically treated JFs into
NR matrix. Among the various JFs filled NR composites, NR/A-Si-JF provided highest value of torque
difference. On the other hand, surface modified JFs based NR composites showed better mechanical
properties as compared to either unmodified JFs based NR composite or unfilled NR composite. More
importantly, the increment of mechanical properties was more predominant in case of NR/A-Si-JF
composite as compared to either NR/A-St-JF or NR/A-JF. In addition, this was corroborated by the
corresponding morphological analysis demonstrating an outstanding interfacial adhesion between
NR matrix and A-Si-JF. The morphological observation was found thus to be in good agreement with
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the variation of mechanical properties in JFs filled NR composites. Moreover, A-Si-JF offered slightly
better thermal stability for NR compounds than untreated JFs. For the first time, A-Si-JF was utilized
as a novel green filler in NR based rubber composites. Finally, it could be envisaged that A-Si-JF may
find important place as a suitable filler for the progress of commercially viable and environmentally
friendly green rubber technology.
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Abstract: Six impact energy values, ranging from 2.5 J to 10 J, were applied to study the impact
properties of neat epoxy and bamboo composites, while six impact energy values, ranging from 10 J
to 35 J, were applied on bamboo/glass hybrid composites. Woven glass fibre was embedded at the
outermost top and bottom layer of bamboo powder-filled epoxy composites, producing sandwich
structured hybrid composites through lay-up and molding techniques. A drop weight impact test
was performed to study the impact properties. A peak force analysis showed that neat epoxy has the
stiffest projectile for targeting interaction, while inconsistent peak force data was collected for the
non-hybrid composites. The non-hybrid composites could withstand up to 10 J, while the hybrid
composites showed a total failure at 35 J. It can be concluded that increasing the filler loading lessened
the severity of damages in non-hybrid composites, while introducing the woven glass fibre could slow
down the penetration of the impactor, thus lowering the chances of a total failure of the composites.

Keywords: low velocity impact; hybrid composites; damage progression; glass fibre; bamboo

1. Introduction

Generally, mechanical properties are the most important information that needs to be measured
in materials [1]. However, in real life situations, impact is one of the very common phenomena
experienced by all materials and structures. An instantaneous load applied on a surface during an
impact event can cause unpredictable damages, which can sometimes lead to total structural failure.
It is even worse if the low velocity impact event caused non-visible damages; the accumulated damages
after several repeated events can lead to serious failures [2,3]. Experimentally, low velocity impact
can be simulated using the drop test rig instrument. The Izod and Charpy impact testers are more
descriptive of fracture toughness, which can be considered as the mechanical properties of materials [4].

It was cited from one source that low velocity impact is an impact event below 10 m/s,
while intermediate, high and hypervelocity impacts correspond to the range of 10 m/s–50 m/s,
50 m/s–1000 m/s and 2 km/s–5 km/s respectively. Different ranges of impact velocities are very
important to analyse, rather than saying that only high velocity needs more attention, as each structure
has its own surroundings and working environment [5]. Different mechanisms of damage initiations
can be observed being subjected to impact loading, and these observations illustrate the dissipation
energy from the impact force to the materials [6].
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Compared to metal materials, worse damages were experienced by fibre-reinforced composites as
damages that could occur in a wider form, and which are matrix cracking, lamina splitting, fibre-matrix
interfacial disbanding, and the last failing mechanism of fibre breakage. These situations lead to
a complex analysis of composites compared to metals [7,8]. A study was specifically conducted
to examine the effects of thickness, stacking sequence and scaling technique on the barely visible
impact damage of composite laminates. Interlaminar damages in terms of delamination are one of
the observations analysed using the ultrasonic phased array inspection technique in this study [9].
Further analyses on the impacted samples were conducted to determine the residual strength through
compression after impact testing. It was in a good agreement, as samples impacted with a higher
impact energy possessed a lower residual compressive strength due to the higher degree of damages
that occurred [10]. An overall study on the impact properties of sugar palm/glass reinforced epoxy
composites covered the impact testing, damage analysis using c-scan technique and post-impact
properties through compression after impact testing. The damage area of sugar palm/glass hybrid
composites increased proportionally with an increase in the impact energy levels [11]. Different
parameters for stitched and unstitched flax fibre-reinforced epoxy composites were studied for their
impact damages. The overall findings showed that delamination was not the main damage mode in
both types of composites. Besides that, the propagation of in-plane cracks within the composites was
not enhanced by stitching fibres compared to unstitched fibres [12].

The use of bamboo in structural applications as well as daily life utensils had been explored since a
hundred years back. The light-weight advantage of natural bamboo culms, with a comparable strength
to mild steel for some species, suits the current demand for producing environmentally friendly
materials with acceptable properties comparable to conventional ones. The distinctive fast-growing
features of bamboo plant make it among the most promising sources of fibre supplies in the continuous
production of composites [13]. Similarly to any other natural fibres, different methods of extraction
give different types of bamboo fibres with strength variations and, by some measures, lower strength
properties compared to the bamboo culms [14].

Bamboo-Polyvinyl Chloride (PVC) composites were developed in an attempt to replace the
wood-PVC composites. The inclusion of bamboo particles in PVC had significantly improved the
flexural modulus of elasticity compared to neat PVC, which indirectly enhanced the potential of
bamboo-PVC composites as a replacement to wood-PVC composites [15]. In a different study,
increasing the concentration of tetraethyl orthosilicate (TEOS) in ethanol solution used to modify
the bamboo flour slightly increased the shear modulus of bamboo/polyamide composites. However,
the effects of different concentration of TEOS was not observed on the percentage of crystallinity
of bamboo/polyamide composites through the differential scanning calorimetry analysis conducted
in the similar study [16]. Adding 20% bamboo fibre in polypropylene (PP) increased all the tensile,
flexural and impact strengths of bamboo/PP composites compared to neat PP. Further research with
the inclusion of hollow glass microspheres in the bamboo/PP composites suggested that the hybrid
composites can be used in light-weight and high-strength components in engineering applications [17].

Many studies have been conducted by researchers around the world to widen the use of bamboo
fibres in composites, yet most of the studies have focused on the mechanical properties with only a
small area covering the impact properties. The current study is the continuation of a previous study on
the mechanical properties of bamboo/glass hybrid composites [18]. In the present study, the damage
progressions on short bamboo fibre composites and bamboo/glass hybrid composites were analysed.
The initiative of using bamboo powder as fillers in some measure filled the gap of utilising all forms of
bamboo fibres in the development of bamboo composites.
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2. Experimental Section

2.1. Materials

Epoxy matrix typed Epoxamite 100 with 103 slow hardeners were used in this study. Bamboo
from the species of Bambusa vulgaris was collected from Raub, Pahang in Peninsular Malaysia,
and the extraction process was carried out in several laboratories within Universiti Putra Malaysia.
The preparation of bamboo powder was mentioned in the previous study [19]. Woven glass fibre-typed
E 600 was chosen to be hybrid with bamboo powder, as it possesses a higher impact strength when
compared to other types of glass fibre [20]. Table 1 lists the general properties of the epoxy matrix and
E-glass fibres obtained from the suppliers.

Table 1. Different impact energies applied to the EP, EP-BF composites and EP/G-BF composites.

Materials Epoxy Matrix E-Glass Fibre

Density (g/cm3) 1.10 2.58
Tensile Strength (MPa) 54 3445
Tensile Modulus (GPa) 3.2 72.3

2.2. Composite Fabrication

The neat epoxy, short bamboo fibre composites and bamboo/glass hybrid composites were
fabricated as reported in the previous study [18]. The fabricated composites were listed as neat
epoxy (EP), non-hybrid bamboo composites with 10% loading (EP-BF10) and 30% loading (EP-BF30),
and bamboo /glass hybrid composites with 10% loading (EP/G-BF10) and 30% loading (EP/G-BF30).

2.3. Characterisation of Impact Properties

The low velocity impact was simulated using an instrumented drop weight impact test machine,
model IMATEK IM10, at the Faculty of Engineering, Universiti Putra Malaysia. The impact testing
was conducted with five repeatability samples. The instrument was equipped with IMATEK Impact
Analysis software, to record and process the impact results data. A hemispherical tip striker with a
radius of 5 mm attached to a variable weight resulting in a total weight of 5.101 kg was dropped from
several desired heights onto the clamped sample. Different heights were used to represent different
magnitudes of the impact energy applied onto the samples, based on the following equation:

EI = mgh (1)

where m is the total mass of the impactor, 5.101 kg; g is the gravitational acceleration, 9.81 m/s2; and h
is the height of the impactor.

The raw data of the force, time, displacement, velocity and energy absorbed by the samples were
recorded and calculated by the installed software. Table 2 shows the impact energy applied on the EP,
EP-BF composites and EP/G-BF composites.

Table 2. Different impact energies applied on the EP, EP-BF composites and EP/G-BF composites.

Composites EP and EP-BF Composites EP/G-BF Composites

Impact Energy (J) 2.50 3.75 4.40 5.0 10.0 10.0 15.0 20.0 25.0 30.0 35.0

Different ranges of impact energy were applied to the non-hybrid and hybrid composites so as to achieve the
maximum impact energy withstood by each type of composite.

2.4. Characterisation of Impact Damages

The dye penetrant method was applied to observe the damages on the impacted samples.
The length of the matrix cracking was measured to characterise the damage propagation as the response
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to different impact energies on the EP-BF composites, while the area of damage was measured for the
EP/G-BF composites [21].

3. Results and Discussion

3.1. Force Displacement Analysis

Important information regarding the damage progression within the sample during an impact
event can be obtained from the force-displacement graph. The movement of the impactor and the
deformation of the impacted surface of the sample during contact with the impactor are marked as
displacement values in the graph [22]. Figure 1 shows the force-displacement graphs of EP at the
lowest impact energy level of 2.5 J.

 

Figure 1. Force-displacement graphs of EP at the 2.5 J impact energy level showing closed curves.

The overlapping of the three graphs in the figure shows the repeatability of the three samples for
EP under the same magnitude of impact energy. Testing conducted on all samples, for each impact
energy level, was also repeated three times to confirm the repeatability of the results. The closed curve
from the force-displacement graph indicates the non-full penetration damage of the sample tested,
which indirectly explains that the full penetration of the impactor into the sample will produce an
open curve in the force-displacement graph [23].

The ascending and descending parts of the closed curve explain the loading and unloading
conditions, respectively. The ascending part also provides information about the impact bending
stiffness of the samples. The greater the peak force, the stiffer the projectile-to-target interaction,
thus shortening the contact period of the impactor onto the surface [24]. The relationship between a
greater peak force and a stiffer target is a representation of a situation in which greater force is needed
to initiate damage in stiffer materials. Besides the target stiffness, the peak force also depends on the
magnitude of the impact energy from the impactor.

The peak deflection or peak deformation occurring in the sample is the value of the peak
displacement from the force-displacement graph. In most graphs, the point of the peak deformation
value is almost the same as the point for the peak force. However, it is clearly understood that the
peak deformation can be identified as the turning point at which the force curve returns to zero after
the loading condition or ascending curve, while the peak force is the maximum value in the vertical
direction of the graph. It is clear that both the peak force and the peak deformation values were
obtained from two different points [25].

Another important value extracted from the force-displacement graph is the energy absorbed
by the samples, which can be determined from the area under this graph. The energy absorbed is
the kinetic energy transferred from the impactor to the samples during impact [24]. Both the energy
absorbed throughout the impact event and the energy absorbed up to the peak deformation can be
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obtained from the force-displacement graph as shown in Figure 1. An example of a force-displacement
graph for fully penetrated or perforated samples during impact can be seen in Figure 2.

 

Figure 2. Force displacement graphs of EP at a 15 J impact energy level showing open curves indicating
full penetration.

The open curves show that the displacement increased monotonically with a decreasing force.
The penetration of the samples demonstrates a situation where the force applied exceeded the maximum
allowable force for the samples [24]. Throughout the low velocity impact analysis, the full penetration
events will not be discussed. Therefore, the force displacement graphs of all the samples were first
analysed to exclude the data for the penetrated samples. This explained the different maximum impact
energy levels for each type of sample discussed in this study. The perfect overlapping graphs in
Figure 2 confirmed the repeatability of the tests and the consistency of the samples. The excluded data
for the broken samples was confirmed after these three repeatability tests.

It can be seen that different samples can withstand different maximum impact energy levels.
Obviously, the second range of impact energy, as listed in Table 2, was higher when compared to
the first range, as the inclusion of woven glass fibre was assumed to slow down the penetration
of the impactor, thus increasing the maximum allowable force impacted on the surface of the
composites. For all composites, the data analysed from the force-displacement graphs is presented in
Tables 3 and 4, which list the first and second ranges of impact energy applied on the samples,
respectively. The relationship between the tabulated values will be further discussed in the
following sections.

3.2. Peak Force Variation with Impact Energy

Figure 3 shows the variation of the peak force for the EP and EP-BF composites at the first range
of impact energy levels.

In Figure 3, it can be seen that the EP has the highest peak force when compared to EP-BF10
and EP-BF30 for all impact energy levels. This leads to the first conclusion that epoxy has the stiffest
projectile-to-target interaction [24]. Comparing EP-BF10 and EP-BF30 gives a different trend at different
impact energy levels. At an impact energy of 2.5 J and 4.4 J, the EP-BF10 shows a higher peak force
compared to EP-BF30. However, at an impact energy of 3.75 J, the EP-BF10 has a lower peak force
compared to EP-BF30 with a significant value. These inconsistent values were caused by the random
orientation of the bamboo powder in the epoxy and the agglomeration of powder that might be
occurring, which results from the poor distribution of the bamboo powder during fabrication [18].

Based on the first conclusion for epoxy, a comparison of the different loadings of bamboo
composites made at impact energies of 2.5 J and 4.4 J is more consistent when compared to the
comparison made at an impact energy of 3.75 J; these comparisons show that lower bamboo filler
loading gives a stiffer projectile-to-target interaction [24]. However, at an impact energy of 5 J,
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the EP-BF30 could still withstand the force without breaking, while the EP-BF10 experienced total
damage. This situation shows that EP-BF30 has good strength but lower stiffness, while the EP-BF10
shows the opposite trend. In the second range of impact energy levels, the hybrid composites respond
consistently to the force applied, as illustrated in Figure 4.

Table 3. Data analysed from the force displacement graphs of EP, EP-BF10 and EP-BF30 at the first
range of the impact energy level.

Sample Impact Energy (J) Peak Force (kN) Energy Absorbed (J) Peak Deformation (mm)

EP

2.50 1.31 (0.03) 0.85 (0.01) 4.16 (0.05)
3.75 1.46 (0.02) 1.35 (0.02) 5.19 (0.05)
4.40 1.57 (0.02) 1.61 (0.02) 5.51 (0.05)
5.00 1.78 (0.03) 1.78 (0.03) 5.45 (0.03)

10.00 2.57 (0.02) 4.72 (0.04) 7.23 (0.05)

EP-BF10

2.50 1.14 (0.01) 2.12 (0.04) 4.88 (0.03)
3.75 0.65 (0.02) 3.32 (0.03) 9.22 (0.04)
4.40 1.02 (0.04) 2.70 (0.03) 6.94 (0.04)
5.00 - - -

10.00 - - -

EP-BF30

2.50 0.91 (0.02) 1.76 (0.03) 3.99 (0.02)
3.75 1.42 (0.03) 2.39 (0.05) 3.99 (0.03)
4.40 0.98 (0.02) 2.95 (0.02) 6.43 (0.02)
5.00 1.11 (0.02) 3.21 (0.02) 5.93 (0.05)

10.00 - - -

Table 4. Data analysed from the force displacement graphs of EP/G-BF10 and EP/G-BF30 at the second
range of the impact energy level.

Sample Impact Energy (J) Peak Force (kN) Energy Absorbed (J) Peak Deformation (mm)

EP/G-BF10

10 3.54 (0.04) 5.01 (0.03) 4.91 (0.04)
15 3.78 (0.05) 9.29 (0.04) 6.41 (0.5)
20 4.28 (0.05) 12.80 (0.07) 7.63 (0.05)
25 4.87 (0.06) 17.05 (0.07) 8.53 (0.04)
30 4.97 (0.05) 21.42 (0.07) 9.87 (0.05)
35 5.24 (0.04) 27.92 (0.05) 11.32 (0.07)

EP/G-BF30

10 3.99 (0.03) 5.02 (0.05) 4.01 (0.05)
15 4.55 (0.06) 8.10 (0.05) 4.89 (0.05)
20 5.04 (0.05) 11.03 (0.04) 5.97 (0.04)
25 5.55 (0.04) 14.85 (0.07) 6.63 (0.04)
30 5.73 (0.05) 20.26 (0.05) 7.83 (0.06)
35 6.10 (0.05) 25.87 (0.08) 8.96 (0.08)

. 
Figure 3. Variation of the peak force for the EP and EP-BF composites at the first range of impact energy levels.
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Figure 4. Variation of the peak force for the EP and EP/G-BF composites in the second range of impact
energy levels.

The peak force increased as the impact energy increased for both loadings of hybrid composites.
The inclusion of woven-type glass fibre on the outermost surface of the composites helps with a better
force distribution when compared to the random orientation of fibre, resulting in a more consistent
data trend [22]. The highest impact energy marked from the first range of impact energy levels in
Figure 3, which was 10 J, was the lowest value in the second range of impact energy levels in Figure 4.
At this impact energy, only the EP was comparable to the EP/G-BFC, while the EP-BFC samples failed
and experienced total damage. From the values shown in both Figures 3 and 4, the hybrid composites
tend to have a higher peak force to initiate damages as expected. Moreover, woven-type glass fibres
are good in impact resistant, and it is expected that a woven-type fibre of any material will have better
resistance towards impact when compared to other types of fibre such as random and unidirectional
fibres [26].

3.3. Energy Absorbed Variation with Impact Energy

The impact energy supplied during an impact event is converted into two fractions, which are the
loss elastic energy and the energy absorbed by the sample. The absorbed energy is presented by the
damage mechanisms on the sample or structure, where more severe damage can be an indication of
more energy being absorbed [24,26]. The severity of the damage is subject to the mechanical properties
of the reinforcement and the matrix, the shape of the impactor tip, the fibre orientation, the sample’s
geometry and the impact energy levels [21].

Each sample absorbed a different amount of energy at each impact energy level, and thus a direct
relationship of impact energy with the amount of absorbed energy was not advisable for explaining the
severity of the damage on the samples. It is understood that a higher impact energy will cause a higher
amount of impact energy to be absorbed, as depicted in Tables 1 and 2 [25]. Therefore, the percentage
of energy absorbed by each sample at the respective impact energy level presents a better relationship
of the impact energy with the absorbed energy and explains the severity of damage on the samples.

Figures 5 and 6 present the percentage of energy absorbed by the EP, EP-BF and EP/G-BF
composites, respectively.

It was seen that an inconsistent trend was represented by the EP-BF composites compared to the
EP in Figure 5. This is due to the random orientation of the short bamboo fibres, since the force being
applied cannot be distributed evenly. At the same time, the agglomeration of bamboo powder that
might be located within the structure tends to either slow down the damage propagation or worsen the
damage by integrating a larger surface damage [8,13]. The inconsistent response of randomly oriented
bamboo composites towards impact causes an inconsistent energy to be absorbed by the samples.
This concept is illustrated in Figure 7.
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Figure 5. Percentage of energy absorbed by the EP and EP-BF composites at the first range of impact
energy levels.

 

Figure 6. Percentage of energy absorbed by the EP and EP/G-BF composites at the second range of
impact energy levels.

 

Figure 7. Agglomeration in bamboo composites can either (a) stop the damage progression or (b) cause
more severe damage in the sample.

Compared to non-hybrid composites, a clearer relationship between the percentage of energy
absorbed and the different impact energy values of hybrid composites can be seen in Figure 6. As the
impact energy increased, the percentage of energy absorbed increased. Besides this, at all impact
energy levels, the percentage of energy absorbed for the EP/G-BF30 is lower than for the EP/G-BF10.
This is in good agreement with the damage found on the samples, where EP/G-BF10 experienced more
severe damage when compared to EP/G-BF30.

3.4. Damage Analysis on The Impacted Samples

The damage analysis will be separated based on the types of samples and their response towards
different impact energy levels. Figure 8 shows the damages on the EP samples.
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Figure 8. The EP samples after low velocity impacts at different impact energy levels.

From the lowest energy values of 2.50 J to 5.00 J, the samples were free from cracks, and no dented
surface was visible. However, at an impact energy level of 10.00 J, the EP sample was totally broken.
This observation leads to the conclusion that neat polymer plates will experience total failure at a
certain impact energy level without experiencing minor cracks [21]. This situation therefore lowers the
dependency and safety of a product in real life applications. It might withstand a higher load, but an
unexpected total failure might happen at any limit without any preliminary sign of damage.

The damage on the non-hybrid EP-BF composites after the low velocity impact was observed
with the aid of the dye penetrant and is shown in Figures 9 and 10.

As depicted in Figure 9, matrix cracking was detected on the EP-BF10 samples at 2.50 J, 3.75 J and
4.40 J impact energy levels. The matrix cracking propagates from the top surface to the bottom, and
from the centre (where the impactor was dropped) to the sides of the rectangular plates. The EP-BF10
samples can withstand the first three impact energy levels; the propagation of matrix cracking stopped
before reaching the sides of the samples. However, 10.00 J of impact energy enabled the matrix cracking
to propagate until the end sides of the samples, thus breaking the rectangular plates into pieces.
Compared to the visual look of the broken EP samples in Figure 9, the broken sample of EP-BF10
indicates a less severe damage as it broke into four large pieces that can be laid out, instead of numerous
smaller pieces. Micro-sized fibres with a random orientation limit the analysis of the damage, as no
trend can be suggested concerning the relationship of the impact energy levels with the severity of the
damage caused [27].

 

Figure 9. The damage on the impacted samples of EP-BF10 was observed with the help of the dye penetrant.
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Figure 10. The damage on the impacted samples of EP-BF30 was observed with the help of dye penetrant.

Although no trend can be suggested regarding the propagation of matrix cracking, the analysis
was presented in terms of the distance of the matrix cracking propagation from the centre to the side of
the rectangular samples. It was found that the distance increased as the impact energy increased from
2.50 J to 4.40 J. These distances were measured on the bottom surface of the EP-BF10 samples, and the
longest distance from the centre is recorded in Table 5.

Table 5. Distance travelled by the matrix cracking on the bottom surface of the EP-BF10 sample at
different impact energy levels.

Energy Levels (J) 2.50 3.75 4.40 5.00

Distance (mm) 53 61 70 break

Similar damage behaviour was observed on the EP-BF30 samples compared to the previous
EP-BF10. Dye penetrant was used, and the observation of the damage is shown in Figure 10.

Matrix cracking was detected as propagating from the top to the bottom and from the centre to
the sides of the impacted samples. However, small differences can be seen between the damage on the
EP-BF30 and that on the EP-BF10, i.e., the number of lines of matrix cracking is lower than the number
found on the EP-BF10. For the EP-BF30, only two obvious lines of matrix cracking were observed from
the centre of impact, while in the EP-BF10 the damage propagated into four observable lines from
the centre of impact. Figure 10 shows that the EP-BF30 withstood the 5.00 J impact energy but failed
at 10.00 J, which is one level higher than for the EP-BF10. The damage analysis for the EP-BF30 is
presented in Table 6.

Table 6. Distance travelled by the matrix cracking on the bottom surface of EP-BF30 at different impact
energy levels.

Energy Levels (J) 2.50 3.75 4.40 5.00 10.00

Distance (mm) 27 40 59 63 break

The shorter distance of the damage propagation for the EP-BF30 suggested that increasing the
bamboo fibre loading in the epoxy matrix improved the impact resistance of the composites. The impact
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resistance of the hybrid EP/G-BFC was expected to be higher compared to the non-hybrid EP-BF
composites. The inclusion of woven glass fibres at the top and bottom outermost layers of the
composites was believed to help in slowing down the impact absorption into the plates, thus reducing
the damage [13].

Figures 11 and 12 show the damage propagation on the hybrid EP/G-BF10 and on the EP/G-BF30,
respectively. Dye penetrant was not used as the damage is clearly visible and the area can directly be
calculated from the surface of the impacted samples.

 

Figure 11. Visible damage on the impacted samples of EP/G-BF10.

 

Figure 12. Visible damage on the impacted samples of the EP/G-BF30.

Generally, the damaged areas on both surfaces, top and bottom, were seen to increase as the
impact energy level increased. A significant difference in the area was clearly observed on the top
surfaces, while on the bottom perforation was detected [24,26]. Compared to the non-hybrid EP-BFC,
the EP/G-BFC samples did not break into pieces during the full penetration event. The inclusion of
woven glass fibres improved the properties of the composites in terms of impact damage resistance.
This improvement is very beneficial for real life applications as the severity of failure is lower when
compared to the total failure in the non-hybrid composites. The woven glass fibres can hold the

259



Polymers 2020, 12, 1288

structure in one piece during the highest impact incident. The damage area of the hybrid EP/G-BFC is
presented in Table 7.

Table 7. Damage area for EP/G-BF10 and EP/G-BF30 at different energy levels.

Energy Levels (J) 10 15 20 25 30 35

Area
(mm2)

EP/G-BF10 730 1700 3800 5500 5500 5600

EP/G-BF30 300 700 1760 4000 3300 1000

For both types of samples, EP/G-BF10 and EP/G-BF30, the damage area increased significantly from
10 J to 20 J, and a smaller difference was calculated as the energy level increased further. From 20 J to
35 J, the damage was seen to propagate more towards the bottom surface compared to the propagation
from the centre to the sides of the samples.

4. Conclusions

The greater the peak force, the stiffer the projectile-to-target interaction, thus shortening the
contact period of the impactor on the surface of the composites. The non-hybrid EP-BF10 composites
have a stiffer projectile-to-target interaction compared to the EP-BF30 composites. However, neat epoxy
samples showed the stiffest projectile-to-target interaction among the three samples, EP, EP-BF10,
EP-BF30, at all impact energy levels. The non-hybrid EP-BF10 composites exhibited good stiffness but
lower strength, while the EP-BF30 composites showed the opposite relation. Damage initiation and
propagation in the EP-BF30 composites was slower and less severe when compared to the EP-BF10
composites. The non-visible damage in the bamboo composites, which occurred after the low velocity
impact, can be analysed through the force undulations in the force-time graphs and can be observed
using the dye penetrant method.

A significant improvement was observed with the inclusion of woven glass fibres in the composites.
The non-hybrid composites broke into pieces during the highest impact energy that is applied, while the
hybrid composites experienced only perforation and the structure did not totally break. The distance
of the matrix cracking was shorter for the EP-BF30 when compared to the EP-BF10 at the same impact
energy level, suggesting that increasing the bamboo fibre loading can improve the impact resistance,
although in short fibre-reinforced composites.
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Abstract: The aim of the present paper is to study the mechanical performance evolution of
pinned hybrid glass-flax composite laminates under environment aging conditions. Hybrid glass-flax
fibers/epoxy pinned laminates were exposed to salt-spray fog environmental conditions up to
60 days. With the purpose of assessing the relationship between mechanical performances and failure
mechanisms at increasing aging time, single lap joints at varying joint geometry (i.e., hole diameter D
and hole distance E from free edge) were characterized after 0 days (i.e., unaged samples), 30 days,
and 60 days of salt-fog exposition. Based on this approach, the property–structure relationship
of the composite laminates was assessed on these critical environmental conditions. In particular,
a reduction of failure strength for long-aging-time-aged samples was observed in the range 20–30%
compared to unaged one. Due to the natural fiber degradation in a salt-fog environment, premature
catastrophic fractures mode due to shear-out and net-tension were found, related to reduced joint
fracture strength. This behavior identifies that this type of joint requires a careful design in order to
guarantee an effective mechanical stability of the composite hybrid joint under long-term operating
conditions in an aggressive environment.

Keywords: bearing; salt fog aging; glass-flax hybrid coposites; pinned joints; failure modes

1. Introduction

In the last years, hybrid composite materials were addressed as effective approach to optimize
structural design in several industrial fields, such as construction, aerospace or automotive [1,2].
The engineering choice of these materials has shown significant advantages compared to conventional
non-hybrid composites [3]. In such a context, the high mechanical properties of synthetic fibers and the
environmental compatibility of natural fibers represent an effective and reliable combination to develop
hybrid composite materials with marked performances of sustainability and mechanical/structural
effectiveness. Several research activates highlighted that the engineering design of natural fiber based
composite materials is a potentially suitable key factor to guarantee an effective synergy between
mechanical performance and green sustainable material [2,4].

Mechanical joint is one of the industrially applied methods to assemble composite structures.
Bolted joining is the most common approach to join similar and dissimilar materials thanks to their
low cost and easiness in assembling and disassembling. However, structural joints, although often
required at the design level, are high stress concentration points that make this region sensitive to
damage. Several factors can influence the composite joint strength, such as the preload moment [5],
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temperature [6], environmental conditions [7], and geometric parameters [8]. The pinned joints
with different geometrical parameters highlight different failure modes, and the damage activation
phenomena in the composite materials can be foreseen using failure criteria [9].

Several research activities highlighted that the hybridization of lignocellulosic fibers with synthetic
counterparts (i.e., glass or carbon fibers) enhances the mechanical properties of composite laminates,
favoring the improvement of their tensile, bending, and impact strength [10–13].

Furthermore, the hybridization of natural fibers allows to exalt the durability in critical conditions,
preventing the limited durability of the natural materials in moist or wet environments [14–17]. In
fact, it is well known that the performances reduction of GFRP (Glass Fiber Reinforced Plastics)
composites in wet condition stabilizes after moisture saturation level [18]. Calabrese et al. [19] showed
that the hybridization of lignocellulosic flax fibers with glass ones represents an effective and suitable
compromise in terms of environmental impact, mechanical properties, aging resistance, and cost
between flax and glass composites, for its use in marine applications. Analogously, Saidane et al. [20]
evidenced that the water uptake and diffusion are limited by the addition of glass fiber layers to
flax laminates. In particular, the flax-glass hybridization offers a positive contribute in the Young’s
modulus and the tensile strength. However, an aspect that needs attention requiring an improvement
of knowledge is the evaluation of the mechanical stability in aggressive environments of composite
joints based on hybrid natural fibers laminates. Natural fibers exhibit in usual working conditions an
acceptable mechanical reliability, configuring these materials as suitable reinforcing material in several
applied composites [21,22]. However, due to their relevant hydrophilic nature, they are very sensitive
to damp or wet environments, implying a significant performance depletion of the resulting composites,
thus addressing premature fracture modes. This makes the mechanical stability and durability design
of hybrid joints in aggressive environments very complex. The evaluation of strength variation must be
synergistically integrated with the occurred fracture mechanism in the joint [6,23]. The former should
be excluded or limited in time, and the latter should preferably be preserved. Instead, there is often the
triggering of premature fracture mechanisms, induced by aging, which enhance the limit strength the
hybrid joint.

Esendemir and Cabioglu [24] showed that different environmental aging conditions do not modify
the failure modes (i.e., net tension, shear-out, bearing, and mixed) for woven glass epoxy pinned
composites. Nevertheless, they evidenced that the bearing strength of the joints is noticeable affected
by the applied environment conditions.

Karakuzu et al. [25] investigated pinned glass fiber-reinforced composites due to aging up to
12 months of immersion in seawater. Their study evidenced a detrimental effect of this environmental
aging condition on failure strength and fracture mechanism of the joint at varying joint geometry.

In a previous paper, the authors assessed the effect of salt-fog environment on the bearing
behavior of pinned flax/epoxy composites [26], showing that salt-fog exposition severely influences the
mechanical performances of pinned composite. In particular, a progressive modification of damage
mechanism occurred, favoring premature and catastrophic shear out and net tension failure mechanisms
despite the preferred bearing one and thus, as a consequence, limiting the effective mechanical durability
of the mechanical joint. In such a context, the joint geometrical configuration (i.e., hole diameter, edge
distance, etc.) has been a relevant role in the damage activation and propagation.

At the same time, some promising results were obtained evaluating the durability of glass
composite laminates in salt-fog environments [27]. In this case, salt-fog exposition did not modify
noticeably the mechanical performances of the pinned flax/epoxy composite. Thanks to the quite good
stability in wet environments of glass fibers, only a slight reduction in the performance of the pinned
joint was found with no relevant change in fracture mechanisms at increasing aging exposition time.
These results encouraged assessment of the hybridization of pinned flax/epoxy composites with glass
fibers as an effective approach to enhance the mechanical stability and durability of the joint. Moreover,
this would allow improving the knowledge in the hybrid joint design, introducing in this context useful
information for a prediction of the component service life based on their real environmental conditions.
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By considering the wide use of composites laminates for marine applications, this issue is extremely
interesting to evaluate how the exposition aging time can influence the predominant failure mechanism
and, consequently, the structural performance of the hybrid joint.

In the present paper, pinned glass-flax hybrid reinforced laminates were exposed to salt-fog
spray environment up to 60 days with the aim of studying the mechanical performances and failure
mechanism modification induced by aging conditions. Different joint geometrical configurations at
varying E/D (i.e., hole center to laminate free edge distance over hole diameter) and W/D (i.e., sample
width over hole diameter) ratios were also investigated, thus identifying critical values of these
parameters that altered the mechanical stability of the joint in a marine environment.

2. Materials and Methods

A composite panel (350 × 350 mm2) was produced by using vacuum-assisted resin infusion
technique. The was cured at 25 ◦C for 24 h and post-cured at 50 ◦C for 8 h. A DEGBA epoxy resin,
SX8 EVO (supplied by Mates Italiana, Segrate, Italy) was used as matrix, and 6 layers of 2 × 2 twill
weave woven flax fabric with nominal areal weight of 318 g/m2 (Lineo, Saint Martin du Tilleul, France)
were used as natural fiber reinforcement. In order to improve strength, stiffness, and environmental
durability of the composite laminate, 3 layers of plain weave woven glass fabrics with nominal areal
weight of 200 g/m2 (Mike Compositi, Milano, Italy) were used as external fiber reinforced skins.
A full number of 12 reinforced layers (6 internal flax layers and 6 external glass layers) were applied.
The stacking sequence of the hybrid composite laminate is (G3/F3)s.

Prismatic samples with length 150 mm (preferred width 15 mm) were obtained by cutting the
panel by using a band saw. Afterward, a single hole was made in each sample by using at first
undersized drilling bits and then a mill tool to obtain the hole diameter without edge defects. In order
to assess the effect of the pinned joint geometry on mechanical performance and failure mechanisms,
hole diameter (D) and its free edge distance (E) were varied in order to obtain samples with large W/D
and E/D geometrical ratios.

A double-lap pinned joint was considered for experimental bearing tests, according to ASTM
D5961/D standard (procedure A), using a universal testing machine Z250 (Zwick-Roell, Ulm, Germany),
equipped with a 250 kN load cell, and setting a displacement rate of 0.5 mm/min. A scheme of the
sample geometry and bearing test setup was drawn in Figure 1.

 

Figure 1. (a) Sample geometry and (b) bearing test setup.
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The average fibre and void contents of the laminate, its nominal thickness, the samples geometry,
and the bearing test set-up are detailed in our previous paper [28], and it will not reported here for the
sake of brevity.

Aging exposition was carried out by using a DCTC 600 climatic chamber (Angelantoni, Massa
Martana (PG), Italy), according to the ASTM B 117 standard. In order to assess the effect of salt-fog
exposition on mechanical performances stability of hybrid composite laminates, 30 and 60 aging days
were applied on the selected batches.

All samples are codified as “GFA”, “GFB”, and “GFC” depending on if the hybrid laminates were
aged for 0, 30, or 60 days, respectively. Furthermore, this code was coupled with a lot of numbers
xx-yy-zz related to the hole diameter (D), the edge distance (E), and sample width (W), respectively.
For example, GFB-6-12-15 indicates hybrid laminates exposed to salt-fog for 30 days, having 6 mm
hole diameter, 12 mm edge distance, and 15 mm sample width.

In the present paper, the results and discussion comparison among the three batches was performed
by using the bearing stress determined according to following the expression:

σ = P/(D ∗ s) (1)

where P, D, and s are the applied load, hole diameter, and sample thickness, respectively. Detailed
images of failure mechanism were carried out on fractured samples by means of a 3D digital microscope
(Hirox KH-8700).

3. Results and Discussion

3.1. Pinned Joints with 4-mm Hole Diameter

Figure 2 shows the bearing stress versus displacement trend evolution for hybrid glass-flax
laminates having diameter D = 4 mm, width W = 15 mm, and edge distance E = 12 mm (i.e., W/D = 3.75
and E/D = 2.75), as a function of time exposition to salt-fog environment. Three stages can be identified:

• In the beginning phase, all curves are characterized by a linear relationship between the bearing
stress and displacement. The slope of this trend could be related to the joint stiffness;

• Afterwards, at increasing displacement, a progressive deviation from the linear trend can be
highlighted depending on aging time. This behavior is due to compression collapse of the matrix
in correspondence of the composite laminate just behind the small hole/pin contact area;

• Eventually, all specimens tend to reach a plateau zone where the bearing stress is roughly constant,
beyond which its failure occurs. All the specimens showed a bearing failure mechanism.

Figure 2. Stress-displacement curves at increasing aging time for pin-loaded laminates (D = 4 mm;
E = 12 mm; W = 15 mm).
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It is worth noting that a gradual modification of the stress-displacement trend can be highlighted
at increasing aging time.

The unaged glass-flax laminate (i.e., GFA sample) evidences effective mechanical performance as
confirmed by the high stress level reached before failure. Furthermore, this batch highlights a quite
large linearity region for bearing stress values up to about 125 MPa. Then, bearing stress progressively
increases at increasing displacement until a stabilization is reached at about 180–190 MPa. A significant
stress fluctuation in the bearing stress plateau can be identified due to the compression collapse of the
epoxy matrix just behind the pin/hole contact area. A maximum stress at about 200 MPa was reached
beyond which the sample failure occurred.

On the contrary, GFB and GFC samples evidenced a reduction of the maximum bearing
stress (i.e., about 18% and 21% lower than unaged sample, respectively) due to salt-fog aging
conditions. Moreover, an evident change in plateau region can be observed, i.e., the unaged sample is
characterized by a wide plateau region extending in the 1.8–4.2 mm displacement range whereas the
stress-displacement curves are characterized in a less extended stabilization region of the stress due to
aging condition. This phenomenon is evident already after 30 days of aging exposition (i.e., batch GFB).
Flax fibres undergo a gradual absorption of water in salt-fog environment, which leads to a progressive
reduction of their mechanical properties. The hydrophilic nature of these fibres also speeds up the water
permeation at the fibre-matrix interphase, thus weakening this area and, as a consequence, implying
a reduction of both strength and stiffness of the composites due to the limited transfer of stresses [29].
Hence, the residual resistance of the composite laminate decreases, thus promoting the premature
compressive collapse of the sample in the pin-hole contact region due to lower stress/deformation
limits than unaged hybrid composite laminate. This relevant change of the damage evolution also
favours a relevant modification on the occurring failure mechanism. In particular, a transition from
full bearing mode to mixed bearing/net tension failure mechanism takes place at increasing exposition
time to the salt-fog environment, i.e., 60-day aged samples experienced a clearly mixed net tension and
bearing failure mode.

Further interesting information can be extrapolated by analysing the fracture images of the
samples at varying aging time, as reported in Figure 3.

 
Figure 3. Fracture images of (a) GFA-4-12-15, (b) GFB-4-12-15, and (c) GFC-4-12-15 glass-flax samples.

The fracture image of GFA-4-12-15 unaged sample (Figure 3a), fails through bearing mode, as can
be evidenced by the large compression collapse area on the pin/hole contact surface area. Furthermore,
by analysing the detail of Figure 3a, kink bands that evolve radially from the hole edge can be observed,
thus highlighting a progressive extension of the damaged area, defined as failure process zone [28].
This damage phenomenon favours at the same time the triggering of synergistic damage mode,
such as delamination, that promotes the mechanical collapse of the pinned laminate joint [30]. In fact,
kink bands develop due to plastic micro-buckling phenomena in the compression area and favour
large local deformations at the fibre-matrix interface, inducing the triggering of premature secondary
failure mechanisms [31]. Therefore, a progressive process of damage accumulation is activated by
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coupling different damage modes, such as fibre kink bands and shear cracks at the layers interface that
evolve to large-scale delamination phenomena, resulting in a reduction in the mechanical stability of
the joint [32].

As already stated, the salt-fog exposition induces a significant modification of the failure
mechanism. For GFB and GFC samples, a mixed bearing/net-tension fracture was observed (Figure 3b,c).
The failure process zone due to bearing is still evident, with a large delaminated area. In these cases,
large kink bands toward the free edges of the sample are not evident, indicating that other premature
failure mechanisms compete in the damage propagation phenomenon. This can be related to the matrix
softening due to environmental aging that limits the local brittle fracture mode such as kink bands
and stimulating interfacial dominated fracture mechanisms [33]. The reduced displacement at failure
found for GFB and GFC specimens is a consequence of these factors. In particular, the limited plateau
region for the specimen GFB (characterized by intermediate exposure times in a salt spray chamber)
can be attributed to two competing mechanisms. On the one hand, the onset of a catastrophic fracture
mechanism, as net-tension, stimulates the reduction of displacement at failure. On the other hand,
the exposure of the sample in a wet environment favors softening phenomena in the composite that
reduce the joint stiffness. However, this contribution is mainly relevant for the GFC batch, exposed for
60 days in a salt spray chamber, for which a much larger bearing stress plateau region is detected.

Summarizing, a reduction of about 18% of the bearing stress was evidenced already at 30 days
of aging time. Although glass fibres in hydrothermal environments show a quite good mechanical
stability, flax fibres, on the other hand, have a limited durability following the reduction of the
resistance. These play a key role in triggering damage phenomena that subsequently evolve along
the interface surface between dissimilar flax-glass laminae. By observing Figure 3b,c, the appearance
of fibre breaking mainly ascribed to the detrimental reduction of the flax tensile strength caused by
salt-fog exposition can be evidenced.

Further considerations can be argued by evaluating the maximum bearing stress evolution at
increasing edge distance (Figure 4) for samples having constant D and W (equal to 4 mm and 15 mm,
respectively) at varying aging time. The observed experimental trend of all batches (i.e., 0, 20, and
60 aging days) highlights a progressive increase of the maximum bearing stress (σb) at increasing E
distance until a critical threshold value, above which its stabilization has been reached, as showed
previously [34,35].

Figure 4. Bearing stress evolution at increasing edge distance E for pin-loaded laminates with hole
diameter D = 4 mm and width W = 15 mm (W/D = 3.75) for all batches.

For all batches, two linear segments were identified. In particular, F, the pinned composite failure,
occurs at very low stress values for small E distance since, the very limited area just behind the pin
that suffers the applied stress favours the activation and propagation of premature failure damage by
shear out mode (region I). However, as evidenced by the high slope of the first fitting linear segment,
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the stress is very sensitive to E, i.e., a slight increase in edge distance implies a significant increase in
the maximum stress. As already discussed, a threshold E value at about 8–10 mm can be identified.

For edge distances higher than 10 mm (i.e., E/D > 2.5), a plateau is reached and the bearing stress
becomes constant (region II). In this region, the pinned composite joint fails mainly through bearing
failure mode [32]. However, after 1 month of aging exposition, glass-flax laminates (i.e., batches B and C)
highlighted a combined net-tension and bearing fracture mode with the former dominating on the latter
one. Due to salt-fog exposition, hybrid laminates undergo both physical and chemical degradation
phenomena that significantly worsen their mechanical behaviour. It is widely known that hydrophilic
fibres such as flax ones greatly suffer humid environmental conditions in evidencing gradual reductions
in their mechanical properties up to 40% [36]. This sensitivity to damp or wet environments is due
to the intrinsic microstructure of the flax fibre, which can be classified as a hierarchical structure
reinforced by cellulose micro-fibrils grouped in bundles to form meso-fibrils [37,38]. Thanks to their
high elastic modulus (in the range 134 to 160 GPa [39]), these act as reinforcements of the fibers structure.
Due to water sorption experienced by the amorphous fraction of cellulose and other polysaccharides
such as hemicellulose, a relevant decrease of the mechanical properties of natural fibers occurs [40].
In particular, the cellulose structure is destroyed by the water molecules that lead to a reduction in
stiffness, i.e., water acts as a plasticizer increasing the fiber flexibility [41]. Furthermore, the presence
of Na+ and Cl- ions in the solution helps to speed up the degradation of epoxy matrix, flax fibers, and
their interface by improving the osmotic diffusion of water at the fiber/matrix interface [15].

The hydrophilic behavior of the flax fibers enhances the diffusion of water in natural fiber-reinforced
laminae. Consequently, this implies an acceleration of the degradation phenomena at the interface
between flax and glass reinforced laminae. Furthermore, the water could reach glass fibers, thus partially
reducing their mechanical performances due to local dissolution of fiber surface [42]. At the same time.
this stimulates a wide activation of softening phenomena of the thermoset matrix [33]. The flax fibers
induce the activation of preferential diffusive pathways that enhance the activation and propagation
of the conventional degradation phenomena of composites in wet environments. The combination
of these phenomena leads to a decrease of the tensile strength due to the water absorption, inducing
a significant decrease of net tension failure stress of the aged hybrid composite laminates as early as
1 month of salt-fog exposition. This is confirmed by the reduction of plateau bearing stress for GFB
and GFC batches (18% and 24%, respectively) compared to an unaged GFA one. This abrupt stress
decrease at high E/D values can be related to the triggering of a premature fracture by net tension
that synergistically contributes coupled with bearing on the failure mechanism for this specific joint
geometry configuration.

3.2. Pinned Joints with 8-mm Hole Diameter

The mechanical behavior of glass-flax hybrid laminates can be deeper analyzed by evaluating the
stress-displacement trends and fracture mechanisms of pinned composite joints having hole diameter
larger than 4 mm. The different geometrical configuration of the joint represents a relevant aspect
to be taken into consideration in order to identify the possible causes of triggering and propagation
of premature damage on the joint. In particular, Figure 5 shows the evolution of the stress versus
displacement curves for pinned joint at increasing aging cycles characterized by hole diameter (D) and
edge distance (E) equal to 8 mm and 9 mm, respectively.

It is worth noting that, for this geometrical configuration, no noticeable decrease of the maximum
bearing stress can be observed comparing the three curves although a gradual increase of the
displacement at failure can be highlighted at increasing aging time exposition (i.e., 146% and 151%
higher than that of unaged one, for batches B and C, respectively). This large deflection for aged
samples can be ascribed to two factors. The first is related to a joint stiffness decrease, as evidenced by
the reduction of the stress/displacement slope. Moreover, a progressive and not catastrophic damage
mechanism occurs at larger deflection values. This favors the stress stabilization, and large deflection
is required to induce the final fracture of the aged samples. This behavior, similar to that found for the
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specimens with a 4-mm hole size, can be attributed to a progressive softening of the matrix and/or
matrix-fiber interface. As already stated, this phenomenon is strongly conveyed by the significant
sensitivity of flax fibers to water. This is also experimentally confirmed by the reduction of the
stress/displacement slope (which may be indirectly related to the joint stiffness) with increasing aging
time. After 60 days under salt-fog spray condition, sample GFC-8-9-15 shows a displacement at failure
more than double than GFA-8-9-15 unaged sample.

Figure 5. Stress-displacement curves at increasing aging time for pin-loaded laminates (D = 8 mm;
E = 9 mm; and W = 15 mm).

For a GFA-8-9-15 sample, a catastrophic fracture type was obtained, identifiable by the abrupt
and sudden drop of the bearing stress when the stress-displacement trend still has a quite linear
relationship. This catastrophic and brittle fracture mechanism can be considered typical for brittle
thermoset matrix-based composites [43]. On the other hand, the joint failure takes place prematurely
at low stress level for aged samples. Furthermore, the stress-displacement curve does not evidence
an abrupt reduction of the stress but a slight and progressive decrease in stress when its maximum
value is reached, i.e., this different behavior becomes evident already after 30 days of exposition in
the salt-fog environment. As already stated, it can be related to the epoxy matrix softening coupled
to the chemical and physical degradation phenomena that can be triggered due to the presence of
hydrophilic natural fibers in the hybrid composite laminate (i.e., water diffusion into the composite
toward preferential flow pathways, fiber swelling, etc.)

Figure 6 summarizes the fracture surface for GFA-8-9-15, GFB-8-9-15, and GFC-8-9-15
glass-flax samples).

Figure 6. Fracture images of (a) GFA-8-9-15, (b) GFB-8-9-15, and (c) GFC-8-9-15 glass-flax samples.
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It is found that, for all the compared samples, a net tension fracture mode mainly occurred.
In particular, Figure 6a evidences that an unaged sample fails through a neat fracture surface, typical of
tensile failures of fiber reinforced thermoset polymers. No further competing failure mechanisms can
be identified. On the other hand, by analyzing Figure 6b,c related to GFB-8-9-15 and GFC-8-9-15 aged
samples, respectively, a more complex fracture mechanism can be shown. The net tension fracture area
is characterized by local fiber detachments from the matrix coupled to the net-tension crack, local layer
detachments, and weakening of the fibers, probably due to the worsening of the fiber-matrix adhesion;
to the matrix softening; and to the reduced tensile properties of the natural fibers. At the same time,
fracture cracks rivers along the load direction in the area of the composite laminate immediately
behind the pinned hole emerge and become more relevant as the exposition time in salt-spray chamber
increases. These local damages can be attributed to the onset of joint damaging phenomena due to
shear-out mode, which acts synergistically to net-tension one, thus reducing the mechanical strength
of the joint. Consequently, this type of fracture although dominated by the fracture for net-tension can
be ascribed to an incipient cleavage fracture mode.

Figure 7 shows the maximum bearing stress evolution at increasing edge distance E for pin-loaded
laminates with hole diameter D = 8 mm and width W = 15 mm, for all batches.

Figure 7. Bearing stress evolution at increasing edge distance E for pin-loaded laminates with hole
diameter D = 8 mm and width W = 15 mm for all batches.

For low edge distances (i.e., E< 9 mm), the pinned joints evidenced premature fracture at low stress
levels. In particular, for this joint geometrical configuration, shear-out mode is the failure mechanism
(region I) due to short free edge distance. The maximum stress increases quite linearly at increasing
edge distance up to reaching a threshold value (for E = 9). Afterwards, a slight modification of slope
trend can be observed, indicating that competing failure phenomena are emerging when pin hole
distance from the free edge increases. For all hybrid batches, a transition from shear out to cleavage
failure mode occurred (region II). This trend for the GFA batch was maintained up to E = 12 mm and
then a new failure region due to net tension mode was defined (region III). The curve trend reaches
a plateau, indicating that the maximum stress becomes independent from E. It is worth noting that
aged samples (i.e., GFB and GFC) evidenced a different failure mechanism at large edge distance:
i.e., a mixed mode between net-tension and cleavage. This behavior can be ascribed to a progressive
degradation of the composite laminate due to environmental aging that has more markedly affected
the laminate shear strength than the tensile strength limit. This is confirmed by the large cleavage
failure area evidenced for GFB and GFC samples in Figure 6b,c. Further confirmation of this evidence
can be argued by evaluating the relevant slope change in the maximum stress trend in region I
(i.e., shear-out region) already at 30 days of exposure in a salt spray chamber (Figure 7). The reduction
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of the stress value in this region identifies a significant reduction in the shear-out strength of hybrid
composite laminates.

Instead, only a slight modification of maximum stress was shown at large E distance,
highlighting a still suitable mechanical stability for this joint configuration, even after long time
under salt-fog environment.

The presence of six internal laminae reinforced with hydrophilic flax fibers in the stacking sequence
can be considered the main cause of the high water absorption evidenced by hybrid laminates (~6% [19])
during the salt-fog exposition. Furthermore, the water diffusion into the laminate is also influenced by
matrix voids and micro cracks due to aging environmental exposure and/or the manufacturing process
that speed up the phenomenon [44].

Due to this, a progressive degradation of the hydrophilic flax fibers as well as a weakening of the
interfacial adhesion with the surrounding matrix occur during the salt-fog exposition. This justifies the
decrement of the specimens’ shear resistance, thus making shear out mode predominant for a wider
range of geometrical conditions of aged samples (i.e., GFB and GFC), so remaining competitive with
the net tension even at high at large edge distance.

3.3. Evolution of Failure Mechanisms at Varying Joint Geometry

In order to better discriminate the damage mechanisms that compete at varying joint geometry,
in Figure 8, different topological failure plots obtained evaluating the maximum stress at varying the
geometric parameters E (edge distance) and D (hole diameter) were schemed.

 

Figure 8. Scheme of failure mechanisms evolution in bearing stress vs. edge distance E plot for
all laminates.

Some consideration can be addressed based on this schematization:
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• D = 4 mm: For a small hole diameter, the fracture mechanism evolves from shear-out
(i.e., low E values) to bearing mode (i.e., large E values). Nevertheless, a premature fracture caused
by net-tension fracture mode was highlighted for large edge distance value due to environmental
aging. For the aged samples, a mixed bearing/net tension fracture was identified. The maximum
stress decreases at increasing aging time. This behavior is more sensitive for joint geometry having
large edge distance and, therefore, large E/D ratio.

• D = 6–8 mm: For intermediate hole diameters, a dual failure damage mechanism occurs.
A transition from shear-out to net-tension failure mechanism takes place at increasing edge
distance. For this sample geometry, the cleavage mode is relevant, especially for aged specimens.
This behavior can be related to the reduced tensile and shear strengths of the aged flax fibers that
influences the triggering of combined failure mechanisms. GFB and GFC batches, compared to
the unaged GFA one, are characterized by a clearly lower stress in the shear-out region (mainly
for samples with hole diameter equal to 6 mm). This significant stress reduction is related to
the specific joint geometry since the difference between hole diameter and sample width is still
relevant, thus limiting net-tension fracture mechanism only at high E values. The low stress
evidenced in the shear-out failure region could be related to a relevant reduction of the interfacial
adhesion at the fiber/matrix interface that favors shear cracks activation and propagation in the
pin/hole contact area. This stimulates a premature fracture by shear-out, thus preventing a mixed
failure mechanism for cleavage.

• D = 10 mm: For large hole diameters, net-tension is the main failure mechanism for E > 10–12 mm
for aged and unaged samples. This experimental evidence indicates that all samples, regardless
of the applied aging time, exhibit quite similar fracture transitions. Nevertheless, a relevant
discrepancy on the mechanical strength was observed. In particular, GFB and GFC samples
showed a reduction of maximum stress of about 20% and 30% compared to unaged one for
E > 12 mm, respectively. This trend can be attributed to the reduced tensile strength in the
hydrophilic aged flax fibers. This degradation phenomenon is less relevant at low E/D ratio,
where the shear-out mode is the main failure mechanisms.

These results show that the hybridization procedure of flax fibers using glass fibers allows to
obtain composite materials with an acceptable aging stability up to 60 days of exposure to salt spray
environment. In particular, a reduction of the maximum stress of about 20–30% can be identified due
to aging. The presence of not hydrophilic glass fibers, placed externally in the stacking sequence,
made it possible to limit the phenomenon of water absorption [15]. Hybridization on flax composites
improves the durability of the composite. This allowed to obtain an acceptable mechanical stability [26].
These results are in agreement with Reference [19], where the hybridization of lignocellulosic fibers
(i.e., flax) with synthetic ones (i.e., glass) was possibly considered if accurately designed and suitably
applied for marine applications based on its compromise in terms of environmental impact, mechanical
properties, aging resistance, and cost between flax and glass composites.

However, the triggering of premature fracture mechanisms at low stress levels, such as shear-out
and net-tension, are a symptom of the partial interaction of the hybrid composite with wet environments.
Thus, these environmental conditions are at potentially critical state at long exposure times.

Summarizing, due to the natural fiber degradation in salt-fog environment, at varying D and
E dimensions, premature catastrophic fractures mode due to shear-out and net-tension were found,
related to reduced joint fracture strength. This behavior identifies that this type of joint requires
a careful mechanical durability design in an aggressive environment in order to guarantee an effective
mechanical stability of the composite hybrid joint under long-term operating conditions.

4. Conclusions

In the present paper, the effect of salt-fog environment on the mechanical behavior of pinned
hybrid glass-flax/epoxy composites was evaluated. Samples at varying geometrical joint configuration
were exposed to a salt-fog spray test up to 60 aging days, according to ASTM B 117 standard.
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The experimental results highlighted that salt-fog environmental conditions significantly modify
the mechanical performances and failure mechanism of pinned hybrid composites. For low hole
diameter (i.e., D = 4 mm), a reduction of the bearing strength of about 18–21% was observed due
to environmental aging, i.e., from 198.7 to 156.1 MPa for GFA-4-12-15 and GFC-4-12-15 samples,
respectively. Furthermore, it was evidenced a noticeable modification of damage mode at increasing
the aging exposition time. In particular, a reduction of the bearing phenomenon thus favoring premature
and catastrophic mechanisms such as shear out (i.e., for low E values) and net tension (i.e., for high
E values) was highlighted and, as a consequence, limited the effective mechanical durability of the
mechanical joint.

This greater sensitivity to net-tension and shear-out fracture evolution is exalted also for joints
having larger hole dimensions. In particular, for hole size D equal to 10 mm, it was observed
a bearing strength reduction of about 30% when the fracture dominant mechanism was both shear out
(i.e., for E values lower than 8 mm) and net-tension (i.e., for E values higher than 12 mm), respectively.

In conclusion, the main goal of the present paper consists in the evaluation of the effect of glass-flax
hybridization on the durability of pinned composite laminates, i.e., a deeper knowledge of the stability
of hybrid composite components in salt-fog environments was achieved. In particular, the experimental
approach may help the design phase with the aim of optimizing the performance of the composite
structures in terms of mechanical stability and durability. Future studies will be addressed to improve
this knowledge by investigating the mechanical stability of these composite materials in other critical
environmental aging conditions complementary to salt spray setup (e.g., wet/dry cycles).
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Abstract: In this study, lignin has been extracted from oil palm empty fruit bunch (EFB) fibers
via an organosolv process. The organosolv lignin obtained was defined by the presence of
hydroxyl-containing molecules, such as guaiacyl and syringyl, and by the presence of phenolic
molecules in lignin. Subsequently, the extracted organosolv lignin and graphene nanoplatelets
(GNP) were utilized as filler and reinforcement in photo-curable polyurethane (PU), which is used
in stereolithography 3D printing. The compatibility as well as the characteristic and structural
changes of the composite were identified through the mechanical properties of the 3D-printed
composites. Furthermore, the tensile strength of the composited lignin and graphene shows
significant improvement as high as 27%. The hardness of the photo-curable PU composites measured
by nanoindentation exhibited an enormous improvement for 0.6% of lignin-graphene at 92.49 MPa
with 238% increment when compared with unmodified PU.

Keywords: 3D printing; composites; DLP; lignocellulose; nanoindentation

1. Introduction

Apart from being fast and precise, 3D printing enables a product to be easily modified and
customized. This technology is suitable for applications in a field with profound individual differences,
such as biomedicine [1,2]. The rise of 3D printing is also expected to increase with the use of the polymer.
Resins used in stereolithography are thermosetting plastics, engineered to cure when receiving energy
typically from a laser beam or ultraviolet rays [3]. The thermoset nature of stereolithography fabricated
parts, with a high crosslink density, results in brittle fracture with low elongation properties [4].

Polyurethane (PU) is usually used in 3D printing because its mechanical properties can be tuned
by changing its chemical structure [2]. Microbes are unable to decompose UV-curable adhesives
because of their unique chemical composition and characteristics obtained after UV curing, which often
lead to long-term retention issues [5]. One solution is to develop a polymer with good biodegradability
via a composite approach. Composites can produce new materials with improved performance and
biodegradability when a natural material is used as a filler [6].
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In 2017, Malaysia accounted for 29% of the global palm oil production and 55.5% of the national
export sector [7]. Despite the success of the oil palm industry, major drawbacks include the generation
and utilization of empty fruit bunches (EFB). In fact, EFB has become a major threat to the industry
and needs to be rectified quickly. Nevertheless, this biomass waste can be a renewable alternative
to petroleum-based sources, fulfilling the energy demand and reducing pollution. Lignocellulosic
materials predominantly contain a mixture of carbohydrate polymers such as cellulose, hemicelluloses,
and lignin [8]. Lignin, which provides mechanical support to the cell walls of plants, also can be used
to support in polymer composites. Although lignin is the second most abundant natural polymer on
earth, it is under-utilized.

Lignin is categorized according to type of lignocellulose and extraction method; it can be of
sulfonate or non-sulfonate type. Sulfonate lignin is produced via commercial methods such as the
sulfur process and kraft process. Non-sulfur lignin is produced via the organosolv, soda, and hydrolysis
processes. Extraction of lignin using sulfuric acid (H2SO4) via the kraft process is widely employed
by the pulp and paper industry [9]. Organosolv is commonly utilized in laboratories owing to the
easy recovery of the used acid [10]. Organosolv lignin has been utilized because of its significantly
better solubility relative to those of other lignins, such as kraft and sulfur lignins [11]. Additionally,
lignin produced by organosolv processes has also been reported to be high-quality, technical lignin [12].
Owing to its highly reactive polyphenolic structures, lignin can reduce the cost of producing other, more
expensive, filler materials [13]; however, the sole incorporation of lignin will not boost the mechanical
property of a polymer nanocomposite. The integration of filler-reinforcement of graphene also has
been introduced in polymeric composites; graphene exhibited electrical, thermal, and mechanical
properties as nanofiller to the reinforcement of the polymeric materials [14–16].

In this study, the isolation of lignin from oil palm EFB fibers was carried out using formic acid (FA)
at different concentrations. The best condition in lignin isolation was further characterized by FTIR,
FT-NMR, and GC-MS analyses. Subsequently, the isolated organosolv lignin was used and modified
with the graphene nanoplatelets as filler-reinforcement for photo-curable PU in stereolithography 3D
printing. In addition to the stress-strain behavior of the polymers, the hardness of the 3D-printed
specimen was measured using nanoindentation technique for in-depth analysis of the effect of
lignin-graphene compatibility in photo-curable PU resin.

2. Materials and Methods

2.1. Materials

Oil palm EFB fibers were procured from Szetech Engineering Sdn. Bhd. (Selangor, Malaysia).
These were milled and sieved to obtain fibers of diameters 106–500 μm. Fractionation of lignin was
performed using 90% formic acid (Merck, Darmstadt, Germany) and the lignin content was determined
using 98% sulfuric acid (Merck). Graphene nanoplatelets (Sigma Aldrich, Darmstadt, Germany) was
used as reinforced for the printed materials. In stereolithography 3D printing, photo-curable resin with
the major composition of 45–47 wt% polyurethane acrylate, 34–36 wt% morpholine, and 15–17 wt%
tripropylene glycol diacrylate was provided by Wanhao Precision Casting Co. Ltd. (Jinhua, China)
and isopropyl alcohol (Merck) was used to remove the excess resin on the printed object.

2.2. Lignin Extraction

Lignin was extracted from oil palm EFB fibers via an organosolv extraction method, whereby
300 mL of 40–90% FA was added to 10 g of EFB, maintaining an EFB-solution ratio of 1:30. Using a
magnetic stirrer, the solution was stirred at 95 ◦C for 2 h. Next, the solution was filtered using a vacuum
filter to remove the pulp from the organosolv lignin. Subsequently, the isolation was carried out using
rotary evaporator (RE 600 with VR 300 vacuum controller, Yamato Scientific Co. Ltd., Tokyo, Japan).
The resulting black liquor was evaporated to separate the organosolv solution from the extracted
lignin. Briefly, a round-bottomed flask was half-filled with lignin organosolv and then placed in a
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96 ◦C water bath. The flask was connected to the evaporator using a clip, and the evaporator was left
to operate until the solvent was completely removed. The isolated lignin was then repeatedly washed
with water and centrifuged multiple times to remove the excess formic acid. Subsequently, the lignin
was recovered via oven-drying.

2.3. Preparation of the Photo-Curable Resin Composites

In anticipation of the filler-reinforcement in photo-curable PU, lignin-graphene was prepared with
the 10 wt% of graphene nanoplatelets (G) mixed continuously with the extracted organosolv lignin
using a homogenizer for 30 min (IKA T 25 Ultra-Turrax Digital High-Speed Homogenizer). Afterwards,
photo-curable PU resin was mixed with lignin and lignin-graphene at a different weight ratio (0.2, 0.4,
0.6, 0.8, 1.0, and 3.0 wt%). As a reference, PU was homogenized with 0.02 wt% of graphene, equivalent
to the graphene comprised in PU-0.2Lignin/G. The resin compounds were homogeneously mixed using
a homogenizer for 10 min or until the particles were well dispersed. The prepared resin compounds
were kept in the dark container until further use.

2.4. Stereolithography 3D Printing

The UV curable polyurethane with the lignin-graphene mixture was then added into a Duplicator
7 V1.5 by Wanhao 3D printer—a digital light-processing (DLP) system with a 405 nm UV lamp as the
curing agent. The STL file model was followed by standard tensile specimen according to the ASTM
D638 type IV with the slight modification on the thickness of the tensile specimen, which was set at
0.5 mm, width 7.5 mm, and neck length 24 mm. The density was measured by the dimension and
weight of printed samples. Prior to curing under UV light of wavelength 405 nm, the final product
was washed in an isopropyl alcohol solution to remove the excess polyurethane resin.

2.5. Characterization

The extracted acid-soluble and insoluble lignin was measured by the compositional analysis
of TAPPI T222 os-06 (2006) standard. The morphological structure of the sample before and after
processes was observed by a variable pressure scanning electron microscope, VPSEM (Merlin Compact,
Zeiss Pvt Ltd., Oberkochen, Germany). To determine the types of functional groups present in the
lignin as well as the effectiveness of the recovery process, the oil palm EFB fibers and lignin were
characterized via Fourier transform infrared spectroscopy (FTIR, Bruker, Billerica, MA, USA) at a
resolution of 1 cm−1 in the range of 4000 to 650 cm−1. Meanwhile, Fourier transform nuclear magnetic
resonance (FT-NMR) was performed to analyze the molecular structure of the lignin. In this process,
the lignin was dissolved in dimethyl sulphoxide-d6 (DMSO). The components of the extracted lignin
were identified by gas chromatography/mass spectrometry (GC-MS, Agilent 7890 GC/5975 MSD),
with ethyl acetate as the solvent and DB-5 the column. The viscosity of the photo-curable resin
composites was examine using Brookefield Ametek D1 viscometer with spindle type DV1HA at 100
rpm. The tensile test analysis was performed in the Instron® Electromechanical Universal Testing
Systems 3300 Series at 500 mm/min with a load cell of 1 kN, following which the tensile strength and
elongation were recorded. Nanoindentation behavior of the materials was performed by Nano TestTM
(Micro Materials, Wrexham, UK) at the maximum load of 50 mN. Tensile test and nanoindentation
analyses were repeated five times for each parameter.

3. Results and Discussion

3.1. Optimization of Organosolv Lignin Extraction

In the preliminary study, the control parameters of FA concentrations on lignocellulosic
fractionation were conducted early to maximize lignin that can be extracted. The initial lignin
content for the untreated oil palm EFB fibers was recorded at 21.7 wt%. As seen in Figure 1, the
amount of acid-soluble lignin extracted from oil palm EFB fibers was increased with the increment of
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FA concentration. The lignin isolation shows the highest activity at 90% of FA, which extracted ~52.6%
from the total lignin in oil palm EFB fibers. Although delignification is the method of breaking down
the chemical structure of lignin to make it soluble in a liquid, formic acid has a higher rate of results
of dissolution when compared to acetic acid or others with longer carbon chains attributable to the
decrease in lignin solubility with increasing alkyl chain length [17,18]. Thus, at higher FA concentration,
it provided an effective lignin dissolution through cleavage of ether bonds in lignin macromolecules
using acid [19]. The extracted lignin was further isolated by rotary evaporator, repeatedly washed
with water to remove the excess formic acid and further modification with graphene nanoplatelets as
filler-reinforcement in photo-curable polyurethane resin in the next stages, as seen in Figure 1a.

 

Figure 1. (a) The effect of different formic acid (FA) concentration on delignification of empty fruit
bunch (EFB) (EFB to aqueous ratio: 1:30, Operating temperature: 90 ◦C, FA concentration: 40–90%) and
(b) the further techniques involved in the utilization of organosolv lignin-graphene nanoplatelets with
photo-curable polyurethane (PU).

The oil palm EFB fibers show significantly morphological changes after the organosolv lignin
extraction, as seen in Figure 2a. The untreated oil palm EFB fibers indicate silica bodies covering the
surface structure of the fibers. The treated fibers after organosolv lignin extraction exposed the rough
surface structure, an exposed lumen, and noticeable micro cavities due to the removal of lignin and
dislodgement of the silica bodies [20]. Additionally, as the advantage of the organosolv extraction, the
separation of FA-lignin through rotary evaporator provided 89.9% of the acid recovery, which can be
used for the next cycle of the organosolv extraction.

As seen in Figure 2b, the FTIR spectrum at wavenumber of 3400 cm−1 exhibited the greater
abundance of O–H bonds in oil palm EFB fibers relative to the glucose monomers of cellulose which was
significantly changed in organosolv pulp of oil palm EFB fibers and extracted organosolv lignin [20].
Additionally, the peak at 1371 cm−1 was present in oil palm EFB fibers but not in lignin is because
of alterations in the C–H bond following the removal of cellulose and hemicellulose. Meanwhile,
the intensity at 2900 cm−1 denoted the C–H of the methyl (CH2) and methylene (CH3) groups in the
monomer of each compound [21]. This finding was also consistent with the fact that the molecules that
made up lignocellulose were aromatic and, accordingly, contained a small amount of alkane groups.
Typically, the double bond of aromatic carbonyl (C=O) group, C=C aromatic group and ether linkages
were observed at 1700 cm−1, 1500–1600 cm−1, and 1038 cm−1 were abundant in lignin, cellulose,
and hemicellulose [22,23]. In comparison, syringyl and guaiacyl units of lignin can be identified at
1117 cm−1 and 1271 cm−1 [24,25].
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Figure 2. The (a) micrograph of VPSEM and (b) FTIR spectrums of oil palm EFB fibers before and after
the organosolv lignin extraction.

3.2. Characterization of Organosolv Lignin

The 1H NMR spectrum of extracted organosolv lignin is shown in Figure 3a. The 3.14 ppm
peak shows the presence of hydrogen C-β in β-1 and β-β was stronger than that of the ether linkage
because the ether linkages were the easiest to hydrolyze during the formic acid organosolv process [26].
Peaks at 3.758–3.763 ppm revealed the presence of methoxyl proton (–OCH3). The peak at 8.133 ppm
revealed the presence of aromatic protons in guaiacyl (G) and syringyl (S) units and 6.524–6.826 ppm
aromatic protons in the syringyl-propane units verify the presence of the main monomers of lignin
in the sample. Furthermore, the stronger signal at 6.8 ppm relative to that at 7.0 ppm indicates that
the lignin contained more syringyl than guaiacyl monomers [27,28]. Other peaks were detected at
(1) 7.792–7.868 ppm ortho-hydrogen within the carbonyl groups; (2) peak at 4.898 ppm β-H within
the β-O-4 linkages; (3) 2.18–2.216 ppm phenolic protons in lignin; (4) 1.272 ppm and 0.861–0.895 ppm
methylene and methyl groups respectively within the lignin side chains; as well as (5) 2.500–2.216 ppm
protons in the solvent (DMSO-d6) [22,26,29,30].

The 1C NMR provided in Figure 3b shows significant signals at 56.56 ppm, indicating the presence
of –OCH3 in the syringyl units, 39.72–40.97 DMSO-d6 (i.e., the solvent), as well as 29.34 β-methylene in
the n-propyl side chains. On the contrary, the absence of peaks at 57–103 ppm implied that the lignin
did not contain a noticeable amount of polysaccharide. It may be concluded that the ester and ether
bonds in lignin and hemicellulose have been successfully cleaved during organosolv extraction [28].

As seen in Figure 3c, the GC-MS spectrum revealed the presence of a phenolic molecule
and 1,1-bifenil-2,3-diol, both of which gave rise to a phenylpropane unit, the building block
of lignin [31]. This was attributable to the chemical modification of the β-O-4 linkage during
extraction [32]. The abundant presence of these two components also showed that this sample was
rich in phenolic molecules. Apart from phenolic monomers, acyclic hydrocarbons like nonadecane,
1-dodecene, 6-tetradecene, hexadecene, (Z), 2-bromononane, tetratetracontane, 2,6-dimethyldecane,
and methylnonadecane were also present. Other acyclic components included oxygenated components,
such as 1-heptacosanol, oxalic acid, n-hexadecanoic acid, 9,12-octadecadienoic acid (Z,Z)-, octadecanoic
acid, and danbromoacetic acid, which were also present in the lignin [33]. The reason behind the
presence of n-hexadecanoic acid or palmitic acid in the lignin sample was that the acid is a typical
component of the oil within palm fruits [34].
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Figure 3. Chemical characterization of organosolv lignin extracted through (a) 1H NMR, (b) 1C NMR,
and (c) GC-MS spectrums.

3.3. Tensile Strength of 3D-Printed Composites

As seen in the graph in Figure 4a, the composites which contained 1% and 3% of lignin had lower
tensile strength than the resin. Meanwhile, the composite whose lignin concentration was 0.6% had a
tensile strength close to that of resin. When lignin was added to the PU resin, the proportion of resin
decreased; however, the presence of hydroxyl- and phenolic-rich lignin gave rise to a 3-dimensional
structure with polyurethane and retained the tensile strength of the [35]. Likewise, the tensile strength
of the PU-0.6% Lignin/G composite was much greater than that of the PU resin and lignin incorporated,
showing that the mechanical property of the composite was enhanced when the concentration of
lignin-graphene increased until 0.8% addition. The increase in lignin-graphene content increased the
hardness of the composite and reduced the flexibility of the polymer. The 3D printed composited
shown in Figure 4 displays the darkening of the samples with an increment of the lignin and lignin/G.
The maximum load the filler-reinforcement was able to attain was 3%; higher loading interrupted the
curing behavior of the photo-curable PU resin and defected the orientation of the printed samples.
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Figure 4. Mechanical properties of the photo-curable PU at stress-strain curves of (a) composited with
lignin, (b) lignin/graphene, and (c) Young’s modulus behaviours of the materials.

Figure 4c shows the Young’s modulus of the sample with the increment of lignin and
lignin-graphene as well as the data summarized in Table 1. The low loading lignin-graphene
shows exceptional performance: as tensile strength increased, the ductility of the materials was
compromised [16]. In contrast, the addition of lignin-graphene improved the Young’s modulus of the
composite. The high filler-reinforcement load often resulted in particle agglomeration; however, the
viscosity measurement tabulated in Table 1 shows slight changes (~0.55% viscosity increase) even at
the highest concentration of the additional filler-reinforcement of lignin-graphene [15].

Table 1. The effect of resin viscosity towards the tensile Stress-Strain and Young’s modulus of
photo-curable PU composited with lignin and lignin/graphene.

Sample Viscosity (cP) Stress (MPa) Strain (mm) Young’s Modulus (MPa)

PU 50.63 ± 0.05 21.15 ± 0.21 3.51 ± 0.02 9.77 ± 0.15
PU-0.2%Lignin 50.72 ± 0.07 22.19 ± 0.11 3.21 ± 0.05 9.81 ± 0.13
PU-0.6%Lignin 50.76 ± 0.09 24.50 ± 0.32 2.69 ± 0.03 11.59 ± 0.14
PU-3.0%Lignin 50.91 ± 0.04 9.19 ± 0.22 1.77 ± 0.06 4.21 ± 0.09

PU-G 50.64 ± 0.03 22.56 ± 0.29 3.22 ± 0.09 9.89 ± 0.13
PU-0.2%Lignin/G 50.73 ± 0.04 23.87 ± 0.24 3.11 ± 0.02 10.53 ± 0.16
PU-0.6%Lignin/G 50.76 ± 0.04 27.35 ± 0.30 2.73 ± 0.05 12.68 ± 0.17
PU-3.0%Lignin/G 50.93 ± 0.06 8.39 ± 0.16 7.80 ± 0.03 4.63 ± 0.13

3.4. Nanoindentation Behavior of 3D-Printed Composites

Nanoindentation technique on the photo-curable PU composites has been carried out at the
maximum load of 50 mN. The loading-unloading curves of the sample can be seen in Figure 5 and the
calculated data is summarized in Table 2. The contribution of lignin as a filler in PU resin provided a
minimum reformation of the sample hardness.
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Table 2. The loading-unloading behavior of photo-curable PU composited with lignin and
lignin/graphene.

Sample Max Depth (nm) Plastic Depth (nm) Hardness (MPa)

PU 10,573 ± 15 8708 ± 12 27.33 ± 0.3
PU-0.2%Lignin 9665 ± 3 8181 ± 7 38.21 ± 0.3
PU-0.6%Lignin 8830 ± 11 5079 ± 8 38.96 ± 0.2
PU-3.0%Lignin 9655 ± 7 8011 ± 6 38.12 ± 0.1

PU-G 8573 ± 5 6154 ± 4 54.51 ± 0.4
PU-0.2%Lignin/G 10,799 ± 8 8715 ± 5 27.29 ± 0.3
PU-0.6%Lignin/G 5609 ± 12 4714 ± 8 92.49 ± 0.4
PU-3.0%Lignin/G 14,801 ± 8 11,951 ± 11 14.54 ± 0.3

In the additional of lignin-graphene, typical loading-unloading behavior in comparison with
stress-strain curve was observed, which demonstrated the depth indentation decreased and the curves
shifted to the left due to the increment of the hardness [36]. The filler-reinforcement of lignin-graphene
showed the highest improvement at 0.6% Lignin/G as the sample provided tremendous enhancement of
the hardness at 92.49 MPa (238% increment from unmodified photo-curable PU resin). The integration
of graphene nanoplatelets was shown to be the main element for the improvement of the hardness
of the PU. The resistance of the graphene towards deformation of the material provided better
elasticity [36]. In contrast, the chemical interaction between the isocyanate group and oxygenated
groups of PU-graphene provided the compatibility of the lignin-graphene in photo-curable PU resin [14].
However, the increment of the graphene up to 3% showed a similar trend as a stress-strain curve,
which exhibited the low hardness profile of the materials.

  
Figure 5. Nanoindentation of the photo-curable PU composited with (a) lignin and (b) lignin/graphene.

3.5. The Compatibility of PU-Lignin with Graphene

As seen in Figure 6, the chemical compatibility of photo-curable PU with lignin and graphene
was analyzed through FTIR spectrums. In cured PUs, the infrared region indicates fewer isocyanates,
discovered at 2312 cm−1, suggesting that there is no surplus moisture and isocyanates in pre-polymer
reactants [37]. Thus, curing of the polymer is optimal as no major peak was observed at 2312 cm−1.
The broad peak was observed at 3200–3600 cm−1, indicating the presence of alcoholic and phenolic –OH
absorptions. Peaks observed at 1400–1600 cm−1 indicated the presence of aromatic structures present
in the PU [38]. After the addition of the lignin-graphene, a strong interfacial interaction between
functional groups of lignin-graphene and polyurethane occurred resulting in better compatibility,
suggesting a strong hydrogen bond between polyurethane and lignin-graphene [39].
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Figure 6. FTIR spectrums of the photo-curable PU composited with (a) lignin and (b) lignin/graphene.

The micrograph of the cross-section 3D-printed composites after tensile testing shows the effect
of lignin-graphene in favor of the better compatibility of filler-reinforcement in photo-curable PU,
as seen in Figure 7. PU samples indicated a wide line of micro cracks and homogeneously flat
surface area. In Figure 7b, graphene nanoplatelets were distinctly spotted on the PU-G surface with
non-uniform blending between photo-curable PU. In the addition of lignin-graphene, the blending
between PU-lignin-graphene was well distributed in the polymeric matrix [40].

  

  

Figure 7. Micrograph images of the fracture surface after tensile testing (a) PU, (b) PU-G, (c) PU-0.6%
Lignin/G, and (d) top surface of PU-0.6% Lignin/G.

A small poor dispersion of graphene nanoplatelets will provide more concentrated stress locally,
affecting the mechanical properties of the material [41]. The clear morphological structure from the
top of the PU-0.6% Lignin/G which has been exposed to the UV light, as seen in Figure 7d, exhibited
the homogeneity of graphene nanoplatelets with the assistance of lignin as filler reinforcement
in photo-curable PU. The synergistic interaction seen in lignin-graphene, lignin-polyurethane,
graphene-polyurethane, and lignin-graphene in polyurethane resin plays a major role in the formation
of compatible photo-curable resin composites. In comparison with lignin-polyurethane blends, the
molecular structure of lignin tends to form a lignin-lignin interaction; the viscosity of the resin
composite gradually increases as the composition of the lignin increases, as seen in Figure 1a. Unlike
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graphene oxide, which has a nanolayer formation, the graphene nanoplatelets particles require proper
mechanical homogenization method to distribute in the polyurethane system [36,39,42]. Accordingly,
the composition of lignin-graphene in polyurethane system facilitated greater distribution, significantly
increasing the mechanical properties of the 3D-printed composites.

4. Conclusions

In this study, the extracted lignin at the best condition of organosolv extraction reveals the
presence of syringyl, guaiacyl, and hydroxyl molecules, which is highly compatible with the
photo-curable PU. The ability of the organosolv lignin as a compatibilizer for graphene nanoplatelets was
successfully demonstrated in the mechanical properties of the PU-Lignin/G. Substantial improvement
by filler-reinforcement of lignin-graphene in photo-curable PU, identified at 0.6% Lignin/G as the
stress-strain and loading-unloading behavior, shows higher tensile strength and the resistance against
the deformation of the material.
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Abstract: The performance of rubber composite relies on the compatibility between rubber and filler.
This is specifically of concern when preparing composites with very different polarities of the rubber
matrix and the filler. However, a suitable compatibilizer can mediate the interactions. In this study,
composites of natural rubber (NR) with halloysite nanotubes (HNT) were prepared with maleated
natural rubber (MNR) and modified palm stearin (MPS) as dual compatibilizers. The MPS dose
ranged within 0.5–1.5 phr, while the MNR dose was fixed at 10 phr in all formulations. It was found
that the mixed MNR/MPS significantly enhanced modulus, tensile strength, and tear strength of the
composites. The improvements were mainly due to improved rubber-HNT interactions arising from
hydrogen bonds formed in the presence of these two compatibilizers. This was clearly verified by
observing the Payne effect. Apart from that, the MPS also acted as a plasticizer to provide improved
dispersion of HNT. It was clearly demonstrated that MNR and MPS as dual compatibilizers improved
rubber-HNT interactions and reduced filler-filler interactions, which then improved tensile and tear
strengths, as well as dynamical properties. Therefore, the mix of MNR and MPS had a great potential
to compatibilize non-polar rubber with HNT filler.

Keywords: natural rubber; maleated natural rubber; palm stearin; halloysite nanotubes

1. Introduction

Enhanced properties of rubber can be obtained by adding a small amount of nanofillers.
This technique has drawn considerable attention during the last decades [1–3]. The improvements
of physical and other related properties of rubber depend on several factors, such as the filler aspect
ratio, filler’s compatibility, the degree of dispersion, and the alignment of the particulates. Halloysite
nanotubes (HNT) are a type of nanofiller that has been recently tested in many types of matrix [4–7].
This is because of the very special characteristics of this material formed by surface weathering of
aluminosilicate minerals and composed of aluminum, silicon, hydrogen, and oxygen. Due to the
unique surface chemistry of HNT, it is not compatible with non-polar rubbers, such as natural rubber
(NR). Scientists have been trying to address this drawback by several approaches to improve their
compatibility. These include using silane coupling agents [8], adjusting the preparation methods [9],
and using compatibilizers [10].
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The silane coupling agent has been widely used and reported for the last decades. The use of silane
is known but considered to be expensive and requires a high mixing temperature to obtain effective
silanization. The chemistry behind the enhancement of the composites has also been very well studied.
In the meantime, adjusting the processing methods has also been focused on the preparation of rubber
composites. As, for example, Varghese and Karger-Kocsis [9] prepared natural rubber/layered silicates
through latex compounding method. They found out that the latex route was promising, but it might
not be of great practical relevance in comparison to the melt-compounding route. Besides, the acting
shear forces strongly favor the dispersion of filler and is a strong argument for melt compounding with
rubbers. Thus, searching for an alternative and effective compatibilizer for rubber/HNT composite
is of great interest. A compatibilizer tends to affect the overall structure of a composite. However,
most common compatibilizers are synthetic chemicals, and there has been less focus on the utilization
of natural-based compatibilizers. In this study, two types of compatibilizer were used to modify the
compatibility of NR with HNT: one being a modified natural rubber, and another being modified
palm stearin.

As for the modified natural rubber, the compatibility of NR and HNT can also be improved
by some functional groups. Pasbakhsh et al. [11] prepared maleic anhydride (MA) grafted ethylene
propylene diene rubber (EPDM) or EPDM-g-MA, to increase the compatibility of EPDM and HNT.
It was obvious that the use of EPDM-g-MA reduced HNT agglomeration and hence improved the HNT
dispersion. This was attributed to interactions between the hydroxyl groups on HNT surfaces and
succinic anhydride groups of the EPDM-g-MA. Similar approaches can be found in the literature [12,13].
They have also proposed possible interactions between hydroxyl groups of the paper sludge and
succinic anhydride groups.

Despite adding modified natural rubber as a compatibilizer, further improvements in material
properties can be obtained by introducing another compatibilizer. Palm stearin is an interesting material
that has been useful in natural rubber compounds. Palm stearin is derived from extensive processing
in the palm oil factory. It is fractionated from the refinery processing of crude palm oil [12], and its
value is lower compared to the main product (palm olein). Due to its waxy character, this material
can act as a plasticizer and improve the processability of rubber. Apart from the physical appearance
of palm stearin, the chemical substances available in palm stearin are also interesting. It consists of
highly saturated fats and triglycerides [13]. These components react with amines to produce unique
chemical substances called fatty acid amides [14,15]. From the structural point of view, the interactions
between NR and HNT could be improved by modified palm stearin. Recently, Surya et al. [14] reported
on the use of modified palm stearin in a NR/silica composite, and it was found that the modified
palm stearin gave shorter scorch and cure times, whereby the torque difference, tensile modulus,
tensile strength, hardness, and crosslink density increased up to 5 phr doses of modified palm stearin.
Similar observations have been reported for carbon black filled NR composites, showing that the
mechanical properties have been improved by modified palm stearin [16].

The aim of this study was to use modified palm stearin (MPS) as a mixed compatibilizer with
maleated natural rubber (MNR) for NR/HNT composites. Based on the chemical structures of both
MNR and MPS, they are anticipated to provide better compatibility, especially at the outer layers of HNT
(silanol and/or siloxane groups). To date, no reports have been published of detailed investigations
concerning the use of dual compatibilizers from MNR and MPS to improve the mechanical and
morphological evolution of NR/HNT composites. This study would bring a scientific perspective
on the role of MNR and MPS as dual compatibilizers for NR/HNT composites and provide detailed
information for manufacturing rubber products with HNT filler.
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2. Materials and Methods

2.1. Materials

The main NR matrix used in this experiment was STR 5L, which was manufactured by Chalong
Latex Industry Co., Ltd. (Songkhla, Thailand). The HNT was manufactured by Imerys Ceramics
Limited, (Kerikeri, New Zealand). HNT consists of the following components: SiO2 (49.5 wt %), Al2O3

(35.5 wt %), Fe2O3 (0.29 wt %), TiO2 (0.09 wt %), as well as CaO, MgO, K2O, and Na2O as traces.
The palm stearin was fractionated and supplied by Chumporn Palm Oil Industry PCL. (Chumporn,
Thailand). The curing activators ZnO and stearic acid were purchased from Global Chemical Co.,
Ltd. (Samut Prakan, Thailand) and Imperial Chemical Co., Ltd. (Bangkok, Thailand), respectively.
N-cyclohexyl-2-benzothiazole sulfenamide (CBS), used as an accelerator, was supplied by Flexsys
America L.P. (Creve Coeur, MO, USA), and sulfur, used as vulcanizing agent, was bought from Siam
Chemical Co., Ltd. (Samut Prakan, Thailand). Other chemicals involved in the preparation of MNR
and MPS, such as maleic anhydride, sodium methoxide, diethanolamine, diethyl ether, and saturated
sodium chloride, were purchased from Sigma-Aldrich (Thailand) Co., Ltd. (Bangkok, Thailand).

2.2. Synthesis of MPS

The synthesis of MPS followed the procedure described by Surya et al. [14]. This was done
in a reaction kettle fitted with a stirrer at atmospheric pressure. The methanol was initially mixed
together with sodium methoxide while stirring. The mixture of palm stearin and diethanolamine was
then added to the mixture while stirring. The reaction was carried out at 70 ◦C for 5 h. The mixture
was later extracted and washed with diethyl ether and saturated sodium chloride solution. Finally,
the crude MPS was purified with anhydrous sodium sulfate and concentrated in a rotary evaporator
prior to use. The MPS was stored in a desiccator prior to characterization with Fourier transform
infrared spectroscopy (FTIR) to assess changes in functionalities. The reaction to make MPS is shown
in Figure 1. The MPS appeared as a cream-colored wax and was used as a compatibilizer to improve
the compatibility in NR/HNT composites.

 
Figure 1. The chemical reaction between triglyceride-based palm stearin and diethanolamine (modified
from Surya et al. [14]).

2.3. Synthesis of MPS

Grafting of MA onto NR was done by mixing the NR with 4 phr of MA in a Brabender
Plasticorder at 145 ◦C at a rotor speed of 60 rpm under a normal atmosphere. The mixing lasted for
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10 min. The resulting rubber was purified by reprecipitation. This was done just for the purpose of
characterization by FTIR. The resulting MNR was then purified to confirm the grafting of MA onto NR.
This was carried out by dissolving the rubber sample in toluene at room temperature for 24 h and then
at 60 ◦C for 2 h. The soluble part was collected and precipitated in acetone. The sample was dried in a
vacuum oven at 40 ◦C for 24 h. The purified MNR was finally characterized by the FTIR spectrum.

2.4. Preparation of Composites based on NR and HNT

Table 1 depicts the main ingredients to prepare the rubber composites, and MNR was used
in all the modified compounds. Here, reference compound is denoted for the composite without
compatibilizer. MPS 0 phr is the composite with only MNR as compatibilizer, MPS 0.5–1.5 phr are
the composites with MNR/MPS as dual compatibilizers at MPS contents from 0.5–1.5 phr respectively.
The entire amounts of additives were mixed in a Brabender (Plastograph®EC Plus, Mixer W50EHT
3Z, Brabender ®GmbH & Co. KG, Duisburg, Germany), and, just after dumping, the compounds
were passed through a two-roll mill to avoid overheating prior to determining curing characteristics.
The compounds were then compressed into certain shapes using a hydraulic hot press, with the
vulcanizing times obtained by using a moving-die rheometer (MDR) as described later.

Table 1. Compounding ingredients used to prepare composites.

Ingredient
Compounding Code and Amounts in phr

Reference MPS 0 phr MPS 0.5 phr MPS 1.0 phr MPS 1.5 phr

NR 100 90 90 90 90
MNR * - 10 10 10 10

ZnO 5 5 5 5 5
Stearic acid 1 1 1 1 1

CBS 2 2 2 2 2
Sulfur 2 2 2 2 2
HNT 10 10 10 10 10
MPS - - 0.5 1 1.5

Remark: * MNR prepared at 4 phr of maleic anhydride. MPS, modified palm stearin; NR, natural rubber; MNR,
maleated natural rubber; HNT, halloysite nanotubes; CBS, N-cyclohexyl-2-benzothiazole sulfenamide.

2.5. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The FTIR spectra of MNR were analyzed using a Bruker FTIR spectrometer (Tensor 27, Bruker Optik
GmbH, Baden-Württemberg, Germany) with a smart durable single bounce diamond in the ATR cell.
Each spectrum was recorded in transmission mode after 32 scans per spectrum, with 4 cm−1 resolution
from 4000 to 400 cm−1.

2.6. Determination of Curing Characteristics

A moving die rheometer or MDR (Rheoline, Mini MDR Lite, Prescott instruments Ltd.,
Gloucestershire, UK) was utilized to determine the curing characteristics of the composites. The tests
were carried out according to ASTM D5289 at 150 ◦C. The data recorded were torques, scorch time
(ts1), and curing time (tc90).

2.7. Measurement of Mechanical Properties

The samples were cut into a dumbbell shape, according to ASTM D412. The tensile tests were
conducted using a universal tensile machine (Tinius Olsen, H10KS, Tinius Olsen TMC, Horsham,
PA, USA) at a cross-head speed of 500 mm/min. This was done to determine 100% modulus, 300%
modulus, tensile strength, and elongation at break. Further, tear strengths of the composites were also
tested using the same machine by following ASTM D624 with a cross-head speed of 500 mm/min.
The tear strength recorded was the average of five repeated tests for each compound.
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2.8. Dynamic Properties

The dynamic properties of the NR/HNT composites in the presence of dual compatibilizers were
studied using a Rubber Process Analyzer model D-RPA 3000 (MonTech Werkstoffprüfmaschinen
GmbH, Buchen, Germany). The composite sample was cured at 150 ◦C for the curing time obtained
from Rheoline Mini MDR Lite (Prescott Instruments Ltd., Gloucestershire, UK). Then, the sample
was cooled down to 60 ◦C and deformed at 10 Hz frequency, varying the strain in the range from 0.5
to 100%. The raw outputs storage modulus (G’) and damping characteristics (tan δ) were recorded,
and the rubber-filler interactions in the composites were assessed by the Payne effect. The Payne effect
was calculated as follows.

Payne effect = G’i - G’f (1)

where G’i is G’ at 0.5% strain, and G’f is the G’ at 100% strain. A larger Payne effect indicates lesser
rubber-filler interactions.

2.9. Scanning Electron Microscopy

Fractured samples from tensile testing were used to assess the microdefects. Imaging was carried
out using a scanning electron microscope (FEI Quanta 400 ESEM, Thermo Fisher Scientific, Waltham,
MA, USA) to obtain information on the dispersion of the HNT filler throughout the NR matrix, in both
the absence and presence of MNR/MPS as compatibilizers. The fractured pieces were sputter-coated
with gold–palladium to eliminate electrostatic charge buildup during imaging.

3. Results and Discussion

3.1. Functionalities of Maleated Natural Rubber

The typical infrared spectra of unmodified and modified palm stearin are shown in Figure 2.
The wavenumbers and their respective assignments are summarized in Table 2. Similar bands of
C–H stretch were detected at wavenumbers 2922 and 2852 cm−1, and CH2 rocking bands appeared
at 719 and 721cm−1 associated with long alkyl chains in the fatty acids; these were observed in both
unmodified and modified palm stearin. Further evidence of a methyl group (CH3) attached to a carbon
atom was shown by the umbrella mode at 1352 cm−1 [17]. The distinct bands observed in the modified
palm stearin distinguishing it from unmodified palm stearin are also shown in Figure 2. These included
the strong band for O–H stretch at 3410 cm−1, the C=O stretch at 1629 and 1556 cm−1, and the amide
C–N stretch at 1064 cm−1, respectively. The spectrum clearly indicated the functional groups present
in the proposed MPS chemical structure seen in Figure 1.

  
Figure 2. FTIR spectra of unmodified and modified palm stearin.
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Table 2. The peaks and their assignments in spectra for unmodified and modified palm stearin.

Wavenumber (cm-1) Assignment

3410 O–H stretch
2922, 2852 C–H stretch

1745 C=O stretch in ester
1629, 1556 C=O stretch in a modified structure

1352 CH3 umbrella mode
1064 C–N stretch

719/721 CH2 rocking

3.2. Functionalities of Maleated Natural Rubber

FTIR spectra of MNR at various MA contents are shown in Figure 3, while the peak assignments
are listed in Table 3. A broad and intense band at 1787 cm−1 and a weak absorption band at 1875 cm−1

were observed. These bands could be assigned to the successfully grafted anhydride and were due to
symmetric (strong) and asymmetric (weak) C=O stretching vibrations of succinic anhydride rings,
respectively. The observed bands were clearly indicating succinic anhydride groups grafted onto NR
molecules. Moreover, there was an important peak captured at wavenumber 1723 cm−1 due to the
formation of carbonyl groups of opened ring structure succinic anhydride. The peaks seen in this
study were quite similar to previous results in the literature [18,19].

Figure 3. FTIR spectra of MNR prepared at various MA contents. NR, natural rubber; MNR, maleated
natural rubber; MA, maleic anhydride.

Table 3. The peaks and their assignments in spectra for NR and MNR.

Wavenumber cm−1 Assignment

2900 C–H stretch of NR
1875 C=O stretch of succinic anhydride (weak)
1787 C=O stretch of polymeric anhydride (weak)
1723 C=O stretch of a carbonyl group
1664 C=C stretch of NR
835 C–H out of plane bend of NR
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3.3. Cure Characteristics

The curing curves of the NR/HNT composites with and without MNR/MPS as dual compatibilizers
are illustrated in Figure 4, and the results are also summarized in Table 4. The maximum torque (MH)
decreased on adding MPS but then increased again with further increases in the MPS dose, showing
that the MPS played an important role in improving the compatibility of the NR/HNT composites.
A similar trend was observed for the torque difference (MH – ML), which is the difference between
maximum torque (MH) and minimum torque (ML). This value is known to indicate the degree of
cross-linking and/or interactions within the composite system [20], so this could indicate that the
compatibility of NR with HNT was significantly enhanced when MPS was added to the composite.
The amide groups in MPS also shortened the scorch (ts1) and cure times (tc90) of the composites.
As mentioned before, MPS was synthesized from palm stearin and diethanolamine, which made MPS
an alkaline substance. This increased the pH of the rubber compounds, which tended to increase the
cure rate. Any chemical substance that makes the rubber compound more alkaline will increase the
cure rate, while acidity tends to retard the reactivity of accelerators [21]. It was, therefore, expected
that the amine in MPS could accelerate the cure rate of the composites.

Figure 4. Curing curves of NR/HNT composites in the presence of MNR/MPS as a dual
compatibilizer.MPS, modified palm stearin.

Table 4. Curing characteristics of NR/HNT composites in the presence of MNR/MPS as a
dual compatibilizer.

Compound Code MH (dN.m) MH −ML (dN.m) tS1 (min) tc90 (min)

Reference 7.43 7.18 0.84 2.81
MPS 0 phr 7.33 6.38 1.25 3.16

MPS 0.5 phr 9.27 8.35 0.7 2.84
MPS 1.0 phr 9.32 8.37 0.64 2.76
MPS 1.5 phr 9.1 8.2 0.56 2.43

3.4. Mechanical Properties

Tensile strength and elongation at break of NR/HNT composites with and without MNR/MPS as a
dual compatibilizer are shown in Figure 5. The tensile strength increased upon the incorporation of
MPS. Improved tensile strength was attributed to the MPS itself, which has great potential to mediate
interactions between NR and HNT. The mixed compatibilizers obviously influenced the tensile strength
of this composite, as could be seen from the tensile strengths of the composites without (reference) and
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with dual compatibilizers (MPS 0–1.5 phr). Here, the interaction between NR and HNT was discussed
for each compatibilizer used. Scheme 1 shows the proposed interaction obtained by the action of MNR,
with two possible interactions in the composite either through the opened ring and/or cyclic structures.
Grafting of the succinic anhydride groups onto NR molecules of the MNR increased the polarity of
rubber and made it compatible with HNT. Pasbakshs et al. [11] also proposed the same interactions
between hydroxyl groups of HNT and succinic anhydride groups of EPDM-g-MA. As for the MPS,
the interactions were between amide groups of MPS and siloxane groups at the outer surfaces of HNT
(see Scheme 2), and these reactions increased the reinforcing efficiency in the NR/HNT composites.

Figure 5. Tensile strength and elongation at break of NR/HNT composites in the presence of MNR/MPS
as dual compatibilizers.

 

Scheme 1. Possible interactions between NR and HNT in the presence of MNR as compatibilizer.
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Scheme 2. Possible interactions between NR and HNT in the presence of MPS as compatibilizer.

The strong interactions of NR and HNT could be confirmed from the stresses at 100% and 300%
strain (see Figure 6). It could be seen that the stresses at 100% and 300% elongations (M100 and
M300) increased with MPS dose. As more MPS was added to the rubber, more interactions took
place, resulting in stiffer and harder composites. This was in good agreement with the MH and MH –
ML reported in the preceding section. In addition to this, the tear strength also showed remarkable
improvement upon the inclusion of MPS, as could be seen in Figure 7. The improved tear strength was
simply due to the strong interactions between NR and HNT, as well as the ability of MPS to improve
the dispersion of HNT filler in the NR matrix.

 
Figure 6. Tensile modulus of NR/HNT composites in the presence of MNR/MPS as a dual compatibilizer.
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Figure 7. Tear strength of NR/HNT composites in the presence of MNR/MPS as dual compatibilizers.

3.5. Dynamic Properties

The dynamic properties of the composites were determined with a Rubber Process Analyzer to
investigate the storage modulus and the Payne effect. Figures 8 and 9 show the storage modulus (G’)
and the Payne effect (G’i – G’f) of NR/HNT composites. It could be seen that the storage modulus
of gum NR was constant in the low strain region but slightly decreased when the strain exceeded
50%. This is a common phenomenon for viscoelastic materials and is due to the molecular stability of
rubber. In addition to that, the Payne effect was estimated as the difference between storage modulus
at low and high strain amplitudes [22,23]. The level of the Payne effect for the composite without
MNR/MPS as a dual compatibilizer was found to be 238.65 kPa, and this decreased to 172.40 kPa for
the composite with solely MNR. This was a good indication that the interactions between NR and HNT
were improved by MNR. Moreover, the Payne effect was reduced, on introducing MPS as a second
compatibilizer, to 166.30, 153.61, and 141.02 kPa, respectively, for MPS loadings of 0.5, 1, and 1.5 phr.
The lower Payne effect indicates lesser filler-filler interactions [24].

Figure 8. The storage modulus (G’) of NR/HNT composites in the presence of MNR/MPS as a
dual compatibilizer.
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Figure 9. Payne effect (G’i – G’f) of NR/HNT composites in the presence of MNR/MPS as a
dual compatibilizer.

Dependence of the damping characteristic (tan δ) on strain is shown in Figure 10. It is obvious
that the composites exhibited low damping characteristics after the addition of MPS, indicating a
considerable degree of molecular mobility. This was simply due to the better interactions between NR
and HNT after adding MNR/MPS as a dual compatibilizer. The improved compatibility of rubber-HNT
increased the interfacial adhesion and resulted in improved elastic properties of the vulcanizates.

Figure 10. Damping characteristic (tan δ) of NR/HNT composites in the presence of MNR/MPS as a
dual compatibilizer.

3.6. Scanning Electron Microscopy

Figure 11 shows SEM micrographs of the tensile fractured surfaces of the NR/HNT composites with
and without MNR/MPS as a dual compatibilizer at 10k×magnification. From Figure 11A, agglomeration
of HNT is seen at a fractured surface of the NR/HNT composite without MNR and MPS. Upon the
inclusion of MNR (see Figure 11B), agglomeration was no longer seen due to the compatibilizing
effect of MNR. Furthermore, the dispersion of HNT was enhanced by MPS, and the homogeneity
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of the composite was significantly improved, especially at 1.5 phr dose level (see Figure 11C,D).
The improved dispersion of HNT was clearly responsible for the improved tensile strength and tear
strength, with more energy needed to break the sample. Better dispersion of HNT throughout the
matrix increased the stress at any given strain. Similar observations were previously reported for
microfractured surfaces of filled NR composites in the presence of a compatibilizer [25,26].

 
Figure 11. SEM images of tensile fractured surfaces of NR/HNT composites in the presence of MNR/MPS
as a dual compatibilizer: Reference (A), MPS 0 phr (B), MPS 0.5 phr (C), and MPS 1.5 phr (D), all at
10,000×magnification.

4. Conclusions

The overall properties of composites based on NR and HNT were clearly improved by adding
MNR/MPS as a dual compatibilizer. Both MNR and MPS had special functional groups that could
form hydrogen bonds with the hydroxyl groups on HNT surfaces. MPS alone could also promote
the dispersion of HNT filler in the NR matrix due to its waxy character. The filler-matrix interactions
improved the mechanical properties, such as tensile strength, modulus, and tear strength of the
composites, and this mechanism was corroborated by the decreased Payne effect observed in dynamic
measurements. It was clearly demonstrated in this present work that the use of MNR and MPS
improved the rubber-HNT interactions and reduced filler-filler interactions, providing great benefits to
the mechanical and dynamical properties. This finding contributed to understanding the roles of MNR
and MPS as dual compatibilizers for NR/HNT composites and could be a source of useful information
for manufacturing such composites. To some extent, this could lead to modifying processing methods
without requiring commercial compatibilizers that are costly and complicate the process.
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Abstract: Extensive experimental and theoretical research over the past several decades has pursued
strategies to develop hydrogels with high mechanical strength. Our study investigated the effect of
combining two approaches, addition of nanoparticles and crosslinking two different polymers (to create
double-network hydrogels), on the mechanical properties of hydrogels. Our experimental analyses
revealed that these orthogonal approaches may be combined to synthesize hydrogel composites with
enhanced mechanical properties. However, the enhancement in double network hydrogel elastic
modulus due to incorporation of nanoparticles is limited by the ability of the nanoparticles to strongly
interact with the polymers in the network. Moreover, double-network hydrogel nanocomposites
prepared using lower monomer concentrations showed higher enhancements in elastic moduli
compared to those prepared using high monomer concentrations, thus indicating that the concentration
of hydrogel monomers used for the preparation of the nanocomposites had a significant effect on
the extent of nanoparticle-mediated enhancements. Collectively, these results demonstrate that the
hypotheses previously developed to understand the role of nanoparticles on the mechanical properties
of hydrogel nanocomposites may be extended to double-network hydrogel systems and guide the
development of next-generation hydrogels with extraordinary mechanical properties through a
combination of different approaches.

Keywords: hydrogel mechanical properties; nanocomposites; double-network hydrogels;
polymer–nanoparticle interactions

1. Introduction

Unique properties of hydrogels have enabled their use in a wide range of applications in
biotechnology, bioengineering, and medicine [1,2]. Hydrogels have been used as drug delivery vehicles
as they can encapsulate hydrophilic drugs and release them at a controlled rate within the body,
through solute diffusion, or matrix swelling or degradation [3]. Researchers have also taken advantage
of the ability of hydrogels to swell or shrink in response to external stimuli (e.g., pH, temperature)
to develop biosensors for the detection of biomolecules [4,5]. Additionally, their highly porous and
hydrated polymer structure mimics the extracellular cellular matrix and renders them highly suitable
for in vitro cell culture, and several studies have demonstrated the successful use of hydrogels to
encapsulate mammalian cells in a 3D physiological-like environment and develop in vitro models of
cell proliferation, migration, and differentiation [6–10]. However, hydrogels have poor mechanical
strength, which limits their broad applicability for tissue engineering [11]. For example, hydrogels
cannot mimic stiffer tissues, which hinders their use for orthodontic or orthopedic applications [12,13].
Recent research has delved into several methods to improve mechanical properties of hydrogels.
One approach that has gained significant interest over the past couple of decades is the incorporation
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of nanoparticles, which can enable the formation of additional crosslinks within the polymer network
and contribute to enhancements in the mechanical strength of hydrogels. It has been shown that
nanoparticle-mediated physical crosslinking can complement chemical crosslinking and that the
combination of chemical and physical crosslinking can lead to enhancements in an elastic modulus
that is greater than with either alone [14–16]. However, previous work suggests that there might be an
upper limit to enhancements in mechanical strength achievable through the addition of nanoparticles,
possibly due to the existence of a saturation point in the gains achievable through a combination of
chemical and physical crosslinking [15,17,18]. Another method to improve the mechanical strength
of hydrogels is to create hybrid hydrogels by combining two different polymers with contrasting
properties [19]. The resulting double-network (DN) hydrogel has been shown to possess improved
mechanical strength, due to the contrasting network structures and strong interpenetrating network
entanglement [20,21]. Interestingly, researchers have also shown that these approaches may be
combined and that the mechanical strength of DN hydrogels can be further improved with the addition
of nanoparticles [22,23].

Our study sought to explore the role of polymer–nanoparticle interactions on the properties
of DN hydrogel nanocomposites, and investigated if the hypotheses previously developed to
understand the role of nanoparticles on the mechanical properties of (single-network) hydrogel
nanocomposites may be applied to DN hydrogel systems. Specifically, rotational rheological
measurements and swelling experiments were conducted to investigate if the observed saturation
in nanoparticle-mediated enhancements in mechanical properties for single-network hydrogel
systems also extend to double-network hydrogels. Double-network hydrogels composed of
chemically crosslinked polyacrylamide (pAAm) as the primary network, and incorporating silica
nanoparticles (SiNPs) were used as the model system. Previous studies have demonstrated that strong
interactions between polyacrylamide chains and silica may facilitate the formation of SiNP-mediated
pseudo crosslinks within the hydrogel network and mediate mechanical reinforcement of pAAm
hydrogels [24,25]. Consistent with previous investigations of DN hydrogel nanocomposites, our
data shows significant enhancements in the elastic modulus of DN hydrogels, as well as decreased
swellability, upon the addition of nanoparticles. Our experiments also reveal that in order to observe
the strongest impact of nanoparticles on the mechanical properties of DN hydrogels, both networks in
the hydrogel must have strong physical adsorption to the nanoparticles. Finally, a saturation in the
gains in the elastic modulus afforded by a combination of adding a second network and incorporation
of nanoparticles was observed. In summary, these results indicated that nanoparticle-mediated
enhancements in hydrogel mechanical properties may be a general phenomenon and similar theories
may be used to describe the role of nanoparticles to improve the mechanical properties of both single-
and double-network hydrogels.

2. Materials and Methods

2.1. Materials

Materials for preparation of the hydrogels, acrylamide (40% w/v), acrylic acid (sodium salt),
n,n′-methylenebis(acrylamide) (2% w/v), alginic acid (sodium salt, low viscosity), ammonium persulfate
(APS), n,n,n′,n′-tetramethylethylenediamine (TEMED), and calcium chloride (CaCl2) were purchased
from Sigma Aldrich (Saint Louis, MO, USA), and agarose (low melting) was purchased from Thermo
Fisher Scientific (Waltham, MA, USA), and used as received. Tris–HCl buffer (pH 7.2) was obtained
from Life Technologies (Carlsbad, CA, USA) and binzil silica nanoparticle colloid solution with mean
particle size of 4 nm was obtained as a gift from AkzoNobel Pulp and Performance Chemicals Inc.
(Marietta, GA, USA).

304



Polymers 2020, 12, 470

2.2. Polymerization Reaction

All hydrogel samples were prepared using an acrylic mold (1.6 mm thick and 6.5 mm in radius)
at room temperature as previously described [17,24]. The polymerization reactions were performed
between parallel plates of the mold to minimize exposure to air as oxygen inhibits the free radical
polymerization reaction for pAAm and poly(sodium acrylate) (pNaAc), as well as to maintain
consistency in sample size across experiments. For pAAm and pNaAc samples, the monomer (AAm
or NaAc) and crosslinker (Bis) stocks were diluted to their desired concentrations in pH 7.2, 250 mM
Tris–HCl buffer, followed by the addition of TEMED (0.1% of the final reaction volume) and 10% w/v
APS solution (1% of the final reaction volume). Agarose hydrogels were prepared by first dissolving
agarose in Tris–HCl buffer at 70 ◦C. The agarose stock solutions were then cooled down to and
maintained at 37 ◦C before diluting to desired concentrations and adding to the acrylic molds to form
the hydrogels. Alginate gels were prepared by first dissolving alginate in Tris–HCl buffer at room
temperature. The alginate stock solutions were then diluted to the desired concentrations and added
to the acrylic molds, followed by the addition of 100 mM CaCl2 in Tris–HCl buffer to crosslink the
alginate and form the hydrogels. For DN hydrogels composed of pAAm and pNaAc, NaAc monomer
was added to the pAAm reaction mixture prior to the addition of APS and TEMED. Similarly, DN
hydrogels composed of pAAm and alginate were prepared by adding alginate solutions to the pAAm
reaction mixture prior to the addition of APS, TEMED, and CaCl2. For DN hydrogels composed of
pAAm and agarose, the pAAm reaction mixture was first warmed to 37 ◦C, before the addition of
agarose solutions at 37 ◦C and subsequent addition of APS and TEMED. For nanocomposite hydrogels,
various amounts of silica nanoparticles were added to the reaction mixture prior to the addition of
APS and TEMED (and CaCl2 for hydrogels made using alginate).

2.3. Rheological Measurements

Rheological measurements of neat hydrogels and hydrogel nanocomposites were carried out using
the MCR302 rotational rheometer (AntorPaar, Austria), as described previously [17]. After waiting
for 1 h to ensure complete gelation (gelation usually occurs within 20 min), the hydrogel discs were
taken from the acrylic mold and transferred onto the lower plate of the rheometer. The samples
were gently wiped with tissue paper to remove any excess water before lowering the top plate.
The elastic modulus was then determined at 1 Hz and 1% strain and reported as an average of three
independent measurements.

2.4. Measurement of the Swelling Properties

To study the swelling properties of neat hydrogels and hydrogel nanocomposites, the hydrogel
disks prepared as described above were wiped with tissue paper to remove any excess water, weighed
and then immersed in pH 7.2, 100 mM Tris–HCl buffer. Samples were withdrawn from the buffer at
different time intervals (6, 12, and 24 h) and their weights were determined after first blotting excess
buffer with tissue paper. The swelling ratios at different time intervals were calculated using the
following equation:

Swelling ratio (%) =

[
Wt − W0

W0

]
× 100

where Wt is the weight of the hydrogel samples after a given time interval and W0 is the initial weight
(i.e., before immersing in buffer).

3. Results

3.1. Development and Characterization of the Model

To study the effect of SiNPs on the mechanical properties of DN hydrogels, a model system was
first established using 5% w/v of pAAm as the primary network and 2% w/v of either agarose, alginate,
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or pNaAc as the second network. All these materials are well characterized, commercially available,
and routinely used in a wide variety of industrial and scientific applications [26–29]. Moreover, they
represent hydrogels that are formed through different crosslinking mechanisms: pAAm and pNaAc
(free-radical copolymerization), agarose (thermosensitive sol-to-gel transition), and alginate (physical
crosslinking). Characterization of the DN hydrogels using rotational rheometry revealed that the
relative elastic modulus of pAAm hydrogels improved upon the addition of a second polymer network
(Figure 1a). Moreover, consistent with previous investigations [20,21], DN hydrogels prepared by
incorporating polymers with properties different to those of pAAm lead to better enhancements.
However, it is important to note that pNaAc gels were significantly softer that alginate and agarose gels
at similar concentrations (Figure S1 in Supplementary Materials), which may have an impact on the
elastic modulus of DN hydrogels prepared by incorporating pNaAc as one of the network polymers.

Figure 1. (a) Percent relative elastic moduli of pAAM-alginate (pAAM-Alg), pAAm-agarose
(pAAM-AG), and pAAm-pNaAc DN hydrogels, prepared using 5% pAAM and 2% second polymer.
Values for relative elastic modulus were calculated by normalizing the values for the DN hydrogels
to pAAm hydrogels, and (b) percent relative elastic moduli of pAAM, alginate (Alg), agarose (AG),
and pNaAc hydrogel nanocomposites prepared using 2% monomer and 2% 4 nm SiNPs. Values for
relative elastic modulus were calculated by normalizing the values for the hydrogel nanocomposites to
those for neat hydrogels not containing SiNPs. Data shown are the mean of triplicate measurements ±
standard deviation and have been repeated at least three times with similar results.

The elastic moduli of the individual (or single-network) hydrogels (2% w/v) prepared with and
without SiNPs were also measured using rotational rheology (Figure 1b). Unsurprisingly, the degree of
nanoparticle-mediated enhancements was different for different hydrogels, with the highest benefit
observed for alginate hydrogels. These differences in enhancements may be attributed to the differences
in the extent to which SiNPs may interact with the polymer chains and contribute to the extent of
crosslinking in the polymer network. For instance, while the remarkably low improvements in modulus
for agarose due to the addition of SiNPs were unanticipated, this result may be explained by a no to low
level of interactions between silica and agarose (to the best of our knowledge, there are no published
studies that clearly demonstrate positive interactions between agarose and silica nanoparticles).

3.2. Influence of Chemical Crosslinking on Nanoparticle Mediated Enhancements of Hydrogel Elastic Modulus

The impact of incorporating nanoparticles on the mechanical properties of DN hydrogels was
then assessed using rotational rheology, which revealed increases in elastic moduli for DN hydrogel
nanocomposites relative to neat DN hydrogels not incorporating SiNPs (Figure 2a). Furthermore,
it was interesting to note that the observed enhancements in elastic modulus were consistent with
the observations made for single-network hydrogel nanocomposites. For instance, pAAM-agarose
DN hydrogels did not significantly benefit from the addition of nanoparticles, at least not beyond
the relative enhancements observed for pAAm-SiNP composites. This suggested that both hydrogels
within the DN hydrogel should have strong interactions with the nanoparticles to realize the full extent
of benefits afforded by the incorporation of nanoparticles.
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Figure 2. (a) Percent relative elastic moduli of pAAm, pAAM-alginate (pAAM-Alg), pAAm-agarose
(pAAM-AG), and pAAm-pNaAc hydrogels, prepared using 5% pAAM, 2% second polymer (for DN
hydrogel samples) and 2% 4 nm SiNPs. Values for relative elastic modulus were calculated by
normalizing the values for the hydrogel nanocomposites to those for neat hydrogels not containing
SiNPs, and (b) percent swelling ratios of pAAm, pAAM-alginate (pAAM-Alg), pAAm-agarose
(pAAM-AG), and pAAm-pNaAc hydrogel nanocomposites, prepared using 5% pAAM, 2% second
polymer (for DN hydrogel samples) and 2% 4 nm SiNPs at various time points—6 h (white bars), 12 h
(light grey bars), and 24 h (dark grey bars). The values for swelling ratio were calculated by normalizing
the values obtained for hydrogel samples at various time points to those obtained at time = 0 min. Data
shown are the mean of triplicate measurements ± standard deviation and have been repeated at least
three times with similar results.

Previous studies have indicated that nanoparticles facilitate enhancements in hydrogel elastic
modulus by serving as pseudo crosslinkers and increasing the extent of crosslinking within the
hydrogel network [17,25]. To check if the aforementioned differences in the enhancements in modulus
for different DN hydrogel nanocomposites can be explained using a similar mechanism, swellability
of DN hydrogel nanocomposites was measured. If hydrogel-nanoparticle interactions contribute
to an increase in the DN hydrogel modulus through increases in the average crosslinking density,
the swellability of DN hydrogel nanocomposites prepared using alginate or pNaAc should be lower
than that of pAAm-agarose nanocomposites. As expected, these experiments showed decreased levels
of relative swellability for pAAm-NaAc and pAAm-alginate nanocomposites compared to that for
pAAm-agarose nanocomposites. Furthermore, consistent with the hypothesis and measurements of
elastic modulus, the values for relative swellability of pAAm-agarose and pAAm nanocomposites were
comparable. Together, these results indicated that the lack of enhancements in the elastic modulus
of pAAm-agarose nanocomposites relative to pAAm nanocomposites can be explained by limited
interactions between agarose and SiNPs, which dilutes the positive impact of nanoparticles on the
modulus of DN hydrogels prepared using agarose.

3.3. Influence of Polymer–Nanoparticle Interactions on Enhancements in DN Hydrogel Modulus

Next, experiments were designed to further validate that the nanoparticles must exhibit strong
physical interactions with both polymers in the DN hydrogel network to realize the strongest impact of
nanoparticles on the DN hydrogel modulus. The enhancements afforded by the incorporation of SiNPs
were compared for DN hydrogels prepared using high (2% w/v) and low (1% w/v) amounts of agarose
or alginate (Figure 3). These experiments demonstrated a dependence of concentration of the second
network on SiNP-mediated enhancements for DN hydrogels incorporating alginate, but not for DN
hydrogels incorporating agarose. It is important to note that the elastic moduli of both pAAm-agarose
and pAAM-alginate DN hydrogels increased with increasing concentration of the second polymer
(Figure S2). These results offered additional evidence in support of previous observations that indicate
the importance of strong polymer–nanoparticle interactions on the enhancements in DN hydrogel
modulus. More importantly, diminishing impact of SiNPs on the DN hydrogel modulus at higher
concentrations of alginate (Figure 3) suggested the existence of a saturation point in gains in hydrogel
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modulus achievable through a combination of incorporating a second polymer network and addition
of nanoparticles.

Figure 3. Relative elastic moduli of pAAm-agarose (pAAM-AG) and pAAM-alginate (pAAM-Alg)
hydrogel nanocomposites, prepared using 5% pAAM, 2% (light grey bars) or 1% (dark grey bars)
second polymer (agarose or alginate), and 2% 4 nm SiNPs. Values for relative elastic modulus were
calculated by normalizing the values for the hydrogel nanocomposites to those for neat hydrogels not
containing SiNPs. Data shown are the mean of triplicate measurements plus standard deviation and
have been repeated at least three times with similar results.

To validate our observations that suggest a saturation point in the overall hydrogel modulus
mediated by combining different polymers and incorporation of nanoparticles, the mechanical
characterization studies were repeated for pAAm-alginate hydrogels and nanocomposites over a range
of pAAm and alginate concentrations (Figure 4 and Figure S3). Not surprisingly, both pAAM and
alginate concentrations played an important role on SiNP-mediated enhancements in the modulus
of pAAm-alginate DN hydrogels. The decreasing role of nanoparticles with increasing polymer
concentrations observed in this study, for pAAm-alginate DN hydrogels, was consistent with previous
studies that demonstrate a decreased impact of nanoparticles on the hydrogel modulus at higher
monomer concentrations [15].

Figure 4. Relative elastic moduli of pAAM-alginate hydrogel nanocomposites, prepared using 5%
(High) or 2.5% (Low) pAAm, 2% (light grey bars) or 1% (dark grey bars) alginate, and 2% 4 nm
SiNPs. Values for relative elastic modulus were calculated by normalizing the values for the hydrogel
nanocomposites to those for neat hydrogels not containing SiNPs. Data shown are the mean of triplicate
measurements plus standard deviation and have been repeated at least three times with similar results.

4. Discussion

The aim of this study was to investigate the role of polymer–nanoparticle interactions on the
mechanical properties of DN hydrogels using three different double-network hydrogel compositions.
pAAm was used as the primary network and the second network was either alginate, agarose, or pNaAc,
each one representing hydrogels with different mechanism of gelation and chemical properties. SiNPs
were chosen as a model nanoparticle, given its ability to positively interact with pAAm and serve as a
pseudo crosslinker to enhance the extent of crosslinking in the polymer network [25]. Results from the
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experimental analyses demonstrated the ability of nanoparticles to improve the mechanical properties
of DN hydrogels, consistent with previous studies. However, significant enhancements in elastic
modulus upon incorporation of SiNPs were only observed for pAAm-pNaAc and pAAM-alginate DN
hydrogels, but not for pAAm-agarose. The rheological characterization studies were well supported
by swelling studies that showed that the swellability of pAAm-pNaAc and pAAM-alginate hydrogel
nanocomposites were significantly lower than that of pAAm-agarose hydrogel nanocomposites.
These results suggested that the degree of improvement was not universal, and seemingly limited
by the ability of nanoparticles to strongly interact with and contribute to additional crosslinking for
both the polymers in the DN hydrogel network. Our experiments also revealed an inverse correlation
between the polymer concentrations of DN hydrogels and the degree of nanoparticle-mediated
enhancements in mechanical properties, i.e., DN hydrogels composed of higher concentrations of
polymers benefited less due to the addition of nanoparticles. Further characterization of the DN
hydrogel nanocomposites using morphology and microstructure analysis will be necessary to further
confirm our observations, but are outside the scope of this investigation.

Overall, the results presented in this paper have two main outcomes. From an application
standpoint, development of orthogonal strategies to enhance the elastic modulus is important to
realize the broad applicability of hydrogels, especially in applications related to the development
of stiff tissue mimics. Furthermore, the introduction of nanomaterials into the hydrogel network
may allow the consideration of DN hydrogels for new applications; for example, researchers have
already demonstrated the utility of DN hydrogel nanocomposites for applications in self-healing, shape
memory, 3D printing, and dye removal [30–32]. Second, from a fundamental standpoint, this work
provides a mechanistic insight into the role of nanoparticles in the mechanical properties of DN
hydrogels, including elastic moduli and swellability. Our results indicated the existence of a ‘global’
saturation point for DN hydrogel nanocomposites, beyond which it becomes less plausible to enhance
elastic modulus by simply increasing the concentration of the second network hydrogel or nanoparticles.
A similar phenomenon previously reported for single-network hydrogels describes that gains in elastic
modulus achievable through the addition of nanoparticles maybe limited by the saturations in the
combined crosslinking density (i.e., the sum of chemical crosslinker- and nanoparticle-mediated
crosslinking densities) [15]. Further experimental analyses may be necessary to fully elucidate the role
of nanoparticles in DN hydrogels; however, our study indicates that the mechanistic understandings
previously derived using single-network hydrogel systems may be applied to guide the design of DN
hydrogel nanocomposites with high mechanical strengths.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/470/s1,
Figure S1: Elastic modulus for neat alginate, agarose, and pNaAc hydrogels prepared using 2% monomer,
Figure S2: Elastic moduli of pAAM-alginate and pAAm-agarose hydrogels, prepared using 5% pAAM and 2% or
1% alginate or agarose, Figure S3: Elastic moduli of pAAM-alginate hydrogels, prepared using 5% or 2.5% pAAm
and 2% or 1% alginate.
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Abstract: Polyvinyl alcohol (PVA)/carboxyl methyl cellulose sodium (CMC)/Na2CO3 composite films
with different contents of Na2CO3 were prepared by blending and solution-casting. The effect of
Na2CO3 on the microstructure of PVA/CMC composite film was analyzed by Fourier-transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD), differential scanning calorimetry (DSC), and
atomic force microscopy (AFM). Its macroscopic properties were analyzed by water sorption, solubility,
and dielectric constant tests. The results show that the microstructure of PVA/CMC/Na2CO3 composite
films was different from that of PVA and PVA/CMC composite films. In addition, compared to PVA
and PVA/CMC composite films, the water sorption of PVA/CMC/Na2CO3 composite films relatively
increased, the solubility in water significantly decreased, and the dielectric properties significantly
improved. All these results indicate that the hydrogen bonding interaction between PVA and CMC
increased and the crystallinity of PVA decreased after the addition of Na2CO3. This was also a direct
factor leading to increased water sorption, decreased solubility, and enhanced dielectric properties.
The reaction mechanism of PVA, CMC, and Na2CO3 is proposed to further evaluate the effect of
Na2CO3 on the microstructure and macroscopic properties of PVA/CMC/Na2CO3 composite films.

Keywords: PVA; CMC; Na2CO3; film

1. Introduction

With increasing difficulties in terms of waste disposal and global warming, severe environmental
problems are raising concerns all over the world. In addition, petroleum shortage is also a serious
threat throughout the world. Considering these two problems, all countries are trying to develop
environmentally friendly materials from nonpetroleum resources. Biopolymers are considered as an
ideal alternative to traditional plastic materials owing to their advantages such as biodegradability,
nontoxicity, and potential widespread applications; at present, a lot of research is focused on
biodegradable materials. Among the biopolymers, cellulose and its water-soluble derivatives are
mostly preferred because of the abundance of cellulose on earth and relatively low cost of cellulose
derivatives compared to synthetic polymers [1].

Carboxyl methyl cellulose sodium (CMC) is an anionic, linear, and water-soluble polymer;
CMC is generally formed by the carboxymethylation of hydroxyl groups in cellulose [2]. CMC has
strong water solubility, hydrophilicity, and chemical reactivity because of the presence of hydroxyl
and polar carboxylate groups. Moreover, it also has many other characteristic properties such as
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biocompatibility, renewability, nontoxicity, and biodegradability [3–5]. In addition, CMC has many
excellent features such as film formation, emulsification, suspension, water retention, and bonding
properties. Therefore, it is the most preferred polymer for food, medicine, detergent, paint, paper,
flocculant, sizing agent, textile, and other industries [6–11]. On the other hand, polyvinyl alcohol
(PVA) is a synthetic water-soluble polymer with many applications including textile pulps, adhesives,
coatings, dispersants, and a series of medical materials with medical functions owing to its excellent
adhesion, flexibility, and film-forming properties [12,13]. PVA is very suitable for blending with
natural polymers such as CMC because of its biocompatibility and water solubility [14]. Owing to the
presence of hydroxyl groups in both PVA and CMC, stronger intermolecular hydrogen bonds can be
formed. Films made from blends of biopolymers generally exhibit more excellent properties compared
to films made from biopolymers alone. Therefore, studies on PVA and CMC blend films were a
hot topic in recent years. For example, El-Sayed et al. conducted differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and dielectric spectroscopy of blends of PVA and CMC
with different compositions [15]. Zhang et al. controlled the sorption and permeability of PVA/CMC
composite films through cross-linking, a potential coating for controlled release of fertilizers [16].

Extensive studies showed that the water sorption and solubility of PVA/CMC composite films
have great significance for their applications. At present, some studies showed that different pH
environments have a certain effect on the water sorption and solubility of composite films. Ibrahima et al.
immersed PVA/CMC and PVA/cellulose composite films in solutions of different pH to evaluate the
effect of pH on the solubility of films; the results showed that the solubility of composite films was
the lowest at pH 10 [17]. Bajpai et al. studied the swelling ratio of CMC/starch composite films in
different pH solutions; the swelling ratio constantly increased with increasing pH [18]. However, these
studies only evaluated the water sorption of composite films in different pH solutions, whereas they
did not systematically study the microstructure and other macroscopic properties of composite films
in different pH solutions.

In this study, PVA and CMC were used as a biopolymer matrix, and Na2CO3 was used as a filler
to evaluate its effect on the microscopic and macroscopic properties of PVA/CMC composite films.
A reaction mechanism of Na2CO3 with PVA and CMC is proposed, providing a theoretical basis for
improving the water sorption, solubility, and dielectric properties of PVA/CMC composite films and
promoting their application in biodegradable superabsorbent resins and polymer electrolytes.

2. Materials and Methods

2.1. Materials

PVA (>99%, 87–89% hydrolyzed) and Na2CO3 (99.5%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd., China. CMC (≥99.5%, Degree of substitution: 0.7) was purchased
from Shanghai Yuanye Biotechnology Co., Ltd., China. All chemicals were used as received without
any further purification. Deionized water was used, with a conductivity of 0.0556 μs/cm at 25 ◦C.
The structural formula of PVA is as follows:

.

2.2. Preparation of Samples

Preparation of PVA/CMC blends: Firstly, a PVA solution was obtained by dissolving 1 g of PVA
powder in 19 g of water under stirring at 90 ◦C for 3 h. Then, 0.4 g of CMC powder was dissolved in
19.6 g of water under stirring at 60 ◦C for 3 h. Finally, a homogeneous solution of PVA/CMC (2.5/1 w/w)
was obtained by adding the CMC solution to the PVA solution and stirring at 85 ◦C for 3 h.

Preparation of PVA/CMC/Na2CO3 blends: Firstly, a PVA/Na2CO3 blend was obtained by adding
an Na2CO3 solution to a PVA solution under stirring at 85 ◦C for 1 h. The mass of Na2CO3 was varied
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as 8 wt.%, 12 wt.%, and 16 wt.% of PVA. Then, a PVA/CMC/Na2CO3 solution was obtained by adding
the CMC solution to the PVA/Na2CO3 solution under stirring at 85 ◦C for 3 h.

Preparation of composite films: Firstly, the obtained PVA, PVA/CMC, PVA/Na2CO3, and
PVA/CMC/Na2CO3 film-forming solutions were ultrasonicated for 30 min. Next, films were prepared
from these solutions on petri dishes using a solution-casting technique. Finally, the cast films were
dried at 60 ◦C for 24 h. The formulations and abbreviations of the samples are shown in Table 1.

Table 1. The formulations and abbreviations of the samples. PVA—polyvinyl alcohol; CMC—carboxyl
methyl cellulose sodium.

Sample
Sample

Notation

PVA Solution CMC Solution Na2CO3 Solution

PVA (g) Water (g) CMC (g) Water (g) Na2CO3 (g) Water (g)

PVA PVA 1 19
CMC CMC 0.4 19.6

PVA/CMC P/C 1 19 0.4 19.6

PVA/CMC/Na2CO3

P/C/N1 1 19 0.4 19.6 0.08 5
P/C/N2 1 19 0.4 19.6 0.12 5
P/C/N3 1 19 0.4 19.6 0.16 5

PVA/Na2CO3 P/N3 1 19 0.16 5

2.3. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra were measured using a NICOLET 6700 spectrometer (Thermo Scientific Co., Waltham,
MA, USA) from 4000 cm−1 to 400 cm−1 to study the interaction between PVA and CMC. Samples were
ground into powder after drying.

2.4. X-ray Diffraction (XRD)

XRD analysis was carried out using a PANalytical X’Pert-Pro MPD (Almelo, The Netherlands)
diffractometer with Cu-Kα radiation (λ = 1.5406 Å) to characterize the crystal form and crystallinity of
samples. The diffraction angle ranged from 5◦ to 80◦. Meanwhile, XRD deconvolution analysis
was performed using Origin 9.0 software in order to deconvolute specific regions (crystals or
amorphous peaks).

2.5. Differential Scanning Calorimetry (DSC)

Thermal properties were measured by DSC using a Netzsch PC200 instrument (Netzsch Inc., Selb,
Germany). Specimens weighing 6–9 mg were heated at a rate of 10 ◦C/min from 25 ◦C to 250 ◦C under
N2 gas purging.

2.6. Atomic Force Microscopy (AFM) Studies

The morphology of composite films was observed using an atomic force microscope (Veeco, DI)
operated in contact mode in air. The test specimen had dimensions of approximately 1.0 mm × 5.0 mm
× 5.0 mm (thickness ×width × length).

2.7. Dielectric Properties

The dielectric properties were analyzed using a broad-peak dielectric spectrometer (Concept 40,
Novocontrol, Montabaur, Germany) in the frequency range from 10−1 to 107 Hz at room temperature.
Specimens in the form of a disc of size 30 mm × 2 mm (diameter × thickness) were cut from the
dried films.
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2.8. Water Sorption

Firstly, the films were weighed (W1) and placed in 90% humidity at room temperature. Then,
the films were periodically removed and weighed (W2). The experiment was repeated twice, and the
average weight was determined. The water sorption was calculated as follows [19]:

Water sorption = [(W2 −W1) × 100%]/W1. (1)

2.9. Solubility

Film solubility was determined using the following method: pieces of each film were firstly
weighed (W1) and then immersed in deionized water at room temperature for 24 h. Next, the films
were taken out and dried in an oven at 60 ◦C to constant weight (W2). The experiment was repeated
twice, and the average weight was determined. The solubility was calculated using Equation (2) [20].

Solubility = [(W1 −W2) × 100%]/W1. (2)

3. Results and Discussion

3.1. FTIR Spectroscopy

Figure 1 shows the FTIR spectra of PVA, CMC, P/C, P/N, P/C/N, and Na2CO3. For pure PVA,
the peaks at 3588 cm−1 and 1330 cm−1 were assigned to OH stretching and bending vibrations
for PVA film [21,22]. The peak corresponding to methylene group (CH2) asymmetric stretching
vibration appeared at −2932 cm−1 [23]. The peak at −1727 cm−1 corresponded to the C=O symmetrical
stretching vibration of the unhydrolyzed ester functional group present on the PVA backbone, and
the peak at −1249 cm−1 could be attributed to the C–O–C asymmetric stretching vibration of the
ester group [24,25]. For CMC, a strong broad peak was observed at 3541 cm−1, which arose from
OH stretching vibration [26]. The vibrational peak observed at 2915 cm−1 could be ascribed to CH
asymmetric stretching [24]. The peak at 1607 cm−1 could be attributed to the asymmetric modes of
stretching vibration of ester groups (COO−) [26]. Two absorption peaks that appeared in the region
of 1417 cm−1 and 1325 cm−1 corresponded to scissoring CH2 and bending OH, respectively [27].
For Na2CO3, the peaks at 1426 cm−1, 878 cm−1, and 700 cm−1 were carbonate bands [28]. For P/C/N
and P/N composite films, the absorption peaks at 878 cm−1 and 700 cm−1 indicated the presence of
Na2CO3. The Na2CO3 absorption peak at 1426 cm−1 was not obvious, because it overlapped with the
PVA absorption peak.

 

Figure 1. Fourier-transform infrared (FTIR) spectra of Na2CO3 and the obtained composite films.
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The FTIR spectra were analyzed based on two potential regions in Figure 2 in the following ranges
of wavenumbers: (a) 3750–2750 cm−1 and (b) 2000–1000 cm−1. The spectrum of the P/C composite
film exhibited, in general, the same peaks as those observed in the PVA and CMC films, indicating
that no reaction occurred between PVA and CMC [29]. For P/C/N composite films, the absorption
peak of OH of PVA moved further toward lower energies than those of the P/C film, exhibiting a shift
from 3588 cm−1 to 3464 cm−1. The COO− peak of CMC had a similar trend, shifting from 1607 cm−1

to1578 cm−1. At the same time, Figure 2b shows that the OH bending vibration peak of PVA and CMC
was gradually weakened with the addition of Na2CO3. The changes in OH stretching vibration peak,
OH bending vibration peak, and COO− asymmetric stretching vibration indicated an enhancement
of hydrogen bonding between PVA and CMC after the addition of Na2CO3, and the intensity of the
absorption peak of C=O (1727 cm−1) of PVA gradually decreased with the increase in Na2CO3 content,
which could be attributed to the hydrolysis of vinyl acetate group of PVA in an alkaline environment.
The acetate group was replaced with a hydroxyl group and, thus, the absorption of C=O of the acetate
group in PVA was reduced, as shown in Equation (3). The intensity of the absorption peak of the
methylene group (CH2) for the P/C/N3 composite film was significantly reduced. Because OH is
an electron-donating group, the electron cloud density around the C atom connecting the hydroxyl
group was increased, and the electron cloud density around the C atom adjacent to the methylene
group was affected, thus decreasing the absorption peak intensity of methylene group. For the P/N3
composite film, the absorption peak of OH moved to 3475 cm−1, which was related to the formation
of intermolecular hydrogen bonds in PVA. The disappearance of the C=O absorption peak in the
spectrum of the P/N3 composite film confirmed the reaction shown in Equation (3).

 (3)

 

Figure 2. FTIR spectra of Na2CO3 and the obtained composite films: (a) region from 3750 cm−1 to
2750 cm−1; (b) region from 2000 cm−1 to 1000 cm−1.

3.2. XRD Analysis

The XRD patterns of PVA, CMC, P/C, P/N, P/C/N, and Na2CO3 are shown in Figure 3.
The crystallinity (Xc) of the obtained films was determined from the equation Xc = Ac/(Ac + Aa) × 100
(where Ac and Aa are the peak intensities of crystalline and amorphous cellulose, respectively) [30].
The results are shown in Table 2. Figure 3 shows that pure PVA had two sharp diffraction peaks at
19.7◦ and 40.8◦ corresponding to an orthorhombic lattice (110) reflection [31]. On the other hand, three
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diffraction peaks for pure CMC appeared at 20.7◦, 31.8◦, and 45.7◦. Compared to pure PVA and CMC
films, the position of the diffraction peak of the P/C composite film had no obvious movement. This
indicated that there was no new crystal form, but the crystallinity of the P/C composite film compared
to that of the PVA film was reduced, probably because the CMC macromolecular chains inhibited
the movement of the PVA molecular chains [32]. For the P/N3 film, the crystallinity was significantly
weakened compared to PVA, indicating that the addition of Na2CO3 destroyed the crystal structure of
PVA. After adding CMC, the crystallinity of the P/C/N composite films continued to decrease. This
was related to the hindrance of the CMC macromolecular chain. However, Figure 3 and Table 2 show
no significant change in the peak position and crystallinity of P/C/N composite films compared to
those of the P/C film. Considering that this was related to the use of Na2CO3 as a nucleating agent,
the crystallinity of P/C/N composite films was improved. Figure 3 also shows that the XRD peak
corresponding to crystalline Na2CO3 was not obvious in composite films; however, it can be speculated
that the crystallinity of Na2CO3 in the composite films was greatly reduced [33,34].

 

Figure 3. X-ray diffraction (XRD) patterns of Na2CO3 and the obtained composite films.

Table 2. Percentage of crystallinity of the obtained composite films.

Sample Ac Aa Xc (%)

PVA 2270 4223 34.96
CMC 373 1834 17.65
P/C 124 1536 7.47

P/C/N3 214 953 18.34
P/N3 501 1979 20.20

3.3. DSC Analysis

Figure 4 shows the characteristic features of the DSC curves for the studied composite films.
The crystallinity of composite films could be calculated using the formula Xc = (ΔH/wΔHc) × 100%),
where ΔHc = 161 J/g, and w is the mass fraction of PVA in the composite films [35]. The results are shown
in Table 3. The crystallinity obtained from DSC was different from that obtained from XRD, but the
trend of crystallinity changes was completely consistent. For the PVA film, DSC showed an endotherm
melting transition at 192 ◦C, representing the melting temperature of PVA. The DSC thermogram of P/C
showed an endotherm melting transition at 178 ◦C, lower than that of PVA. The melting temperature
decreased due to a decrease in the crystallinity degree, consistent with the XRD and DSC results.
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Figure 4. Differential scanning calorimetry (DSC) curves of the obtained composite films.

Table 3. DSC data for the obtained composite films.

Sample PVA P/C P/C/N1 P/C/N2 P/C/N3

Tm (◦C) 192 178 194 200 212
Melting enthalpy (J/g) 33.83 8.94 16.18 24.87 25.50

Crystallinity (%) 21.01 7.77 14.87 23.48 24.71

The P/C/N1 composite film exhibited an endotherm melting transition at 194 ◦C, which was higher
than the melting temperature of PVA, and the crystallinity degree of the film was lower than that of
PVA. This was because of an increase in the intermolecular hydrogen bonds of PVA and CMC, as
indicated by the FTIR results. The hydrogen bonds between PVA and CMC inhibited the movement of
PVA molecular chains, increasing the melting temperature and decreasing the crystallinity degree of
P/C/N composite films. This also showed that the melting temperature of the P/C/N composite films
increased with the increasing content of Na2CO3. This was because the crystal structure of PVA was
gradually destroyed as the content of Na2CO3 increased. The PVA molecular chains became disordered,
which strengthened the contact of PVA and CMC. At the same time, as Na2CO3 content increased,
more ester groups were hydrolyzed, and the amount of hydroxyl groups increased. This generated
more intermolecular hydrogen bonds and, thus, increased the melting temperature. Moreover, the
crystallinity of the P/C/N composite films was higher than that of P/C composite film, consistent with
the XRD results. At the same time, the crystallinity of the P/C/N composite films gradually increased
with the increase in sodium carbonate content, which was also related to the role of sodium carbonate
as a nucleating agent.

3.4. Dielectric Analysis

Figure 5 shows the patterns of dielectric constant as a function of frequency at room temperature
for the resulting composite films. In general, the dielectric constant of pure PVA was low, and the
dielectric constant of the P/C composite film was slightly increased. However, the dielectric constant of
P/C/N composite films was significantly improved with the addition of Na2CO3, and it also gradually
increased with increasing Na2CO3 content. Specially, the dielectric constant of the P/C/N3 composite
film was 32,000 at 102 Hz, 25 times higher than that of the P/C composite film (the dielectric constant
of the P/C composite film was 1210 at 102 Hz). This could be ascribed to the addition of Na2CO3,
which promoted the generation of hydrogen bonds between PVA and CMC molecules. This led to a
multimolecular dipole, significantly increasing the dielectric constant of P/C/N composite films.
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Figure 5. The dielectric constants of the obtained composite films at (a) low frequency and
(b) high frequency.

At the same time, the dielectric constant of pure PVA slightly varied with frequency and remained
constant. The change in dielectric constant for the P/C composite film was also very small. However,
the dielectric constants of P/C/N composite films rapidly decreased with increasing frequency in the
low-frequency range, while they decreased very slowly when the frequency was above 105 Hz. This
was because, with the addition of Na2CO3, the composite films had a certain dielectric relaxation
phenomenon in the low-frequency range, and this phenomenon was gradually attenuated in the
high-frequency range [36].

3.5. Water Sorption Analysis

Figure 6 shows the water sorption of PVA, P/C, and P/C/N composite films, which were significantly
different. The pure PVA film exhibited the lowest water sorption. For the P/C composite film, the
water sorption ability was higher than that of pure PVA. This was because the actual mixing of
two different types of molecules led to the deformation of the structure, making the network more
hydrophilic [29]. In addition, the poor water sorption ability of the pure PVA film could be attributed
to higher intermolecular attraction and strong intramolecular or intermolecular hydrogen bonding.

 

Figure 6. Water sorption of PVA, P/C, P/C/N1, P/C/N2, and P/C/N3 composite films.

The water sorption of P/C/N composite films was significantly higher than that of the pure PVA
film, but lower than that of the P/C composite film. This was because the addition of Na2CO3 disrupted
the crystal structure of PVA. The molecular chain of PVA changed from regular to disordered. This
enhanced the contact with water molecules, making the water sorption of P/C/N composite films
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significantly higher than that of PVA film. Similar results were reported in the literature [18]. However,
it also promoted the formation of hydrogen bonds between PVA and CMC, and the hydrogen bonds
acted as a physical crosslinking point, promoting the formation of a much denser molecular structure.
Therefore, its water sorption was significantly lower than that of the P/C composite film. The water
sorption of the P/C/N2 composite film was lower than that of the P/C/N1 composite film because the
hydrogen bonding between PVA and CMC was strengthened with the increase in Na2CO3 content,
and a denser molecular structure was formed. The water sorption of the P/C/N3 composite film was
slightly increased. This was related to excess Na2CO3, i.e., the PVA molecular chain was in sufficient
contact with water molecules. At the same time, excess sodium carbonate also caused the ionization of
the carboxyl group of CMC, and the COO/COOH ratio of CMC also increased because of the increasing
ionization of carboxylic groups. This resulted in a greater mutual repulsion among the COO−-bearing
CMC chains, consequently causing the CMC chains to undergo faster relaxation. This widened the
mesh sizes of free volumes, resulting in a larger water sorption ratio [37].

3.6. Solubility Analysis

Figure 7 shows the solubility of PVA, P/C, P/C/N1, P/C/N2, and P/C/N3 composite films. Compared
to the PVA film and P/C composite film, the solubility of the P/C/N composite films was significantly
reduced with the addition of Na2CO3, further confirming the formation of intermolecular hydrogen
bonding. The P/C/N2 composite film showed the lowest solubility of 24%, slightly lower than the
solubility of the P/C/N1 composite film. This indicated that the hydrogen bonding network of the
P/C/N2 composite film was denser. This result is similar to that of Ibrahima et al., i.e., the composite
film showed the lowest solubility in a certain alkaline environment [17]. The solubility of the P/C/N3
composite film was slightly increased to 25%, which was related to the increased contact between the
disordered molecular chains and water molecules. Secondly, the ionization of the CMC carboxyl group
increased the mesh size of its free volume, which was also an important factor. A significant decrease
in the solubility of the P/C/N composite films indicated that hydrogen bonding was the most important
factor affecting the solubility of composite films, and slight changes in the solubility of the P/C/N3
composite film showed that the change in molecular structure also had a certain effect on the solubility
of composite films.

Figure 7. Solubility of the obtained composite films.

3.7. Surface Topography Analysis

The representative images obtained from AFM studies for the studied composite films are shown
in Figure 8. Clearly, film surfaces with varying levels of surface roughness were present. The surfaces
of the PVA film and P/C composite film were smooth and flat, and the surface of the P/C/N1 composite
film was also relatively smooth. As the content of Na2CO3 increased, the surfaces of the P/C/N2
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and P/C/N3 composite films became rough and uneven; Table 4 shows the corresponding roughness.
According to the results of water sorption, although the roughness of P/C/N2 increased significantly,
its water sorption still decreased, indicating that the roughness of the surface of composite films had a
small effect on water sorption. As the main factors of water sorption, surface roughness, pores, and
molecular structure are always mentioned, obviously, no pores were found in the composite films [38].
Thus, the interaction between PVA and CMC under the action of Na2CO3 was proven to be the main
factor affecting the water sorption of composite films.

 

Figure 8. Representative atomic force microcopy (AFM) images of (a) PVA, (b) P/C, (c) P/C/N1,
(d) P/C/N2, and (e) P/C/N3 composite films.

Table 4. Roughness of the obtained composite films.

PVA P/C P/C/N1 P/C/N2 P/C/N3

Rq 10.205 19.963 16.160 295.52 264.09
Ra 7.756 15.115 11.991 233.14 210.62

3.8. Mechanism Analysis

FTIR, DSC, XRD, and the dielectric constant test results of P/C/N composite films were significantly
different from those of the PVA film and P/C composite film. In addition, the solubility of the P/C/N
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composite films was much lower than that of the PVA film and P/C composite film, indicating the
formation of a crosslinking structure in P/C/N composite films. The water sorption of the P/C/N
composite films was higher than that of the PVA film, but lower than that of the P/C composite film,
indicating that Na2CO3 promoted the relaxation of the PVA and CMC structure. Based on the above
information, a reaction mechanism is proposed for Na2CO3, PVA, and CMC.

Na2CO3 is alkaline in water and ionizes OH groups. At a certain temperature (80 ◦C), the alkali
can hydrolyze the vinyl acetate group in the partially alcoholic PVA; the acetate group is replaced with
a hydroxyl group. The amount of hydroxyl groups in PVA increases, consistent with the weakening
C=O absorption peak of P/C/N and P/N composite films in the FTIR spectrum. At the same time, the
crystal structure of PVA is significantly destroyed in an alkaline environment, consistent with the XRD
results of P/N film. The destruction of the crystal structure of PVA further stretches the molecular chain
of PVA and strengthens the contact with the molecular chain of CMC, thus promoting the formation of
intermolecular hydrogen bonds between the OH and COOH groups of CMC and the OH group of PVA.
The shift in C=O and OH characteristic absorption peaks, the decrease in crystallinity, the increase
in the melting point, and the increase in dielectric constant indicate the formation of intermolecular
hydrogen bonds between PVA and CMC, as shown in Figure 9. In addition, the stretching of the PVA
molecular chain enhances its contact with water molecules; the ionization of the CMC carboxyl group
leads to an increase in the mesh size of its free volume, significantly increasing the water sorption of
P/C composite films doped with Na2CO3. However, the increase in hydrogen bonding between PVA
and CMC makes the molecular structure denser, which is the main reason for the decrease in water
sorption and solubility.

 

Figure 9. The reaction mechanism for PVA, CMC, and Na2CO3.

4. Conclusions

This study shows that Na2CO3 significantly affected the microstructure and macroscopic properties
of P/C/N composite films. FTIR, XRD, AFM, DSC, and dielectric properties confirmed that Na2CO3

promoted the formation of intermolecular hydrogen bonds between PVA and CMC. The water sorption
and solubility tests showed that the composite films had reasonable water sorption capacity and
water-resisting properties, resulting from the synergistic interaction between the relaxation of the
molecular chain and intermolecular hydrogen bonding between PVA and CMC. This study showed
how the salt affects the microstructure and macroscopic properties of composite films. This has
long-term significance in promoting the application of biodegradable superabsorbent resins and
polymer electrolytes.
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Abstract: To improve the energy dissipation capacity of rubber isolation bearings, it is important to
find a new rubber material with good applicability and high damping properties. Two types of blends
were prepared using nitrile rubber (NBR), brominated butyl rubber (BIIR) and ethylene-vinyl acetate
copolymer (EVA): NBR/BIIR and NBR/BIIR/EVA. The vulcanization, mechanical and damping properties
of the blends were analyzed. The results show that both blends exhibit excellent vulcanization plateaus
and mechanical properties. For NBR/BIIR, as the BIIR content increases, the complementary effects of
NBR and BIIR afforded by blending are enhanced. Two damping peaks appeared in the tanδ-T curve
and shifted toward lower and higher temperatures, respectively, which clearly widened the effective
damping temperature range. However, the damping value in the valley of the tanδ-T curve was as
low as 0.39. For NBR/BIIR/EVA, the addition of EVA greatly increased damping in the valley of the
tanδ-T curve to approximately 0.54. EVA was observed to be the optimal polymer for improving the
compatibility of the NBR/BIIR blend. Moreover, hot air thermal aging tests showed that both blends
demonstrated good stability.

Keywords: composite materials; mechanical properties; damping properties; stability

1. Introduction

As a highly unexpected and unpredictable natural disaster, earthquakes do serious damage
to human lives and properties. Isolation bearings, an important device to reduce the seismic force
transmitted to buildings with functions of energy dissipation, are set between the foundation and the
building structure to increases the structure deformability and hysteretic damping ability of buildings,
thereby protecting life and reducing economic loss [1–3]. In recent years, with the development and
application of seismic isolation technology, the demand for high-damping seismic isolation bearings for
buildings has become increasingly urgent [4]. Building seismic isolation bearings require not only high
vertical bearing capacity but also good energy dissipation capacity and stability when large horizontal
shear deformation occurs [5]. Excellent damping performance is a prerequisite for the isolation bearing
materials. Compared with normal laminated rubber bearings, high-damping-isolation bearings usually
exhibit better damping performance due to the use of composite rubber materials with high damping
properties. Meanwhile, the bearings retain the horizontal and vertical mechanical properties of normal
rubber bearings [6]. The composite materials used directly affect the mechanical properties, damping
performance and durability of the bearings [7–9]. An ideal high-damping composite material should
have excellent mechanical properties, a high dissipation factor, good anti-aging stability, and a wide
effective damping temperature range [10–12]. Therefore, finding a suitable high-damping rubber
material is the key to preparing high-damping-isolation bearings.

Generally, the blending of two or more types of rubbers is a useful and important way for
the preparation and development of rubber blends with properties superior to those of individual
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constituents, which is also beneficial for improving damping and physical properties [13,14]. In recent
years, much attention has been paid to prepare wide temperature range of damping materials by
blending. Studies on the damping properties of chlorinated butyl rubber (CIIR) and nitrile rubber
(NBR) blends by Tao et al. [15] indicate that the effective damping temperature range is approximately
130 ◦C. However, the compatibility of the two-phase materials is not particularly high, and the crosslink
densities of the two phases are different. The damping value in the valley of the tanδ-T curve is
low. The damping properties of natural rubber (NR)/butyl rubber (IIR) blends compatibilized by
isobutylene-isoprene block copolymer (IIBC) were researched by Li et al. [16]. The results showed
that the NR/IIR blends have typical incompatible sea island biphase structure and damping peak
height is decreased while the damping temperature range is broadened. Furthermore, most of the
modifications of blends by rubber blending focus on the improvement of damping properties, and only
a few studies deal with the mechanical and aging properties of rubber blends, which is not enough
research considering materials used for isolation bearings must have a good overall performance.

Among damping materials, polymer composites—especially the interpenetrating polymer
networks (IPNs)—are extensively used as damping materials, for their high viscoelastic property around
the glass transition temperature [17–20]. For example, Huang et al. [21] studied the damping properties
of polydimethylsiloxane (PDMS) and polymethacrylate (PAC) sequential interpenetrating polymer
networks. The results indicated that forced compatibility, resulting from the multilayer network from
IPNs and the PDMS/PAC vulcanization system, is the key to obtaining a broad damping functional
region. The physical and damping properties of pure polyurethane (PU)/epoxy resin (EP) graft
interpenetrating polymer network (IPN) composites modified from introducing multi-walled carbon
nanotubes (CNTs), hydroxy-terminated liquid nitrile rubber (HTLN) and nature clay montmorillonite
(MMT) were further researched by Chen et al. [22–25]. Results reveal that the addition of CNTs, HTLN
and MMT can improve the damping properties, tensile strength and impact strength of PU/EP IPN.
Though there exist attractive properties of the IPN, the effective damping temperature range is still
narrower for some extreme environments. In addition, complexity of the synthesis process and high
cost of INP composites greatly limit the application of INP damping materials as structural damping
materials in engineering applications (i.e., high-damping-isolation bearings).

The other way utilizes the introduction of other energy dissipation methods, such as the breaking
and reorganizing of reversible process [26], the introduction of relaxation components [27] and so
on. For example, Wu et al. [28] added hindered phenol into chlorinated polyethylene (CPE) and
found a novel transition peak induced by the intermolecular hydrogen bonding. Zhao et al. [29]
studied the damping and mechanical properties of hindered phenol AO-80/CIIR/NBR blend, and noted
that the addition of AO-80 can effectively improve the damping in the valley of the blend materials.
Qiao et al. [30] have systematically expounded the interaction mechanism of the significantly improved
damping property of NBR contributed by the introduction of small molecules of AO-80, which
provided some useful information to design the high-performance damping materials by adding small
molecules. After that, abundant research based on hydrogen bonds has been implemented to prepare
high damping material [31–33]. The introduction of hydrogen bonds can effectively improve the
damping peak height, but the effective damping temperature range is slightly broadened. Besides,
the damping stability is deteriorated due to the phase separation of matrix and additives.

Among damping rubbers, butyl rubber and NBR are most commonly used. BIIR is a type of
modified halogenated butyl rubber that maintains the damping properties of butyl rubber while
exhibiting better curing activity and polarity [34,35]. However, the rubber glass transition temperature
(Tg) is approximately −40 ◦C, and the effective damping temperature range (corresponding to the
temperature range in which tanδ ≥ 0.3 [36]) is mainly concentrated at low temperatures. NBR is
known to exhibit numerous outstanding properties such as desirable physical and mechanical
properties, and excellent aging resistance performance. The Tg of NBR is approximately −10 ◦C, and its
damping performance is also excellent. As a damping material, NBR is suitable for high-temperature
environments [37–39]. Considering the large Tg of NBR, the introduction of NBR into BIIR should be an
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effective way to improve the high-temperature damping property of BIIR (i.e., a wide effective damping
temperature range). However, NBR/BIIR blends are slightly soluble and usually exhibit phase-separated
morphology and poor interfacial adhesion between the phases. Therefore, it is necessary to introduce
an interfacial compatibilizer to the binary system to improve the total performance. Ethylene-vinyl
acetate copolymer (EVA) is a copolymer of non-polar ethylene (E) monomer and a polar vinyl acetate
(VA) monomer, which contains both a non-polar ethylene segment and a polar vinyl acetate segment
in its molecular chain [40–43]. It can be added as a compatibilizer to the NBR/BIIR blends to reduce
the surface tension and improve the compatibility of the two phases. The EVA has the potential to
improve the mechanical and damping properties simultaneously [44–46].

In the following section, the blending of strongly polar NBR and weakly polar BIIR to prepare
NBR/BIIR blends is described in detail first. The vulcanization, mechanical and damping properties of
the blends were analyzed using a moving die rheometer, a universal testing machine, and a dynamic
mechanical analyzer. Based on the optimal blend ratio of NBR/BIIR, EVA copolymer, a material
compatible with NBR/BIIR, was added to prepare NBR/BIIR/EVA. The same properties of NBR/BIIR/EVA
were also systematically investigated. Furthermore, the aging properties of the two blends were studied
using a hot air thermal aging test chamber. Through a comparison of the test results, the optimal
mixture ratio of NBR/BIIR/EVA was determined, and all properties meet the requirements of the
standard (Chinese Standard JG/T-118-2019). The results provide a theoretical basis for synthesizing
composite rubber materials for high-damping-isolation bearings.

2. Experimental Research

2.1. Materials

The NBR used was JSRN230S (35% acrylonitrile content, Mooney viscosity of 42 ML (1 + 4) 100 ◦C),
a Japanese JSR product (JSR Corporation, Tokyo, Japan), with the molecular formula illustrated in
Figure 1a. The BIIR used was BB2255 (Mooney viscosity of 46 ML (1 + 4) 100 ◦C), an ExxonMobil
Chemical Company product (Exxon Mobil Corporation, Ivan, Texas, USA), with the molecular formula
illustrated in Figure 1b. The EVA copolymer used was 40 W, a US DuPont product (DuPont, Wilmington,
Delaware, USA), with the molecular formula illustrated in Figure 1c. Carbon black (N330), sulfur
(S), dicumyl peroxide (DCP), zinc oxide (ZnO), stearic acid, coumarone, dibutyl phthalate (DBP),
N-cyclohexyl-2-benzothiazole sulfonamide (CZ), tetramethyl thiuram disulfide (TMTD), an antioxidant
(4010NA), an anti-aging agent D (PBAN, C16H13N) and other reagents used were all commercially
available products (Shanghai Deyin Chemical Company, Shanghai, China).

(a) NBR

(b) BIIR (c) EVA

Figure 1. Molecular structural formulas: (a) nitrile rubber (NBR); (b) brominated butyl rubber (BIIR);
(c) ethylene-vinyl acetate (EVA).
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2.2. Basic Formulation

According to the design principle of rubber formula 3P (price + performance + process) +1C
(circumstances), the basic formulation is designed by mathematical methods such as multi-factor
optimization method (orthogonal experiment method) and variance analysis method. The basic
formulation of NBR, BIIR and EVA masterbatch are shown in Table 1.

Table 1. Basic formulation of nitrile rubber (NBR), brominated butyl rubber (BIIR) and brominated
butyl rubber (EVA) (100 phr).

Name ZnO Stearic Acid S DCP 2402 Resin TMTD CZ DBP N330 PBAN 4010NA

NBR 5–10 2–6 1–4 – – 0.2–0.6 1–3 8–10 20–50 1.5–3 1–3
BIIR 5–10 2–6 – – 5–10 0.2–0.4 1–1.5 8–10 20–50 1.5–3 1–3
EVA 5–10 2–6 – 1–2 – 0.2–0.4 1–1.5 8–10 20–50 1.5–3 1–3

2.3. Sample Preparation

1. NBR, BIIR and EVA masterbatch: The as-received NBR, BIIR and EVA were kneaded on a two-roll
mill at room temperature for 3 min and then blended with compounding and cross-linking
additives (the basic formulas of the recipes are shown in Table 1), respectively. Each compound
was then kneaded on the two-roll mill at room temperature for 5 min to form the NBR, BIIR and
EVA masterbatch.

2. NBR/BIIR and NBR/BIIR/EVA blends: The NBR, BIIR and EVA masterbatch was mixed in the
corresponding proportions (the specific proportions of the blends are shown in Sections 4.1
and 4.2) in a certain order (i.e., for NBR/BIIR, first BIIR, then NBR; for NBR/BIIR/EVA, first BIIR,
then NBR, and finally EVA) on the two-roll mill at room temperature for 5 min. After 16 h,
a rheometer analyzer was used to determine the scorch time T10 and the vulcanization time T90

of the mixture. These mixtures were then hot pressed and vulcanized at 150 ◦C under a pressure
of 15 MPa for T90 to obtain cross-linked NBR/BIIR and NBR/BIIR/EVA samples (Figure 2).

Figure 2. Test samples.

2.4. Performance Test

2.4.1. Vulcanization Characteristics

The samples were tested on an M-3000A moving die rheometer analyzer (Gotech Testing Machines
Inc, Taiwan, China). The test temperature was 150 ◦C, and the test time was 30 min based on the
ISO 6502:2016.
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2.4.2. Mechanical Property Test

The samples were tested on a WDL-2500N universal tensile testing machine (Gotech Testing
Machines Inc, Taiwan, China). The tensile test involved a standard sample, a tensile rate of 500 mm/min,
and a test temperature of 23 ◦C based on the ISO 37:2017. A trouser tear test was carried out at a tensile
rate of 100 mm/min according to ISO 34:2016.

2.4.3. Dynamic Mechanical Analysis (DMA)

A TA Instruments Q800 dynamic mechanical analyzer (TA Instruments, Wilmington, Delaware,
USA) was adopted to measure the damping performance of the sample in accordance with the
ISO 4664-1:2011. The sample dimensions were 35 mm × 12 mm × 2 mm (length × width × thickness),
the test temperature range was −60–60 ◦C, the frequency was 10 Hz, and the heating rate was 3 ◦C/min.

2.4.4. Aging Characteristic Test

An R-PTH standard aging test box (Kerry Instruments Company, Shanghai, China) was used for
accelerated aging of the pieces by heating in air according to ISO 188:2011. The aging condition was
hot air at 100 ◦C × 72 h, as suggested by ISO 22762-3:2018. Sample performance was characterized
based on the property variation percentage observed during aging (Figure 3).

Figure 3. Samples after aging.

2.4.5. Shore Hardness Test

Sample preparation was made in accordance with ISO 23529: 2010. Hardness test was performed
by using a Shore A durometer (LX-A; Jiangsu Mingzhu Testing Machinery, Yangzhou, Jiangsu, China)
on the sample size of 15 mm × 15 mm × 6 mm according to ISO 48-4: 2018 at 25 ± 2 ◦C. Three
measurements were involved at different positions on each side of a 6 mm thick specimen obtained
by compression molding, and the median value was determined. The standard deviation for the
Shore A hardness was 3%. The reading was taken 3 s after the pressure foot was in firm contact with
the test piece.

3. Polymer Blend Theory

3.1. Phase Structure Mechanism of Polymer

The phase structure of a polymer is closely related to the compatibility of the basic materials.
The better the compatibility between two basis materials is, the smaller the two-phases separation of
the final material will be.

NBR/BIIR was prepared by blending strongly polar NBR with weakly polar BIIR base rubber.
EVA copolymer was added to NBR/BIIR to promote the compatibility between NBR and BIIR phases and
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to further improve the overall performance of NBR/BIIR blends. The basis blending and cross-linking
mechanism are shown in Figure 4.

Figure 4. Basis blending and cross-linking mechanism.

3.2. Polymer Wide Temperature Range Mechanism

Two slightly soluble rubbers, NBR and BIIR, were blended, one component being BIIR with a
glass transition temperature of Tg1 (see Figure 5a) and the other component being NBR with a glass
transition temperature of Tg2 (see Figure 5b). The tanδ-T curve of the blends shows two external
damping internal friction peaks, effectively expanding the scope of the damping temperature range.
However, due to the low compatibility between NBR and BIIR, the damping value is low in the valley
between the two internal friction peaks (see Figure 5c). By adding EVA copolymer, a blend with a
high-damping value over a wide temperature range can be prepared (see Figure 5d). The dynamic
mechanical analysis (DMA) temperature profile of the blend system varies with the miscibility of the
constituent polymers, as shown in Figure 5.

Figure 5. Variation of dynamic mechanical analysis (DMA) temperature spectrum of blends with
miscibility of component polymers; (a–c) are the DMA temperature spectrum of the component high
polymer, respectively; in (d,e), the miscibility increases sequentially.

3.3. Polymer Damping Mechanism

NBR/BIIR and NBR/BIIR/EVA blends have different energy conversion modes (i.e., energy
dissipation and energy storage) at different ambient temperatures during the deformation process.
The entire polymer is in a glassy state when the temperature is below the lower limit of the glass
transition range, and in a free state when above the upper limit of the glass transition range. In the two
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states, mechanical energy cannot be dissipated (i.e., energy storage). However, in the glass transition
range, the chains of polymer molecules are in a critical state between “freezing” and “thawing,”
also called a viscoelastic state. When subjected to an external force, the polymer follows the energy
dissipation mechanism of the viscoelastic material.

4. Results and Discussion

4.1. NBR/BIIR Results and Discussion

4.1.1. Fluidization Characteristics

The vulcanization curves and corresponding characteristics of NBR/BIIR with various blend ratios
are shown in Figure 6 and Table 2.

Figure 6. Curves of vulcanization characteristics for NBR/BIIR with various blend ratios.

Table 2. Vulcanization characteristics of NBR/BIIR with various blend ratios (150 ◦C).

Test
Numbers

Rubber Name
NBR/BIIR

MH
dNm

ML
dNm

T10

min
T90

min
tanPA
(min)

1 100/0 8.5 0.9 0.6 3.2 0.08
2 90/10 13.0 1.2 1.1 3.1 0.03
3 70/30 11.1 1.4 1.1 3.4 0.04
4 50/50 6.0 1.3 1.0 13.2 0.07
5 30/70 7.1 2.0 1.1 12.5 0.08
6 10/90 6.1 1.8 1.2 13.2 0.05
7 0/100 5.4 1.6 1.2 13.5 0.05

Note MH: Maximum torque rating; ML: Minimum torque rating; T10: Scorch time; T90: Optimal vulcanization time;
tanPA: Dynamic dissipation angle.

As shown in Figure 6, when a low-sulfur and high-accelerator vulcanization system was adopted,
NBR/BIIR blends with various blend ratios exhibited good vulcanization plateau. Table 2 shows that
when the amount of BIIR was increased from 0 to 90 phr, the vulcanization time and scorch time first
increased and then gradually stabilized. The main reason is that the vulcanization and scorch times of
BIIR are longer than those of NBR. When the BIIR content exceeded 50 phr, BIIR played a dominant
role in determining the properties of NBR/BIIR, and the vulcanization time of the blend was greatly
extended. Additionally, with the increase in BIIR content, the maximum torque of the blend increased
first and then decreased. When the NBR/BIIR ratio of the blend was 50/50, the minimum torque was
6.0 dNm. The reason is that NBR has a stronger intermolecular interaction than BIIR.

4.1.2. Mechanical Properties

Mechanical properties, as indispensable performance indices of composite materials for
high-damping-isolation bearings, must meet the requirements of ISO 22762-3:2010. The mechanical
properties of NBR/BIIR with various blend ratios are shown in Figure 7.
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Figure 7. Mechanical properties of NBR/BIIR with various blend ratios: (a) Effect of tensile strength
and elongation at break; (b) effect of tear strength and shore hardness and (c) effects of 100% and
300% module.

With the increase in BIIR content, the tensile strength and the elongation at break of the NBR/BIIR
varied as a “V-shaped” pattern (Figure 7a). When the content of BIIR was 60 phr, the tensile strength
and the elongation at the break were the lowest, but still reached 11.2 MPa and more than 675%,
respectively. First, BIIR is more difficult to vulcanize than NBR, and the difference between the
two-phase vulcanization speeds leads to different crosslink densities. In addition, because of the poor
thermodynamic compatibility of the two rubbers, weak links were formed at the interface between the
two phases, which reduced the mechanical properties of the blends. These two reasons resulted in a
decrease in tensile strength and elongation at break.

With increasing BIIR, the tear strength decreased first and then increased as a result of the joint
action of two factors (Figure 7b). The addition of BIIR increased the number of polysulfide bonds in
the blend system, which provides high tear strength. However, increasing the cross-linking density
decreased tear strength. When the blend ratio was 50/50, the tear strength reached a minimum
of 22.6 MPa.

The modulus and hardness are both representatives of the rigidity of the blends. The modulus is
related to large tensile deformation, while the hardness is related to smaller compressive deformation.
As shown in Figure 7b,c, with an increase in the BIIR content, the change trends of the modulus and
the hardness were roughly the same, both increasing first and then decreasing.

4.1.3. Damping Performance

The dissipation factor tanδ-T curves and damping parameter of NBR/BIIR with various blend
ratios are shown in Figure 8 and Table 3.

Figure 8. Damping properties versus temperature for NBR/BIIR with various blend ratios.
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Table 3. Damping property parameters of NBR/BIIR with various blend ratios.

NBR/BIIR Value Tg ( = Tg2)/ ◦C T1/
◦C T2/

◦C (T2 − T1)/ ◦C
100/0 — −14.3 −29.8 18.1 47.9
90/10 — −8.3 −25.9 12.0 37.9
70/30 — −5.1 −24.9 15.9 40.8
50/50 0.4 0.4 ≤−60.0 27.0 ≥87.0
30/70 0.6 −5.8 ≤−60.0 25.6 ≥85.6
10/90 1.0 −38.9 ≤−60.0 38.5 ≥98.5

Note: Values are those observed in the valley of the tan δ-T curve; T1 and T2 are the lowest and highest temperatures
that satisfy tanδ ≥ 0.3, respectively; and T2−T1 is the effective temperature range.

Figure 8 shows that, with increasing BIIR, two damping peaks appeared in the tanδ-T curve.
The low-temperature peak and the high-temperature peak correspond to Tg1 and Tg2 of BIIR and NBR,
respectively. Moreover, the effective damping temperature range gradually expanded, but the damping
peak decreased. This phenomenon was due to the large difference in polarity between NBR and BIIR,
resulting in a certain phase separation tendency. When NBR was blended with BIIR, the moving ability
of the NBR molecular segments was limited by surrounding and entangling actions from the bulky
BIIR molecular segments. However, the slightly miscible BIIR reduced the intermolecular interactions
of NBR, thus increasing the movement capacity of the NBR molecular chains. The two effects caused
the Tg of NBR to move toward high temperatures. However, when the BIIR content increased to a
certain limit, Tg moved in the opposite direction. At this point, BIIR played a dominant role in the
blend system.

Table 3 shows that, as the BIIR content increased, the effective temperature range expanded and
moved toward low temperatures. When the NBR/BIIR ratio was 50/50, the effective temperature range
was at least 87.0 ◦C, but the damping at the bottom in the tanδ-T curve was low. Therefore, it was
necessary to further improve the damping in the effective temperature range.

The storage modulus E′-T curves of NBR/BIIR are shown in Figure 9. The E′-T curves of both
NBR/BIIR and pure NBR exhibit a transition peak. As the BIIR content increased, the storage modulus
decreased significantly in the glassy region. When the BIIR content exceeded 50, the storage modulus
tended to stabilize. This result shows that BIIR has a softening plasticizer effect on the NBR base
rubber, making the NBR/BIIR blend softer and thus increasing the energy dissipation and improving
the damping properties of the blend system.

Figure 9. Storage modulus E′ versus temperature of NBR/BIIR with various blend ratios.
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4.1.4. Aging Performance

The stability of the rubber material for rubber isolation bearings has a strong effect influence on
the mechanical and damping performance of the bearings. Therefore, it was necessary to perform a
further heat aging test based on the ISO 22762-3:2018.

1. Mechanical Properties

The mechanical properties and aging performance of NBR/BIIR with various blend ratios are
shown in Figure 10 and Table 4.

Figure 10. Comparison of mechanical properties before and after aging of NBR/BIIR with various blend
ratios: (a) Tensile strength; (b) elongation at break, and (c) tear strength.

Table 4. Mechanical property parameters before and after aging of NBR/BIIR with various blend ratios.

NBR/BIIR
Tensile Strength/MPa Elongation at Break/% Tear Strength/kN/m

Before and after Aging/% Before and after Aging/% Before and after Aging/%

100/0 9.9 ↓ 6.0 ↓ 9.1 ↓
90/10 9.1 ↓ 9.9 ↓ 9.1 ↓
80/20 12.2 ↓ 5.5 ↓ 10.2 ↓
70/30 20.4 ↓ 9.8 ↓ 9.1 ↓
60/40 18.8 ↓ 12.4 ↓ 9.2 ↓
50/50 22.7 ↓ 12.1 ↓ 16.3 ↓
40/60 11.8 ↓ 10.7 ↓ 9.6 ↓
30/70 11.4 ↓ 10.7 ↓ 15.4 ↓
20/80 11.5 ↓ 8.9 ↓ 10.7 ↓
10/90 13.6 ↓ 2.9 ↓ 9.0 ↓

Note: Property variation percentage during aging = (after aging – before aging)/before aging 100%;
“ ↓ ” indicates decrease.

Figure 10 shows that the various mechanical properties of the NBR/BIIR blend decreased after
aging and that the change trends of the mechanical properties with the change of BIIR content were
roughly the same as those before. When the blend ratio was 50/50, the tensile strength and tear strength
decreased by 22.7% and 16.3%, respectively, and the corresponding elongation at break decreased by
12.1% (Table 4). In general, the overall stability of the blends was more ideal.

2. Damping Performance

A DMA test was further performed after hot air thermal aging of the NBR/BIIR materials.
The damping performance of the NBR/BIIR blends are shown in Figure 11.

The tanδ peak of NBR/BIIR with various blend ratios after aging was slightly lower than that
before aging (Figure 8). Moreover, the overall change trend remained essentially consistent with that
before aging. The rubber damping performance shows good stability for various ratios. When the
blend ratio of NBR/BIIR was 50/50, the blend could meet the requirement of tanδ ≥ 0.3 and showed a
wide temperature range of no less than 75.6 ◦C.

336



Polymers 2019, 11, 1374

Figure 11. Damping properties versus temperature for NBR/BIIR with various blend ratios.

4.2. NBR/BIIR/EVA Results and Discussion

Based on the tests performed, we can conclude that when the NBR/BIIR blend ratio is 50/50,
the blend achieves the best performance (mechanical and damping properties). However, the effective
damping temperature region is concentrated in the low-temperature zone, and the damping in the
valley of the tanδ-T curve is low.

To obtain a more ideal blend with a wider temperature range and higher damping, EVA copolymer
was added to the blend with an NBR/BIIR blend ratio of 50/50. The effect of the EVA copolymer on the
properties of NBR/BIIR is discussed in detail.

4.2.1. Fluidization Characteristics

The vulcanization curves of NBR/BIIR (50/50) after adding the EVA copolymer are shown in
Figure 12 and Table 5.

Figure 12. Curves of vulcanization characteristics for NBR/BIIR/EVA with various blend ratios.

As shown in Figure 12, NBR/BIIR/EVA exhibited good vulcanization plateau at various blend
ratios. The addition of EVA decreased the maximum torque of the blends (Figure 6). Table 5 shows that
with increasing EVA content, T90 increased. When the EVA content was 0 and 60 phr, the corresponding
T90 values were 13.2 and 17.6 min, respectively.
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Table 5. Vulcanization characteristic parameters of NBR/BIIR/EVA with various blend ratios (150 ◦C).

Test
Number

Rubber Name
NBR/BIIR/EVA

MH
dNm

ML
dNm

T10

min
T90

min
tanPA
(min)

1 50/50/0 6.0 1.3 1.0 13.2 0.07
2 50/50/15 5.7 1.3 1.1 14.3 0.07
3 50/50/30 5.3 1.2 1.1 15.2 0.07
4 50/50/45 4.3 1.0 1.1 17.0 0.07
5 50/50/60 3.3 0.9 1.0 17.6 0.10
6 0/0/100 421 49.5 1.3 2.3 0.03

Note MH: Maximum torque rating; ML: Minimum torque rating; T10: Scorch time; T90: Optimal vulcanization time;
tanPA: Dynamic dissipation angle.

This phenomenon is due to the different mutual cross-linking speeds caused by the different
sensitivities of the EVA copolymer and the NBR/BIIR to the vulcanizing agent, thus resulting in different
vulcanization times. As the EVA content increased, the rate of cross-linking within NBR/BIIR blends
was further impeded, and the vulcanization rate of the blend was weakened.

4.2.2. Mechanical Properties

The effects of various blend ratios on the mechanical properties of NBR/BIIR/EVA are shown in
Figure 13.

Figure 13. Mechanical properties of NBR/BIIR/EVA with various blend ratios: (a) Effect of tensile
strength and elongation at break; (b) effect of tear strength and shore hardness, and (c) effects of 100%
and 300% module.

Figure 13a shows that the tensile strength of the blend decreased when a small amount of EVA was
added. As the EVA content was increased, the tensile strength remained nearly stable, and the minimum
was 9.3 MPa. The elongation at break varied according to a “V-shaped” pattern. The minimum was
525% when the NBR/BIIR/EVA blend ratio was 50/50/45. The main reason is that the tensile strength
and elongation at break of the EVA copolymer are lower than those of the rubber material, and the
difference in the vulcanization rates results in an inconsistent crosslink density.

With increasing EVA, the tear strength increased first and then decreased as shown in Figure 13b.
The addition of EVA increased the number of polysulfide bonds, the crosslink density and intermolecular
force, which increased the tear strength of the blend. When the NBR/BIIR/EVA ratio was 50/50/30,
the maximum tear strength reached 37.5 MPa.

As the EVA content increased, the modulus decreased and the hardness tended to stabilize,
as shown in Figure 13c. Although the addition of EVA copolymer leads to a loss of mechanical
properties, the resulting material could fulfill the requirements according to ISO 22762-3:2010.

4.2.3. Damping Performance

Further tests on the effect of the EVA copolymer on the dynamic mechanical properties of the
NBR/BIIR blends were performed. The tanδ-T curve and damping parameters of the NBR/BIIR/EVA
blend with various blend ratios are shown in Figure 14 and Table 6, respectively.
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Figure 14. Damping properties versus temperature for NBR/BIIR/EVA with various blend ratios.

Table 6. Damping property parameters of NBR/BIIR/EVA with various blend ratios.

NBR/BIIR/EVA Value Tg( = Tg2)/ ◦C T1/
◦C T2/

◦C (T2 − T1)/ ◦C
50/50/0 0.4 0.4 ≤−60.0 27.0 ≥87.0

50/50/15 0.5 3.2 ≤−60.0 25.1 ≥85.1
50/50/30 0.5 8.9 ≤−60.0 27.9 ≥87.9
50/50/45 0.4 12.5 ≤−60.0 29.5 ≥89.5
50/50/60 0.3 11.5 −48.6 21.7 69.4

Note: Values are those observed in the valley of the tan δ-T curve; T1 and T2 are the lowest and highest temperatures
that satisfy tanδ ≥ 0.3, respectively; and T2 − T1 is the effective temperature range.

When the blend ratio of NBR/BIIR/EVA was 50/50/15, two peaks appeared in the tanδ-T
curve. With increasing EVA, the damping peaks continuously decreased. The peak of Tg2 moved
toward a higher temperature, which effectively increased the damping in the high-temperature zone.
The damping in the valley increased first and then decreased. When the EVA content was 30 phr,
the damping in the valley reached up to 0.5, much higher than the former value of 0.4 observed for the
NBR/BIIR (Figure 8).

Table 6 shows that when the ratio of NBR/BIIR/EVA was 50/50/45, the effective damping temperature
range reached at least 89.5 ◦C (from −60 to 29.5 ◦C). The addition of EVA expanded the effective
damping temperature range of the blend and effectively increased the damping at the valley of the
tanδ-T curve (Table 3). One reason is that the EVA copolymer exhibits good compatibility with the
basis rubbers. EVA enhances the solubility of NBR and BIIR, and strongly affects the interaction of the
basic material. Thus, the phase structure of the blend changes from an “island” phase structure to a
continuous phase, with good compatibility.

The storage modulus E′-T curves of NBR/BIIR/EVA are shown in Figure 15. The E′-T curves of
NBR/BIIR/EVA all show transition peaks. As the ratio of EVA reached a certain value, the E′ peak
changes remained relatively stable in the glassy region, indicating that the plasticizer of EVA was no
longer distinct.

339



Polymers 2019, 11, 1374

Figure 15. Storage modulus E′ versus temperature of NBR/BIIR/EVA with various blend ratios.

4.2.4. Aging Performance

Due to the mutual influence of the basis rubber, and the influence of the vulcanization system on
aging, it was necessary to further study the anti-aging stability of the NBR/BIIR/EVA blends.

1. Mechanical properties

The mechanical properties of NBR/BIIR/EVA before and after hot air thermal aging tests are
compared in Figure 16 and Table 7.

Figure 16. Comparison of mechanical properties before and after aging of NBR/BIIR/EVA with various
blend ratios: (a) Tensile strength; (b) elongation at break, and (c) tear strength.

Table 7. Mechanical property parameters before and after aging of NBR/BIIR/EVA with various blend ratios.

NBR/BIIR/EVA
Tensile Strength/MPa Elongation at Break/% Tear Strength/ kN/m

Before and after Aging/% Before and after Aging/% Before and after Aging/%

50/50/0 22.7↓ 12.1↓ 16.3↓
50/50/15 2.9↓ 9.1↓ 16.2↓
50/50/30 2.9↓ 10.2↓ 15.6↓
50/50/45 3.0↓ 10.3↓ 21.3↓
50/50/60 6.9↓ 9.0↓ 15.5↓

Note: Property variation percentage during aging = (before aging − after aging)/ before aging 100%,
“ ↓ ” indicates decrease.

As shown in Figure 16, the mechanical properties of the NBR/BIIR/EVA blends deteriorated after
the hot air thermal aging test, and the overall changing trends after aging remained essentially similar
to those before. Table 7 shows that, with the addition of EVA, the aging resistance of tensile strength
was significantly improved, but the effect on tear strength and elongation at the break was not distinct
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(Table 4). The maximum deterioration in the tensile strength, elongation at break and tear strength
were 6.9%, 10.2%, and 21.3%, respectively. Nevertheless, all of the results demonstrate that the blends
exhibited strong anti-aging properties.

2. Damping Performance

Additionally, a DMA test was performed, and the damping performance is shown in Figure 17.

Figure 17. Damping properties versus temperature of NBR/BIIR/EVA with various blend ratios.

Due to the degradation of the material and the environmental conditions, the damping performance
of the blends was reduced. The overall change was similar to that before aging, but the temperature
range was not significantly reduced. As the EVA content was increased, the damping aging resistance
of the blend decreased.

5. Conclusions

Based on tests of the blends NBR/BIIR and NBR/BIIR/EVA, the following conclusions were drawn:

• NBR/BIIR and NBR/BIIR/EVA possess good vulcanization and mechanical properties. The addition
of EVA reduces the mechanical properties of NBR/BIIR. Nevertheless, the blends can still fulfill
the standard requirements.

• The blending of NBR and BIIR is efficient in expanding the damping temperature range. When the
NBR/BIIR ratio is 50/50, the effective temperature range is at least 87.0 ◦C. However, the damping
in the valley is low.

• The addition of EVA to the NBR/BIIR effectively increases the damping in the valley of the tanδ-T
curve (tanδ ≥ 0.3) and moves the effective temperature range toward high temperatures. Moreover,
the NBR/BIIR/EVA with a 50/50/30 blend ratio is a comparatively ideal material.

• Hot air thermal aging tests of NBR/BIIR and NBR/BIIR/EVA show that the anti-aging stabilities of
the two materials are not significantly altered.
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