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The increasing demand for an eco-friendly environment has led to the recent development of polymer matrix/green plant fiber composites. In this present study, the
viscoelastic performance of walnut/rice straw fiber/epoxy biocomposites was examined using a dynamic mechanical analysis (DMA) in three-point bending mode at a
constant frequency (1 Hz) and temperature (25 °C to 240 °C). The surface morphology of the developed composites was analyzed using field emission scanning electron
microscopy (SEM). The epoxy resin was incorporated with walnut/rice straw fiber in five proportions (2-10 wt%) using the hand lay-up technique. The hybrids of rice straw
fiber/walnut shell ash particulates were added in equal ratios. The DMA results showed that epoxy/6wt% walnut/rice straw fiber biocomposite recorded the maximum
storage modulus (> 8 x 10 MPa) with low loss modulus and damping factor. This indicates excellent stiffness and high energy storage capacity resulting from excellent
interfacial bonding of molecules of epoxy, walnut shell particulates, and rice straw fiber. The epoxy/rice straw fiber biocomposite showed a high rate of molecular mobility,
leading to high heat dissipation and damping capacity. The glass transition temperature (Tg) of the developed composites ranges from 70 °C to 130 °C, indicating the
working temperature of the materials to be below 70 °C. The tan-6 curves indicate that walnut/rice straw fiber/epoxy biocomposites are heterogeneous materials with
separate viscoelastic phases and glass transition temperatures, resulting from the addition of walnut shell particulates and rice straw fiber. These reinforcers are finally
noted as critical factors affecting the extent of macromolecular mobility within walnut/rice straw fiber/epoxy biocomposites.

Introduction

In recent years, more structural failures have led engineers
to focus on designing better fracture-resistant structures
[1,2]. For instance, aircraft and automobile designers have had
to rethink their methods for designing and manufacturing
damage-tolerant products. As part of this evolutionary process,
new products will inevitably require fracture resistance
capabilities incorporated into lighter-weight materials to
support greater fuel efficiency for vehicular technology [1,3].
Given these requirements, long fiber-reinforced polymer
composites provide a suitable solution owing to their high
specific strength, high stiffness, corrosion resistance, and
low density. Natural fibers have recently dominated glass and

carbon fiber as predominant materials for reinforcing polymer
matrices due to their non-toxicity and inherent excellent
mechanical properties [4-10]. Several researchers have explored
the impact of natural fibers on mechanical behavior, but
limited works have been reported on the viscoelastic behavior
of natural fibers incorporated in epoxy matrix composites,
especially with regard to walnut shells and rice straw fiber. A
study by Satapathy, et al. [11] revealed improvements in tensile
strength, flexural strength, and hardness of high-density
polyethylene by incorporating hybrids of maleic anhydride-
treated banana fiber/fly ash cenospheres eco-friendly
materials. The study also recorded an increase in stiffness and
high-energy dissipation of the biocomposite. Chee, et al. [12]
in their study of the viscoelastic performance of epoxy/kenaf,
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epoxy/bamboo, and epoxy/bamboo charcoal biocomposites
recorded a transition temperature range of 60 °C to 90 °C, with
epoxy/bamboo charcoal biocomposites recording the maximum
thermal stability at 348 °C while epoxy/kenaf biocomposite
showed better stiffness and high energy storage capacity. The
reinforcing materials play a significant role in determining the
overall performance of the composites. Different approaches
adopted to improve the performance of particulate-reinforced
epoxy matrix include finding alternative and cheaper
reinforcements for it. Industrial wastes and agro-waste
derivatives are some of the alternative reinforcing materials
that have been investigated. Plant fibers, because of their low
density, their specific properties (property-to-density ratio),
strength, and stiffness are comparable to the values of glass
fibers. They are light compared to glass or carbon fibers.
On the other hand, the biodegradability of plant fibers can
contribute to a healthy ecosystem while their low cost and high
performance fulfill the economic interest of the industry.

In light of recent global directives, such as 2009/33/EC and
2008/98/EC, Obande, et al. (2019), which require strict weight
reduction targets in transport and a cross-sectoral reduction of
landfill-bound waste streams, natural fibers-based reinforced
composites offer a superior alternative to synthetics. Okafor, et
al. (2022) suggest new ways of using natural fibers, which will
prevent environmental concerns and create a second income
for farmers. According to the literature, there is no research
that relates the epoxy resin with the incorporation of walnut/
rice straw fiber in five proportions (2-10 wt%) using the hand
lay-up technique.

This study is aimed at investigating the viscoelastic behavior
of epoxy matrix incorporated with hybrids of rice straw fiber/
walnut shell particulate using dynamic mechanical analysis in
three-point bending mode at a constant frequency (1 Hz) and
operating temperature range 25 °C to 240 °C. This will help to
explore the economic importance of eco-friendly green plant
fibers and widens their applications in engineering.

Experimental procedure

Materials sourcing: Waterborne transparent epoxy resin
(LY556), hardener (HY-951), and sodium hydroxide (NaOH)
solution used in this study were procured from Herenba
Instruments and Engineers (Chennai - 600053, Tamil Nadu,
India). The reinforcing materials: rice straw fibers and walnut
shells were sourced from Abakiliki, Ebonyi State, Nigeria,
while the distilled water was sourced from the Department
of Industrial Chemistry, Nnamdi Azikiwe University, Awka,
Nigeria.

Materials preparation and chemical treatment: The sourced
rice straw fibers (RSF) were washed with distilled water and
allowed to dry at an elevated temperature of 30 °C for 24 h. The
dried fibers were chemically treated with NaOH (alkalization)
to enhance epoxy-fiber molecular interactions. The walnut
shells were thoroughly washed with distilled water, sun-dried
for 24 h, and carbonized in an enclosed alumina crucible at
a temperature of 900°C for 5hrs using a muffle furnace. This
was done to reduce the carbonaceous matter and increase the
percentage of silica content.
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Material fabrication: Before the molding process, a mold
release agent (silicon spray) was applied on the mold surface
to ensure easy removal of composite samples. For the epoxy/
rice straw fiber composites, a mold with dimensions 400 x 400
x 4 mm3 was stacked with rice straw fiber of an average length
of 400 mm at total fiber loading of 2, 4, 6, 8, and 10 wt%.
The waterborne transparent epoxy resin (LY556) and hardener
(HY-951) were mixed properly in a ratio of 10:1 for 20 min and
impregnated into the mold. Air bubbles were carefully removed
with the aid of a roller. The mixture was consolidated using a
hand lay-up technique and cured at constant temperature and
pressure of 110 °C and 25 x 10° Pa respectively for 10 min. The
consolidated samples were cooled slowly in a cold press at a
constant pressure of 25 x 10° Pa for 5 min to avoid warpage.
The epoxy/walnut/rice straw fiber hybrid biocomposites were
fabricated using the same processes with the walnut/rice straw
fiber (WSAp/RSF) added in the same proportions.

Dynamic Mechanical properties Analysis (DMA): The
dynamic mechanical properties of the pure epoxy matrix,
epoxy/rice straw fiber composites, and epoxy/walnut/rice straw
fiber hybrid biocomposites were determined in accordance
with ASTM D4065-01 standard using a dynamic mechanical
analyzer Perkin Elmer (8000). The composite samples with
dimensions 25 x12 x 2 mm3 were subjected to a three-point
bending mode at an applied load of 10 N, constant frequency
(1 Hz), temperature (25 °C to 240 °C), with a heating rate of
2°C/min, and 10 pm displacement amplitude. The fractured
surfaces of the developed composites were analyzed using
field emission scanning electron microscopy (SEM) (Carl Zeiss,
Germany) to examine the fracture mechanism of the composite
samples.

Results and discussion

The viscoelastic properties of pure epoxy, epoxy/rice straw
fiber composites, and epoxy/walnut/rice straw fiber hybrid
biocomposites are presented in Figure 1. These properties were
examined using a three-point mode at a constant frequency (1
Hz), temperature range of 25 °C - 240 °C with a heating rate of
5 °C/min, and 10 pm displacement amplitude. The DMA curves
were represented by storage modulus, loss modulus, and
loss or damping factor (tan s) as shown in Figure 1a,b and 1c
respectively. The stiffness of the fabricated materialsis described
in terms of storage modulus. Material with maximum storage
modulus has a better stiffness. The DMA curve showed that the
incorporation of rice straw fiber into the pure epoxy significantly
increased the storage modulus (stiffness) of the material. The
increase in storage modulus became more significant with
the addition of 4 wt% rice straw fiber. Analysis of Figure 1a
shows that the storage modulus decreased after incorporating
rice straw fiber into the epoxy in excess of 8 wt%. The epoxy/
walnut/rice straw fiber hybrid biocomposites showed similar
dynamic mechanical behavior. Comparatively, epoxy/walnut/
rice straw fiber hybrid biocomposites demonstrated better
dynamic mechanical behavior than pure epoxy and epoxy/rice
straw fiber composites. This improvement can be attributed
to excellent interfacial bonding between epoxy matrix, walnut
shell ash, and rice straw fiber molecules as evidenced in the
SEM images (Figure 2a,2b and 2c). The storage modulus of all
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Figure 1: Dynamic mechanical behavior of the fabricated composites at different temperatures (a) storage modulus, (b) loss modulus and (c) damping factor (tan-5).

the composites remained constant at the glassy region, but
decreased progressively at increasing temperature across the
glass transition and rubbery regions as described in [6,13,14].

Theloss modulus of the developed pure epoxy and composites
represents the viscous behavior of the consolidated materials
and the degree of energy dissipation in the system during the
deformation process. The maximum peak of loss modulus
indicates the transition (Tg) temperature of the materials. All
the materials behaved alike at increasing temperatures. The
loss modulus of both pure epoxy and composites increased
correspondingly with the rise in temperature until the glass
transition (Tg) temperature where the maximum peak is
attained. Beyond the glass transition (Tg) temperature of the
consolidated materials, the loss modulus decreased drastically
along the rubbery region of the material. The glass transition
(Tg) region of the composites fell between 70 °C to 140 °C. Figure
1 showed that pure epoxy resin recorded the lowest storage

modulus and loss modulus, indicating poor stiffness and a low
degree of heat dissipation compared with the composites. In
comparison, epoxy/rice straw fiber composites recorded the
highest loss modulus. This can be attributed to high molecular
mobility, leading to increased heat dissipation. This behavior
is expected and correlated with the reports of previous studies
[13,15,16].

The loss or damping factor (tan §) of the developed pure
epoxy and composites indicates the non-elastic deformation
behavior of the materials and the rate of energy dissipation
in the system. The higher the damping factor, the higher the
degree of energy dissipation in the system and the non-elastic
properties. The damping factor increased correspondingly
with the rise in temperature, reaching maximum peaks in
the transition region before decreasing progressively in the
rubbery region. Table 1 depicts the glass transition temperature
peak, width, and area under the damping factor (tan s) curve
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Figure 2: SEM images of fractured surfaces of (a) pure epoxy, (b)

of reinforced composite samples. It is noted from Table 1 that
the composites have dual glass transition temperatures (Tg),
especially the reinforced samples with significant margins,
indicating differences in the deformation mechanisms of
composites. The dual tan-§ peaks were indicative of two
distinct viscoelastic phases with different glass transition
temperatures. The areas under the tan-§ curve are the
determinants of the molecular mobility of the composite and
the rate of energy absorption and dispersion as described in
[14,16]. Additionally, the width of the tan-§ peak at half height
represents the heterogeneity of the material. The highest level
of damping occurred at 6wt% walnut shell ash+ rice straw fiber
[17,18].

Structural analysis

Figure 2 shows the SEM analysis of the fractured surfaces of
the investigated epoxy matrix and composites. The SEM image
of pure epoxy reveals regions of matrix and cleavages, indicating
a brittle failure mechanism at fracture. The micrograph of the
epoxy/rice straw fiber composite reveals incomplete bonding
of fiber with the epoxy matrix. De-bonding and porosity were
also revealed in the SEM image. The micrograph of epoxy/
walnut/rice straw fiber biocomposite demonstrated excellent
interfacial bonding, leading to excellent dynamic mechanical
properties.

It is obvious from the results of dynamic mechanical
analysis of bio-composites reinforced with walnut/rice
straw fiber that they are of extreme importance in many
industries, including polymer and automobile. Therefore, it
is an important composite for designing materials with high
mechanical properties. Furthermore, the results provide
remarkable insight into the different chemistries associated
with the bio-composites reinforced with walnut/rice straw
fiber. The importance of the dynamic storage modulus in many
structural applications is well known. A clear understanding
of the storage modulus—temperature curve obtained during
a dynamic mechanical test provides valuable insight into the
stiffness of a bio-composite reinforced with walnut/rice straw
fiber as a function of temperature. The test curves are useful
in assessing the molecular basis of the mechanical properties
of bio-composite reinforced with walnut/rice straw fiber.

WD: 13.50 mm [NH] |
Det: SE SEM MAG: 2.0 kx Dotz 5E
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0xy/8 wt% RSF and (c) epoxy/6 wt% (WASp+RSF).

Table 1: Glass transition temperature peaks, width and area under the damping
factor (tan-6) curve of the developed bio-composites.

Composite Tgl Tg2 Width of the tan-6 peak The area under the
formulation (°C) (°C) at the half-height (°C) tan-6 curve (°C)
Pure epoxy 100 105 26.2 6.51
2 wt% RSF 115 135 29.6 6.93
4 wt% RSF 103 128 31.5 8.44
6 wt% RSF 115 130 32.1 8.46
8 wt% RSF 102 112 34.5 9.19
10 wt% RSF 120 136 34.2 8.66
2wt% RSF/WSAp 105 120 31.8 7.21
4 wt% RSF/WSAp 120 134 33.2 8.56
6 wt% RSF/WSAp 100 125 34.8 9.88
8 wt% RSF/WSAp 105 120 35.2 9.52
10 wt% RSF/WSAp 103 115 35.9 9.49

The curves are very sensitive to structural changes such as
molecular weight, degree of cross-linking, and fiber—matrix
interfacial bonding. It is noted that the storage modulus is
linearly proportional to the loss modulus in terms of difference
percentages under each reinforcing element. The behavior
was predicted and corroborated by Onwumere, et al. [9] and
Nwigbo, et al. [7] regarding predicted relationships between E'
and E"' in composites. The reinforced composites possess the
same order of damping capabilities except for a few variations
as a result of fillers content. The reason why reinforced
composites possess low tan delta is because of the strong and
rigid fiber/matrix interface due to improved adhesion, which
reduces molecular mobility in the interfacial zone. Moreover,
the presence of bonding agents results in a greater number
of crosslinks being formed, and alkali treatment strengthens
these crosslinks. Due to this, molecular motion is severely
hindered within the rubber macromolecular chain, resulting
in low damping characteristics. Jacob, et al. and Datta, et al.
[19,20] have reported similar results.

Conclusion

The dynamic mechanical performances of the pure
epoxy matrix, epoxy/rice straw fiber composite, and epoxy/
walnut/rice straw fiber biocomposites have been investigated
experimentally. Both composites demonstrated excellent
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dynamic mechanical properties better than the pure
epoxy matrix. The hybrid’s epoxy/walnut/rice straw fiber
biocomposites recorded the maximum storage modulus with
low loss modulus and damping factor, indicating excellent
stiffness and high energy storage capacity. This excellent
dynamic mechanical behavior was attributed to excellent
interfacial bonding between the epoxy matrix, walnut shell
ash particulates, and rice straw fiber. The glass transition
temperature of the composites is in the range of 70 °C to 130
°C, above which they exist as soft and rubbery materials.

References

1. Wegst UG, Bai H, Saiz E, Tomsia AP, Ritchie RO. Bioinspired structural
materials. Nat Mater. 2015 Jan;14(1):23-36. doi: 10.1038/nmat4089. Epub
2014 Oct 26. PMID: 25344782.

2. Braga RA, Magalhaes PA Jr. Analysis of the mechanical and thermal
properties of jute and glass fiber as reinforcement epoxy hybrid composites.
Mater Sci Eng C Mater Biol Appl. 2015 Nov 1;56:269-73. doi: 10.1016/j.
msec.2015.06.031. Epub 2015 Jun 16. PMID: 26249589.

3. Khan GMA, Terano M, Gafur MA, Alam MS. Studies on the mechanical
properties of woven jute fabric reinforced poly(l-lactic acid) composites. J. of
King Saud Univ Eng Sci. 2016; 28(1): 69-74.

4. Rabbani FA, Yasin S, Igbal T, Farooq U. Experimental Study of Mechanical
Properties of Polypropylene Random Copolymer and Rice-Husk-Based
Biocomposite by Using Nanoindentation. Materials (Basel). 2022 Mar
6;15(5):1956. doi:  10.3390/ma15051956. PMID: 35269186; PMCID:
PMC8911984.

5. Nwambu CN, Robert C, Alam P. J of Comp Sci. 2022: 6: 137-155.

6. Nwambu C, Robert C, Alam P. Viscoelastic properties of bioinspired
asymmetric helicoidal CFRP composites. MRS Advances. 2022; 7: 805-810.

7. Nwigbo SC, Nnakwo NC, Nnakwo KC. Int J of Inno Res and Adv St. 2016; 3(10):
107-111.

8. Emeruwa OE, Nnakwo KC, Atuanya CU. Investigative Study of the Structure
and Mechanical Behaviour of Horse Eye Bean Seed Shell Ash Reinforced
Aluminium Alloy Matrix Composite. Int J of Sci Re Sci. Eng Tech. 2017; 3(5):
8-13.

https://www.peertechzpublications.com/journals/journal-of-civil-engineering-and-environmental-sciences 8

9. Onwumere RA, Nnakwo KC, Okorie BA. Effect of Alkaline Treatment on
Mechanical and Thermal Properties of Coconut Shell Particulates Reinforced
Epoxy Composite. Amer J of Chem and Mater Sci. 2019; 6(1): 10-14. (2019).

10. Chandrasekaran S, Sato N, Tolle F, Milhaupt R. Fracture toughness and
failure mechanism of graphene based epoxy composites. Comp Sci and Tech.
2014, 97:90-99.

-
-

. Satapathy S, Kothapalli RVS. Mechanical, Dynamic Mechanical and Thermal
Properties of Banana Fiber/Recycled High Density Polyethylene Biocomposites
Filled with Flyash Cenospheres. J of Poly and Env. 2018; 26(1): 200-213.

12. Chee SS, Jawaid M, Sultan MTH. Thermal Stability and Dynamic Mechanical
Properties of Kenaf/Bamboo Fibre Reinforced Epoxy Composites.
BioResources. 2017; 12(4): 7118-7132.

13. Ekwedigwe C, Nwambu C, Nnuka E. Unizik J of Eng and App Sci. 2023; 1:69-77.

14.Nwambu C, Robert C, Alam P. Dynamic mechanical thermal analysis of
unaged and hygrothermally aged discontinuous Bouligand structured CFRP
composites. Funct Compos Struct. 2022; 4: 045001.

15. Nwambu C, Robert C, Alam P. Tensile behaviour of unaged and hygrothermally
aged discontinuous Bouligand structured CFRP composites. Oxford Open
Materials Science. 2023; 3.

16. Ekwedigwe C, Nwambu C, Osakwe F, Nnuka E. Mechanical Properties of
Hybrid Rice Straw Fibre and Walnut Shell ASH Particulate/Epoxy Composite.
Int J of Sci and Eng Inv. 2023; 9.

17. Salavati-Niasari M, Davar F, Fereshteh Z. Synthesis and characterization of
Zn0 nanocrystals from thermolysis of new precursor. Chemical Engineering
Journal. 2009; 146(3) 498-502.

18. Nomura K, Fudo A. Design of new generation vanadium complex catalysts
offering new possibilities for controlled Olefin polymerization. Chemical. 2004;
209: 209-214;

19. Datta C, Basu D, Banerjee A. Mechanical and dynamic mechanical properties
of jute fibers—Novolac—epoxy composite laminates. J Appl Polym Sci. 2002;
85:2800.

20. Jacob M, Francis B, Thomas S, Varughese KT. Dynamical Mechanical Analysis
of Sisal/Qil Palm Hybrid Fiber-Reinforced Natural Rubber Composites. Polym
Compos. 2006. 27 671-68.

Discover a bigger Impact and Visibility of your article publication with

Peertechz Publications

Highlights
< Signatory publisher of ORCID
<  Signatory Publisher of DORA (San Francisco Declaration on Research Assessment)

< Articles archived in worlds’ renowned service providers such as Portico, CNKI, AGRIS,
TDNet, Base (Bielefeld University Library), CrossRef, Scilit, J-Gate etc.

< Journals indexed in ICMJE, SHERPA/ROMEO, Google Scholar etc.

<  OAI-PMH (Open Archives Initiative Protocol for Metadata Harvesting)
< Dedicated Editorial Board for every journal

< Accurate and rapid peer-review process

< Increased citations of published articles through promotions

< Reduced timeline for article publication

Submit your articles and experience a new surge in publication services
(https://www.peertechz.com/submission).

Peertechz journals wishes everlasting success in your every endeavours.

Citation: Ekwedigwe C, Nnakwo K, Nwambu C (2023) Viscoelastic properties of alkaline treated walnut shell/rice straw fiber/epoxy biocomposite. J Civil Eng

Environ Sci 9(1): 009-013. DOI: https://dx.doi.org/10.17352/2455-488X.000061



