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Preface

Natural fibers have gained significant attention in the recent years due to their attrac-
tive features such as bio-degradability, low density, abundant availability and lower
cost compared to the synthetic fibers. However, biocomposites reinforced with the
natural fibers in polymer matrix are susceptible to degradation during their service
life in the outdoor conditions due to the humidity and temperature prevailing in the
environment and the indoor conditions.

Factors such as water uptake and thickness swelling due to the hydrophilic char-
acteristic of the natural fiber and matrix plasticization effect affect the performance
of biocomposites and limit their scope in the outdoor applications. This book covers
the degradation effects and the performance of biocomposites under various aging
conditions. The mechanism behind improved environmental resistance of biocom-
posites reinforced with the surface modified fibers, nanofiller and compatibilizer has
been discussed.

All the chapters in this book were written by the authors with expertise in the
field of polymer-based Biocomposites subjected to environmental aging conditions.
We appreciate and extend our sincere gratitude to the contributing authors for their
time and efforts. This book is suitable for researchers, academicians, professionals,
technicians and senior undergraduate students looking to undertake research or gain
insight into the aging studies on the polymer-based Biocomposites.

Chennai, India Chandrasekar Muthukumar
Tirunelveli, India Senthilkumar Krishnasamy
Krishnankoil, India Senthil Muthu Kumar Thiagamani
Bangkok, Thailand Suchart Siengchin
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Introduction to Aging in Bio Composites m

Check for
updates

G. Anand, N. Santhosh, and S. Vishvanathperumal

Abstract Environmental concerns have impacted the global scenario, particularly
with respect to the use of plastics and their byproducts for real time applications. In
this lieu, there is a need for development of bioplastics and bio composites. Thus,
the bio composites can be an effective alternative to the traditional plastics to reduce
the carbon footprint and to facilitate a sustainable product for enhanced performance
and better service conditions. In this regard, this chapter aims at expanding the
scientific knowledge on the bio composites and their response under different aging
environments. In this chapter, detailed information on the aging mechanism, modes
of aging and the methodologies to improve the durability and performance of the
bio composites are discussed thoroughly. Specific impetus has been put on the future
perspectives and the need for new techniques in aging studies of biopolymers. Further,
the pros and cons with respect to the aging of these biopolymers and bio composites
can be helpful for researchers.

Keywords Biodegradable - Polymers - Bio composites + Aging + Durability *
Sustainable * Performance

1 Introduction

The growing concern of ecological impact has resulted in an exceedingly renewed
interest in biodegradable polymers and bio composites. Newer materials are being
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Fig. 1 Schematic block diagram representing the types of polymers

evolved with impact on greener and sustainable practices. The recyclability and the
eco sustainability have become progressive important.

In this regard, more impetus is being given on the biodegradability of the poly-
mers and the composites. Natural polymers are being used extensively for synthesis
of the bio composites, and the chance of obtaining enzymatically changed deriva-
tives for specific applications has led to the research and development activities in
biopolymers.

Polymers are long chain of monomers that are made up of repeating blocks.
Polymers are essentially classified based on the source, structure, mode and molecular
forces. The classification of polymers is depicted by a schematic block diagram as
in Fig. 1.

Among, the categories of all the polymers, natural polymers are of major signifi-
cance, being categorized as polypeptides and polysaccharides, and further, the major
types of natural polymers are chiton, rubber, nucleic acids, proteins, cellulose and
carbohydrates. The Fig. 2 gives the schematic block diagram of the major types of
natural polymers.

Chiton Rubber

Cellulose Carbohydrates

Fig. 2 Types of natural polymers
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These natural polymers are of major constituents of bio-composites for addressing
the issues related to non-degradable nature of the petrochemical based polymers for
the fabrication of the composites. They are therefore very important to provide better
options for synthesis of the biodegradable composites. Henceforth, the biodegradable
composites have gained research momentum and have evolved as a major material
of interest among the research community for replacing synthetic polymers in the
biosynthesis of the composites. Majority of these natural polymers have oxygen as
the major element, which is responsible for its biodegradability. Among the natural
polymers, cellulose from the plant source is a polysaccharide that is finding its use
for manufacturing bio composites. Also, starch which is also a polysaccharide is
found among the plant sources like rice, wheat, corn, sorghum, and peas; which is
also an important constituent of the bio composites. Chitin is that the third most
copious sugar found in the skeleton of shellfish, lobsters, crab and shrimps. Chitosan
is also a variety of polysaccharide that are extensively used in the fabrication of bio
composites.

Further, the proteins of collagen, caesin, albuminoid are also forming the
constituents of bio composites and are effectively used in the fabrication of these
bio composites for real time applications.

In this regard, there is a scope for research in the synthesis of bio composites, by
identifying the gap in the literature reported on the bio composites.

Nicollier et al. (2001) have carried out extensive work on the glass fiber reinforced
polymer (GFRP) and have compared the properties of GFRP with the China reed fiber
reinforced bio polymer (CFRP) for the application in Light Combat Aircraft (LCA)
and have found that the cumulative energy consumption for LCA component with
GFRP was 1400 MJ, whereas the energy requirement for LCA component fabricated
from CFRP was 717 MJ, which results in conservation of 49% of the energy needs
per flight of the aircraft.

Hassan and Peppas (2000) have reported the use of polyvinyl alcohol based cellu-
lose composites for biomedical applications, especially for tissue replacement for
wounds and burns. Thus, the biopolymers can be effectively used for biomedical
applications as well.

Srubar et al. (2012) have reported their work carried out on the use of cellulose
fillers in the bio composites and have showed that the flexural properties improved
with the increase in cellulose filler content up to 6 wt.%, beyond which it started
decreasing due to agglomeration and micro coring.

Cao et al. (2007) have worked on the bagasse fiber reinforced bio-composites and
have reported that the flexural strength, tensile characteristics of these composites
were relatively higher as compared to the synthetic polymer based composites and
have better biodegradability.

Reddy and Yang (2011) have worked on the jute fiber reinforced bio composites
and the effect of absorption of moisture by these composites, however the absorption
of moisture by these composites can be reduced by suitable post treatment, owing to
which, the studies have revealed that the post treated bio composites show excellent
flexural and tensile properties as compared to un treated composites.
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Wu and Liao (2012) have worked on the green composites reinforced with rice
straws, their studies have revealed that the biodegradability of the composites devel-
oped was greater than the epoxy composites reinforced with synthetic fibers, and also
the tensile strength exhibited an improvement of 29% as compared to the synthetic
epoxy composites.

Behera et al. (2012) synthesized jute reinforced composites with intermittent cross
linking and impregnation of the additives. The major advantage of these composites is
the biodegradability that is an added advantage as compared to synthetic composites,
apart from the tensile strength and flexural characteristics.

Sharmin et al. (2012) synthesized methylcellulose (MC)-based bio compos-
ites and found that the insoluble monomers grafting using gamma rays enhances
the biodegradability and thereby enhances its mechanical properties owing to the
intermittent use of reinforcing agents.

Yu and Qiu (2011) have investigated isothermal and non-isothermal behavior
of bio composites and reported that the crystallization behaviors of polyhedral bio
composites enhances with polylactide loading in the matrix of the natural composite,
and they have further noted that the aging of bio composites enhances the mechanical
properties. For the poly lactic loading, the cold crystallization rate increases with the
aging, thereby enhancing the crystallization temperature.

Wang and Sain (2007) have reported about the synthesis of soya bean stock
nanofibers reinforced poly lactic films and have determined that the dispersed micro
cellulose has three times higher Young’s modulus as compared to the base polymer.

Brown and Laborie (2007) have tailored the composition and morphology of
polyethylene bio composites and have hypothesized that the physico-thermal char-
acteristics of the bio composites can be fine-tuned with the reinforcement of the
fibrils in the polyethylene matrix phase, and further, the aging of the bio composites
has led to better flexural properties of the bio composites.

Zimmermann et al. (2004) reinforced micro fibrillae in polyvinyl alcohol and
carried out the mechanical characterization of the bio polymers with the fibril content
varying up to 20 wt.%, and have reported that the mechanical properties of the bio
composites will be high for hydrophilic reinforcements as compared to the synthetic
reinforcements and the aging conditions along with plasticizes have shown better
morphology and micro hardness.

Further, the aging studies are a major aspect of research, which eventually helps
in assessing the durability of the bio composites. Taylor et al. (2016) have investi-
gated the effect of aging on the flax fibers reinforced thermosetting resins and have
reported that the aged bio composites have displayed better mechanical properties
and resistance to weathering.

Joshi et al. (2004) reviewed the energy needs of manufacturing conventional glass
fibers and the natural fibers by comparing results of different researchers (refer Table
1). From the table compiled by Joshi et al., it is evident that the fabrication of glass
fiber requires nearly 4 to 5 times more energy than the flax and china reed fiber
production. The glass fiber mat requires 54.7 Ml/kg of energy, while the flax fiber
mat requires 9.55 MJ/kg of energy; china reed fiber requires 3.64 MJ/kg of energy
for synthesis of every unit kg of fibers.
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Table 1 Energy requirements in MJ per unit kg of fiber production [Joshi et al. (2004)]

Glass fiber [Diener et al. Flax fiber [Diener et al. (1999)] | China reed fiber [Patel et al.
(1999)] (2002)]

Raw materials 1.7 Seed production 0.05 Cultivation 25
Mixture 1.0 Fertilizers 1.0 Transport Plant 0.40
Transport 1.6 Transport 0.9 Fiber extraction 0.08
Melting 18.5 Cultivation 2.0 Fiber grinding 0.40
Spinning 59 Fiber separation 2.7 Transport fiber 0.26
Mat production 23.0 Mat production 2.9

Total 54.7 Total 9.55 Total 3.64

From, the review of the literature and the subsequent inferences drawn from the
review, it can be understood that the bio composites can be synthesized by reinforcing
both bio and petro polymers with an array of natural fiber and filler reinforcements
viz., the jute fibers, coir, banana fiber, rice husk, bagasse etc., to obtain the final bio
composite.

The Fig. 3 gives the schematic of the process of evolving bio-composites from
the bio based polymers and the natural fibers, while the Fig. 4 gives the schematic
of the types of bio reinforcements and the bio polymers used as constituents in the
bio composites.

There are several methods to synthesize the bio composites, however the impetus
is majorly on the durability of the bio composites. In this regard, Liu et al. (2008)
have worked on the thermal and mechanical aging of the soya polymer based bio
composites with the organo-clay as the reinforcement. They have reported from the
critical analysis of the results that the flexural modulus increased with the mechanical
aging by subjecting the polymers to alternating static and dynamic loads. Further,
there are several types of aging that enhance the durability of the bio composites,
thus it is very important to understand the effect of aging on the properties of the bio
composites.

Bio-
Composites

Natural Fibers

Fig. 3 Schematic of the process of evolving bio composites
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Reinforcement Matrix | Biocomposites

Biofibres PLA Biodegradable

(eg. Hemp, Jute, Sisal, etc.)

Biofibre-reinforced Sisal/PLA,
Nanocellulose G biobased-polymers Hemp/PBS,
(Plant or Bacteria) PBS Biofibre/Starch

Chitosan s
Wool/silk - * Biofibre-reinforced petro- ‘ Kenaf/PP,

PBAT based polymers Jute/PE

Biosorced Carbon
Synthetic fibres (glass or GF/PLA,

Industry Co-product

neusty Foproctt carbon fibres)-reinforced CF/PBS
Synthetic Fibres biobased-polymers

(eg. Glass fibre (GF),

Carbon fibre (CF))

PLA: Poly(lactic acid); PHBV: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PBS: Poly(butylene succinate)
TPS: Thermoplastic starch; PBAT: Poly(butylene adipate-co-terephthalate); PP: Polypropylene; PE: Polyethylene

Fig. 4 Schematic of the types of bio reinforcements and bio polymers [Chang et al. (2020)]

2 Aging of Bio Composites

The aging refers to the changes in the physicochemical characteristics of the poly-
mers in the bio composites after prolonged exposure of the composites to varying
mechanical, thermal, and environmental conditions.

The chemical changes including the oxidation results in degradation of the
composites especially due to prolonged exposure. Also, the physical changes like
ablation, abrasion, and physical wear and tear of the composites may result in
irreversible changes. Additionally the mechanical variations including the enthalpy
changes, thermal variations, could result in dynamic changes in the composites.

Aging of the composites is a profound aspect given the expanding utilization
of composites in primary applications in numerous domains. Aging of composites
tends to imbibe a considerable lot of the vulnerabilities regarding the characteriza-
tion of composites and also the process tends to explain how they age under different
conditions. This chapter audits the cycles of uncertainties in aging and demonstrates
the physical and chemical maturing of polymeric composites, maturing of glass-
bio polymer matrix composites, stress corrosion, thermo-oxidative maturing, phys-
ical and chemical maturing. The aging process also affects the aircraft components
and is a major factor to be controlled for better performance. Aging additionally
serves as a major source of information for design engineers and materials engi-
neers for designing the biopolymer structures for naval, aerospace and automobile
applications.

All the major composites are subjected to gaining when exposed to prolonged
conditions of environmental variations. The change in materials characteristics can
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be physical, chemical, thermal, mechanical or biological, photo-oxidative in nature
based on the agents responsible for aging of the composites.

The aging process are majorly classified as natural aging and synthetic aging
based on the agents of aging process.

Natural aging refers to the aging of polymers under the natural circum-
stances subject to varying weather conditions viz., rain, wind, erosion, and surface
degradations.

The thermo-oxidative aging refers to the aging of polymers subject to oxidative
conditions under the exceedingly high temperatures and thermal variations. The
aging will be catalyzed by the severe thermal conditions and oxidation will increase
with the increase in temperature due to the affinity of the biopolymers to readily
adsorb oxygen at high temperatures, however, once the bio composites are exposed
to high temperatures, they become saturated with the adsorption of the oxygen on
the surface of the composites.

The biological aging refers to the aging of the bio composites under the microbial
actions, especially the influence of bacteria and fungus. The biological aging also
involves leaching of the bio composites.

Biological aging is a typical type of aging process affecting the performance of
bio composites, as most commonly utilized thermoplastics are impervious to micro-
biological assault. The solitary cases for biological aging has affected the surfaces
of polyurethane based biopolymers, particularly with respect to natural debasement.
However, no prescient procedures for the testing of regular polymers subject to
biological aging are evolved in spite of the fact that, there are guidelines for testing
the opposition of composites to biological degradation.

Mechanical aging of the polymers is the next major type of aging attributed to
the varying dynamic and static loads under the influence of number of cycles of
intermittent loading. This is particularly important to test the durability of the bio
composites that are susceptible to fatigue.

Chemical aging is another important process of the aging of the bio composites due
to the effect of aggressive reactants that eventually result in the chemical degradation
of the bio composites up to a certain extent, beyond which the surface of the composite
becomes oxidized and form a passive film which will resist any further chemical
attack.

All the bio composites are under the action of aging, when exposed to varying
environmental conditions, especially due to physical and chemical attacks in the
oxidative environments or normal ambient environmental conditions.

The materials structure can be affected by oxidation which is for the most part
known as a maturing interaction. In severe environmental conditions, the oxidation
cycle occurs quickly at a high temperature and brings about quicker maturing of the
parts owing to material degradation. There are various kinds of aging processes that
needs due consideration for assessing the aging pattern of the composites. The kind
of aging for polymer materials are reported in this chapter. Rapid aging contem-
plates are impersonations of explicit ecological conditions which can anticipate the
oxidation components of the bio composites. Consequently, aging process is vital to
comprehend the material maturing conduct for the suitable applications.
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3 Aging Tests

Arrays of aging tests are available to characterize the bio composites subjected to
aging process. The aging tests are majorly focused to evaluate the aging behavior
of materials under different conditions. There are several types of aging tests viz.,
accelerated aging tests, artificial aging tests, and environmental aging tests.

3.1 Artificial Aging Tests

The artificial aging test simulates the natural conditions on a laboratory scale. This
eventually creates the required conditions artificially under the influence of physical
conditions on a sub scale of laboratory conditions. For example, if the composite is
to be exposed for wet humid conditions of the coastal belt, then the same conditions
with 60% relative humidity will be simulated in the laboratory by conditioning the
ambient conditions.

3.2 Accelerated Aging Tests

Accelerated aging involves a set of additional environmental parameters to accelerate
the time period of aging. The chemical reactions as well as the physical conditions
are multiplied to enhance the diffusion of reactants, as a result, the varied reac-
tions will accelerate the aging process and evoke a accelerated degeneration and
subsequent maturing as compared to natural aging conditions, this will in turn give
a passive resistance to the natural degeneration which occurs slowly under gradual
environmental conditions, thereby facilitating the durability of the bio composites. In
accelerated aging tests, the bio composites are tested for de-lamination, weathering
and erosion of the surface and subsurface layers of the bio composites, by aging in
the autoclave under accelerated conditions. Accelerated aging tests, thus results in
a completely accelerated failure mechanism as compared to natural environmental
conditions.

3.3 Environmental Aging Test

In environmental aging, bio composite specimens are exposed to natural environ-
mental conditions of sunlight, humidity, and temperature. After the exposure of
the bio composites to the several months of environmental aging, the samples are
characterized by visual observation for the crack initiation, crack growth, and subse-
quent failure, along with the color change and further the samples are characterized
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by analytical methods of Ultra Violet (UV)—Spectroscopy, Fourier Transformation
(FT) Infrared Spectroscopy, and subsequently by static and dynamic mechanical tests.
This will eventually give a measure of the aging of the bio composites in different
conditions, since the materials will age in a different way in a tropical region as
compared to Mediterranean and sub temperate regions.

3.4 Durability Tests

The durability tests that are carried out to evaluate the bio composites include the
thermo oxidative aging, photo oxidative aging, hygro-thermal aging tests, creep and
fatigue tests and microbial resistant tests. The Fig. 5 gives the overview of various
tests that are carried out to evaluate the durability of the bio-composites synthesized.

Several researchers have carried out research on the aging characterization of bio
composites and some of the research findings reported are presented in this section.

Lourdin et al. (2002) carried out the bending tests to contemplate the bending
characteristics of maltose-starch based composites subjected to aging. From, the
findings of the bending tests, it was reported that the flexural rigidity of the aged
composites subjected to mechanical aging showed 18.6% improvement as compared

Durability Test

Resistant to
Microbial or Fungi

Thermo-oxidative
aging

Photo-oxidative aging /

Natural weathering

Ultraviolet (UV)

6 (~290-300 nm)

-\\“\i/
Water absorption/
Hygrothermal aging

Fig. 5 Schematic of various durability tests carried out on the composite specimens [Chang et al.
(2020)]



10 G. Anand et al.

to un-aged composites. This was attributed to the micro coring and segregation of
the fibers in the starch matrix due to the alternate cycles of loading and unloading.

Lawton et al. (2006) reported the impact of aging on the tractable properties of
starch—based bio composites. Elasticity and tensile characteristics diminished with
the aging time. Further, it was reported that the moisture content had greatest impact
on the elastic properties. Composites aged at 60% humidity were subjected to greatest
reduction in the tensile characteristics of the composites. This was undoubtedly
attributed to stress relief in the interior surfaces of the composites. However, Bio
Composites containing starch and equivalent measures of poly lactic acid were not
influenced by moisture after initial aging of the composite laminates. Composites
containing cross-linked starch had essentially more noteworthy characteristics than
composites containing oxidized starch. The starch types and aging had quite an
influence on the tensile characteristics of the composites.

Shogren and Jasberg (1994) estimated the elasticity of starch extricates during
aging and related the increase in tensile properties to the pace of enthalpy unwinding
utilizing differential scanning calorimetry curves. They further contemplated on the
subjective relationships between the enthalpy unwinding and mechanical relaxation.

Duigou et al. (2009) contemplated the durability of flax/poly lactic acid compos-
ites in the saline medium. A few strategies have been utilized to analyze how the
composites exhibit changes with aging, further bringing out sub atomic changes in
the weight and morphological structures of the composites.

4 Effect of Aging on the Characteristics of Bio Composites

Bio composites at present are still in development stage due to the incipient informa-
tion available on the effect of aging on biodegradation of these materials. To assess
the capability of bio composites for various applications, it is fundamental to study
as to how they behave under different environmental conditions.

The outcomes are very vital to know how these bio composites behave under
different conditions. In this regard, several researchers have carried out research on
the domain of bio composites.

Orliac et al. (2003) considered the impacts of different plasticizers on the mechan-
ical properties, moisture absorption, and maturing of thermo-formed composites
produced using sunflower proteins. The thermoplastic capability of a sunflower
protein was carried out with the major objective of obtaining thin films of biodegrad-
able polymers. The measure of plasticizer in these films was evaluated, so that the defi-
ciency of plasticizers because of environmental aging could be understood. Further,
the results of Chromatography showed that the measure of the plasticizers diminished
significantly with time. This, most likely, was because of the moderately low boiling
point and the interactions of these alcoholic groups to protein chains. Further, they
demonstrated that the cross links of the protein chains are exceptionally fragile and
it requires a coherent bonding to overcome the ill effects of environmental aging.



Introduction to Aging in Bio Composites 11

Dai and Liu (2006) contemplated the impact of crystallinity and aging on the
mechanical properties of gelatin films for varying percentage of gelatin and maturing
enthalpy. The mechanical properties of a gelatin film were estimated from static and
dynamic tests. DSC was utilized to quantify crystallinity, and aging enthalpy was
measured. It was reported that renatured collagen, which comprises of triple-helical
superstructure of broadened polypeptide chains. Further, the mechanical character-
istics of gelatin based bio composites are in this way considered for varying mate-
rial arrangement and handling conditions. The impact of actual aging can be best
identified by DSC estimations, using which they have reported about the transition
temperature of crystallization of polymeric chains in the bio-composites.

Takagi and Ochi (2004) detailed the biodegradability of starch-based green
composites reinforced with 50 wt. % of Manila hemp filaments. It was reported from
their findings that there was no critical decline in the rigidity following mechanical
aging. Notwithstanding, the elasticity also did not change much after subjecting the
composites to mechanical aging for 5 days. Following 5 days, the strength dimin-
ished to about 20% and following 20 days the strength was decreased to 25% of
the underlying strength of the composite. PLA has better resistance to degradation
under environmental conditions. However, degradation still occurs gradually with
increased humidity and thermo-oxidative conditions on account of the increased rate
of hydrolysis at high temperatures.

Li et al. (1990) reported that hydrolysis occurs rapidly in the interiors of a thick
sample as compared to the exterior surface majorly owing to the leaching of PLA
subsurface layers by rapid flow of water on the bio-composite surface. Further, the
carboxylic corrosion was higher outside because of draining of the acidic PLA
oligomers into the encompassing fluid medium. Further, the investigations have
shown that specific proteases, including proteinase K, pronase, and bromelain, have
been found to expand the pace of debasement of PLA, while rate of esterase process
is decreased. Pranamuda et al. (1997) found that PLA debasing are appropriated in
soil conditions and assume a vital part in its bio degradation. Further, Amycolatopsis
is corroding PLA subsurface in microbial culture at 30 °C. Jarerat and Tokiwa (2001)
showed that PLA subsurface was corroded by the Tritirachium organisms at 30 °C
in the gelatin medium. Hakkarainen (2002) found that PLA films were degener-
ated to powder following 5 weeks in a blended culture of microorganisms at 30 °C,
though the film in the abiotic medium looked flawless. They likewise found that PLA
atomic loads, were decreased positively in the biotic medium, most likely because of
cleavage close to the cross linking chains. It was discovered that underlying corro-
sion is expected to be subjected to abiotic hydrolysis as it were followed by biotic
absorption and subsequent breakdown. PLA is totally mineralized to CO,, water,
and a limited quantity of biomass following by the severe environmental degrada-
tion. Torres et al. (1999) discovered development of contagious mycelia on PLA
composites after two months in soil; however the same composite specimen after
biological aging under the action of fungal treatment took 182 days for degradation.
Urayama et al. (2002) discovered just a 20% reduction in atomic weight of 100%
L-PLA plates subjected to alcoholic treatment, following 20 months in soil while a
70% reduction was noted for 75% L-PLA, which clearly is an indication of the ability
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of poly lactic acid based bio composites to resist degradation after initial chemical
aging in alcoholic environment. Ho and Pometto (1999) found that about 15% of a
PLA film was mineralized to CO, following 152 days in a research lab respirometer
with ambient soil conditions at 28 °C. Calmon et al. (1999) found that PLA films
had weight reductions of up to 35% after subjecting to moist conditions in soil for a
very long time, contingent upon PLA type and area. Osawa et al. (2000) found that
the atomic load of PLA in PLA/starch 70/30 composites diminished by about 60%
after internment in soil for 45 days.

Buffum et al. (2015) explored the mechanical characteristics of seven distinctive
service products produced using biodegradable waste fiber and plastics for example
bagasse, abagasse bamboo mix, PLA, wheat straw, potato starch, and bamboo straws,
wheat straw mix after they were exposed to UV light. They found that the greater
part of the mechanical strength of the bio-polymers diminished essentially, with PLA
composition in any event decreasing the rigidity and modulus. The impact of UV
radiation on the characteristics of PLA 1is a significant aspect that influences the
biodegradability of the bio composites. A higher rate of corrosion was accounted for
when PLA films were exposed to raised temperatures and relative dampness simul-
taneously. The decrease in mechanical properties can be ascribed to the hydrolysis
of ester linkages of PLA. The characterization presumed that albeit the explored
bio-plastics for product items, it had comparable properties to polystyrene (PS) in
the as-obtained condition, the biodegradable bio-plastics were more delicate to UV
exposure and the properties were further traced in comparison to the petroleum
based polymers. The mechanical strength of the PLA can be considered to decline
fundamentally following the exposure to the surrounding medium.

Gorrasi et al. (2013) considered the impact of photo degradation on thermal,
mechanical, and electrical conduct of their customized hybrid carbon nanotube-
reinforced PLA bio nano composites. They noticed an extraordinary decrease in
Young’s modulus of slick PLA after UV exposure over the long run because of the
chain reactions of the macro-molecular interfaces.

In another UV-exposure investigation of bio-composites revealed by Morlat-
Therias et al. (2008) the PLA was supported with calcium sulfate to create bio-
composites; the impact of filler substance and molecule size on maturing conduct
was likewise examined. The PLA bio-composites showed development of compar-
ative photo-products as seen in the degraded PLA. The pace of debasement of PLA
was found to increment with the expanding filler stacking, just as, with the more
modest CaSOy filler particles inclusion in PLA.

Pucciariello et al. (2004) have carried out work on lignin based bio composites and
have characterized them. They recommended that the presence of phenolic cycles
in lignin could go about as a cell reinforcement which results in decreasing the UV-
corrosion process. However, the hydrophilic nature of lignocellulosic bio-fiber in bio
composites could advance hydrolytic debasement; which would at that point result
in decrease in mechanical performance. Like PLA, Poly Butylene Adipate (PBAT)
is likewise inclined to UV-maturing. Zhu et al. (2019) arranged bio-composite films
of PBAT-supported with Nano silica-reinforcements. Their outcomes appeared that
the PBAT bio-composite film arranged through synthetic grading method displayed
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predominant UV maturing obstruction as contrasted with the bio-composite arranged
by actual blending. Shahroze et al. (2021), have worked on the mechanical, interfacial
and thermal properties of silica aerogel-infused flax/epoxy composites and have
found that the thermomechanical aging process has influenced the characteristics of
the composites, thereby ascertaining the fact that the aging is a major phenomenon
effecting the performance of bio composites.

Further, Krishnasamy et al. (2019), have worked on the effects of stacking and
aging on the characteristics of hybrid green composites and have reported that
the hybrid composite configurations along with optimum conditions of aging and
stacking have enhanced the static, dynamic mechanical and thermal characteristics
of the sisal/hemp reinforced green composite. In continuation to the works on the
effects of stacking, Senthilkumar et al. (2021), have also worked on the performance
of sisal/hemp based bio composites and have reported that the aging of the compos-
ites under accelerated weathering conditions have impacted the characteristics and
durability of these composites, and thus, the treatment of hybrid composites is a major
attribute influencing the performance of the green composites. Also, Senthilkumar
et al. (2020) have worked on the creep and recovery behavior of sisal/hemp compos-
ites and have analyzed the effect of layering sequence, accelerated weathering and
temperature on the bio composites, from the findings of their research, it is evident that
the creep and recovery behavior of these composites have drastically improved owing
to the interstitial bonding brought about by the thermal treatment and accelerated
weathering to the interlayered sequence of the bio composites.

From, the reviews of the works of several researchers on the bio composites, it is
herewith evident that not much research has been carried out on the degradability of
bio composites and the significance of aging on their durability. Thus, this chapter
can serve as a base for further researches on the physicochemical variations that
can be brought about in the bio composites owing to aging under varying physical,
thermal, chemical and environmental conditions and mechanical forces.

5 Conclusions and Future Perspective

The bio composites are fast gaining prominence due to the fast dwindling supplies of
petro polymers, which are becoming costlier day by day. However their degradation
conduct under different ecological conditions is a significant factor in evaluating their
lifetime. This review is an attempt to cover the examinations directed and investiga-
tions carried out on bio-composites for their durability. The aging of bio composites
under different set of conditions and appropriate selection of biopolymers for matrix
phase and natural fibers for reinforcements along with surface modifications have
resulted in promising results especially with respect to the prolonging of degrada-
tion owing to better aging and subsequent evolution of passive resistance of the
bio composites to erosion, wear, tear, mechanical, thermal, oxidative and biological
degradations.
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Thus, the bio composites subjected to suitable aging process, followed by their eco
sustainable characters can help bio composites replace conventional petro-polymers
for a varied set of applications, right from automotive, aerospace to biological and
biomedical fields.
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Abstract Recent experimentations witnessed natural fibers as a strong alternative
reinforcing element for the synthetic fibers due to their biodegradable and ecofriendly
nature. Yet natural fibers are characterized by an inherent disadvantage of poor
bonding at the interface of fiber and matrix with that of matrix material which renders
substandard mechanical and physical properties of the natural fiber composites.
Moisture absorption behavior of the natural fibers is one another demerits of using
the natural fibers, since this behaviour may pose the natural fibers to absorb mois-
ture from the surrounding environment owing to their hydrophilic nature. Surface
modification renders solution to this problem also by making the surface modified
natural fiber to be hydrophobic. Various treatment methods of the natural fibers and
its reinforcement in polymeric matrices were dealt in detail in the current chapter.
Alongside, the effect of moisture absorption of the natural fibers upon the mechan-
ical and physical properties of the natural fiber reinforced composite materials are
also discussed. It was observed from different studies that various characteristics
like force of adhesion at the interfacial region between the natural fiber and the poly-
meric matrix enhanced due to surface modification since the surface area of contact
increases which in turn enhanced the mechanical behaviour of the composites and
minimized the moisture absorption of the natural fiber composites.
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1 Introduction

Natural fibers are the order of today’s experimental materials owing to their various
benefits like biodegradability, ease of availability, less in cost and better ability to be
recycled. Yet, the moisture absorption behaviour of the natural fibers is considered to
be an alarming factor for their usage which lowers the adhesion between matrix and
natural fibers and their compatibility (Bhoopathi et al. 2015; Ramesh 2018). Natural
fibers possess few more demerits like inherent incompatibility with matrix and poor
wettability. Possible reason for the incompatibility between matrix and fiber could be
the lowest magnitude of adhesive forces existing between the untreated fibers and the
matrix (Vimal et al. 2015). Hence in order to improve the fiber and matrix adhesion,
fiber surface treatments has become necessary to make the modifications in the
surface of the fiber. Fiber surface modification with various chemicals in different
concentrations may assist to obtain enhanced fiber matrix adhesion (Jayaramudu
et al. 2009; Li et al. 2007). As the surface of the fibers were turned to possess more
roughness, their adhesion with the matrix increases thus rendering better resultant
characteristics.

2 Surface Treatment of Natural Fibers

Surface treatment of the natural fibers may make the natural fibers to dodge the poor
surface adhesion and render a better bonding with the matrix element upon surface
modification. Various physical and chemical surface modification practices are under
existence currently out of which chemical treatment of fiber plays a major role.
Surface modification methods like alkaline, benzoylation, permanganate and acetyla-
tion treatments are widely carried out to enhance the moisture absorption and mechan-
ical characteristics of the end composites formed out of natural fibers (Ramesh et al.
2017a; Ramesh 2016). Surface modification removes micro constituents like pectin,
lignin, hemicellulose and cellulose thereby indirectly enhancing the aforementioned
properties. Most of the researches during the current days focused in using silane
treatment for natural fibers (Ramesh et al. 2017b). SiHy is the chemical formula for
silane and they are the commonly used coupling agents for the stabilization of rein-
forced fibers and the polymeric matrices by blending them. Silane coupling agents
remove all the hydroxyl groups in the cellulose at the interfacial region of matrix
and the fiber. Silanes were formed from the hydroxyl alcoholic elements with mois-
ture presence and the formed silanol then undergoes reaction with fiber hydroxyl
group resulting in stronger covalent bonds along with the cell membrane surface.
It was stated by the experimenters that the fiber cramping was minimized by poly-
meric chains of hydrocarbon due to the formation of cross-linking structure owing
to the silane treatment and a covalent bond is established between matrix and fiber
(Agrawal et al. 2000).
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3 Moisture Absorption of Natural Fibers

Moisture absorption nature of the natural fibers render a hydrophilic nature of fibers
and when such fibers were reinforced in hydrophobic matrix it results in poor inter-
facial characteristics owing to the presence of cellulosic group with higher hydroxyl
group (Alvarez et al. 2003). Few experiments employed E-glass and date palm fibers
to fabricate hybrid epoxy composites and the fibers were treated to evaluate their
moisture absorption behaviour. Date palm fibers were extracted from the meshes
around the stem of the palm trees and the fibers were manually extracted from the
mesh after which they were washed with distilled water to get rid of dirt and dust.
Then the fibers were dried in hot air oven at a temperature of 80 °C for a period of
24 h. Followed by that the fibers were chopped to a length of 2 mm, washed with 3:1
ratio of acetone and ethanol solution respectively and then by distilled water so that
the oil, wax and chlorophyll contents existing in the date palm leaf fibers. Finally, 1%
sodium hydroxide solution was used to treat the date palm fibers and were dried at
atmospheric conditions for 24 h. By making the fiber to undergo alkali treatment, the
hydrogen bonding of the fibers were disintegrated thus enhancing the roughness of
the fiber surface. Another important aspect of alkali treatment was that it makes the
fibers to be devoid of oils, lignin and wax that existed in the external surface of the
fiber cell wall. Additionally, the glass fibers were also chopped to a length of 2 mm
from continuous glass fiber roves for fiber treatment with the aid of an electronic
controlled fiber cutting machine for better accuracy and were dried at 80 °C for a
period of 24 h. Such surface modified fibers when used in composite manufacturing,
they possessed minimum moisture absorption according to the experimental results
(Swain et al. 2018).

4 Mechanical Properties

The experiments were carried out on the hemp fibers whose surface were modi-
fied by fungal treatment and reinforced in polyester matrix to evaluate the moisture
absorption behavior. Results showcased that the surface modified fibers exhibited
enhanced acidic-basic properties and possessed better hydrophobic characteristics.
Meanwhile, the treated fibers exhibited better mechanical properties when compared
with its counterparts (Ramesh et al. 2020a). It was stated in many studies that the
strong adhesion at the interfacial region between matrix and fibers plays a major
role in controlling the performance of natural fiber reinforced polymer composites
which would be predominant in case of hydrophilic fibers. Experiments conducted
using Grewia optiva fibers which had more polar groups on the surface revealed that
the untreated fibers possessed hydrophobic nature, weak bonding at the fiber matrix
interface and poor fiber wettability with matrix. Various treatments like benzoylation,
grafting of vinyl compounds, alkali and silane coupling agents were carried over on
the fibers to reduce the fiber hydrophilicity (Gulati and Sain 2006). Results indicated
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that the untreated fiber composites had a higher dielectric constant when compared
with the treated fiber composites. This was attributed to the moisture absorption of
the natural fibers from the surrounding and the hydrophilicity rendered increased
conductivity (Singha et al. 2013). Hence the surface modification of the Grewia
optiva fibers rendered minimum dielectric constant for the resultant bio-composites
which was attributed to the reduced polar group orientation in case of the treated
fiber. Various aforementioned treatments on Grewia optiva fibers made the fibers to
be hydrophobic since the A-OH active groups of the fibers in their backbone were
blocked by the surface modification (Kulkarni et al. 1981; Singha and Rana 2013).
Few experimenters tried to characterize the treated and untreated banana fiber
reinforced polyester composites with respect to their physical, chemical and mechan-
ical characteristics as banana fibers possess various better properties such as better
stiffness, strength and appreciable fiber length along with good moisture absorption
characteristics. It was stated from the results that the alkali treated banana fibers
exhibited better mechanical and moisture absorption behaviour due to the absence
of hemicellulose in the surface of the treated fiber (Balaji et al. 2020). Jute fibers
reinforced in thermoplastic polyurethane matrix was manufactured with the aid of
twin-screw extruder machine with a fiber volume fraction of 30%. Before making
the composites, the fibers were oven dried at 100 °C for 8 h period to get rid of
moisture interference at the time of composite extrusion. Fibers were treated with
benzoyl chloride and the parameters used for extrusion of fibers as 100 rpm screw
speed, 200 °C as processing temperature and 5 min of mixing time. It was observed
from the results that the treated fibers were much hydrophobic when compared with
the untreated fibers (Sathish et al. 2018). Studies on bamboo fiber reinforced epoxy
composites were carried out to evaluate the mechanical and moisture absorption
behaviour of the composites. Bamboo fibers were treated with sodium hydroxide
to remove the micro constituents like lignin, wax, hemicellulose, oil and inorganic
salts that were encompassed around the surface of the bamboo fiber and then the
formed composites were subjected to mechanical and moisture absorption properties
evaluation. Owing to the rough fiber surface morphology, the flexural and moisture
absorption behaviour of the bamboo fiber composites enhanced and an appreciable
chemical and mechanical interlocking was also induced due to chemical treatment.
It was also observed that the surface modified bamboo fibers had better interfacial
adhesion along with increased hydrophobicity due to the conversion of polymeric
bonds into monomers and exposure short crystallites of bamboo fiber (Singha and
Rana 2012; Barathkumar and Gokulprakash 2018; Salem et al. 2020; Kushwaha and
Kumar 2010; Saravana Kumar et al. 2017; Indraja et al. 2014; Petinakis et al. 2013).
Natural fibers of flax were reinforced with PLA matrix and the mixture was
compounded in a melt mixer of model Haake Rheomix at a temperature of 185 °C.
Before compounding the matrix with the reinforcement, PLA matrix was dried at
90 °C for a period of 2 h in order to reduce the degradation of PLA matrix by
hydrolytion. After compounding and fabricating the composites, the moisture content
of the composites containing treated and untreated fibers were 1% to 5% (Phuong
et al. 2010). Mechanical characteristics of the natural fiber reinforced composites
were influenced by various factors like moisture absorption ability of the fiber, fiber
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loading and fiber length. It was also noticed that at a low absorption of moisture and
at optimum loading condition and length the natural fiber composites had enhanced
mechanical characteristics. On the other hand, moisture absorption of the natural
fibers influenced the thermal behaviour of the composites. Thermal stability of the
composites dropped in case of untreated fiber composites while the composites with
treated fibers had better thermal stability. It was stated by the authors that when
flame retardants were added as fillers to the above composites, their thermal stability
increased further (Sathish et al. 2017).

Various researchers stated that the conductivity of cellulose based natural fibers
was due to the hydrophilic nature of the composites. As the hydroxyl group of the
natural fibers turned them to be hydrophilic, their moisture absorption rate increases
which paved way for the enhanced conductivity of the natural fiber reinforced poly-
meric composites. It was also noted from the earlier experiments that the alkaline
treatment of the natural fibers reduced their dielectric constant and hence the conduc-
tivity values which could be attributed to the reduction of orientation polarization
of the composites containing alkaline treated natural fibers. As mentioned earlier
blockage of active OH group of the natural fibers by the alkaline compounds rendered
minimum moisture absorption characteristics of the natural fibers (Yan et al. 2012).
Sisal fibers reinforced in polylactic acid matrix were subjected to dielectric constant
evaluation and the results showed that the treated sisal fiber composites had better
dielectric constant when compared with untreated dielectric constant which could
be due to the lignocellulosic constituents present in the sisal fibers. This could also
be attributed to the heterogeneous nature of the sisal fiber composites and the chem-
ical constituents present in it. Treated sisal fibers had 43—88% of cellulose, 10-21%
of moisture, 10-14% of hemicellulose and 5-12% of lignin content as per the test
results (Ramesh and Rajeshkumar 2018).

Dimensional instability and swelling were noted to be end effects of high mois-
ture absorption of fibers and reduced mechanical characteristics and these anoma-
lies resulted due to the weak interfacial adhesion existed in between hydrophobic
matrix and hydrophilic fibers. Natural fiber reinforced composites were converted
into high performance materials by various physical and chemical surface modifi-
cations which indirectly enhances the interfacial characteristics between the natural
fiber and matrix (Yan et al. 2012; Sethy 2011; Orue et al. 2015). Hydrophobicity
of the natural fibers can be enhanced by the surface modification through chemicals
which also improves the fiber matrix compatibility. Bonding between the fiber and the
matrix is also enhanced due to the chemical modification of fiber surface structures
which also minimizes the moisture absorption behaviour of the natural fibers. Optimal
fiber characteristics could be obtained through the selection of appropriate process
parameters and fiber volume fraction. Fiber inherent characteristics like chemical
composition, morphology, crystal structure and surface chemistry decides the ulti-
mate properties of the composites and the matrix properties like functionality and
nature also emphasizes the same (Singh and Samanta 1163; Sigha and Rana 2013;
Sathish et al. 2019). Biodegradation of plastic matrix resulting in its fragmentation
would take place in suitable conditions like oxygen availability, metallic elements
presence, moisture absorption, temperature, humidity and the value of pH which
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ends up with harmless residue generation which would also be non-toxic (Karthi
et al. 2020; Mohanty et al. 2005). Cellulose natural fibers were surface modified by
acetylene and the process of modification is termed as esterification treatment and
is known to be the better method for the cellulose fibers. Moisture that was present
in the natural fibers were taken out by the active CH3—COQO acetyl group of the
acetylene by undergoing a reaction with the hydroxyl group of the hydrophilic fiber.
This renders a better dimensional stability to the natural fibers thereby reducing their
hydrophilic nature and improving the dispersion of fiber within the matrix mate-
rial. As the hydroxyl group of the natural fibers were replaced by the acetyl group
during the acetylation, fibers turned more hydrophobic after the acetylation treatment
(Chigondo et al. 2013).

4.1 Cyclic Moisture Absorption and Desorption

Few experiments were conducted over the Luffa fibers reinforced in PLA matrix and
their hot and cold water absorption and desorption cycles along with few mechanical
characteristics like impact and flexural strengths were evaluated. Heat treated Luffa
fibers in volume fractions of 5%, 10%, 15% and 20% were reinforced within the PLA
matrix and the test were conducted. Luffa fiber composites which exhibited maximum
impact and flexural strengths were taken for the analysis of water absorption and
desorption where the composites were subjected to a total of 56 cycles of cold and
hot water desorption and absorption. Strength of the composites were evaluated after
every 14 water absorption and desorption cycles. It was observed from the results
that the reduction of flexural and impact strength occurred during absorption and
desorption of water and meanwhile impact strength of the Luffa fiber composites
faced a major reduction than the flexural strength. SEM images of the Luffa-PLA
bio composites were used for the analysis of their microstructure (Sujaritjun et al.
2013). Figure 1 shows the SEM images of the moisture absorbed samples at different
time intervals. The water absorbed matrix layer is clearly visible, which is reported
that there has been a maximum amount of water immersed in the first two hours after
immersion. It swelled, the the surfaces of the composite specimens are shown. The
presence of water molecules within the sample are also visible (Ramesh et al. 2016).

4.2 Polylactic Based Composites

Few experimental results exhibited that the tensile strength and stiffness of the unre-
inforced polylactic acid (PLA) based composites were not upto the mark for any load
carrying application. Hence the use of natural firs which were less in cost, biodegrad-
able, less in weight with high stiffness were recommended as reinforcements particu-
larly for manufacturing methods like 3D printing of natural composites. It was stated
that alkali, acid or silane treatments were most often used for the surface modification
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Swelling due to water absorption

Decomposition due to water absorption

Fig. 1 SEM images of the moisture absorbed composite samples after a 2 h, b3 h, ¢4 h, and d
5 h (Ramesh et al. 2016)

of the natural fibers in order to improve their interfacial adhesion between matrix
and the fiber. Few experiments were carried out on the epoxy modified pine fibers
reinforced in PLA matrix which were manufactured by impregnation method and the
fiber volume fraction was maintained as 30%. When compared with the unreinforced
PLA, epoxy modified pine fibers exhibited an increase of tensile strength and Young’s
modulus by 20% and 82% respectively which was purely due the surface modifica-
tion of pine fibers by epoxy treatment. It was also found from the results that 1 wt.%
of epoxy modification resulted in less void formation in pine-PLA composites when
compared with the pine/PLA composites without epoxy surface modification. SEM
images, as depicted in Fig. 2, showcases the penetration of epoxy partially into the
interior structural pores of the pine fibers which rendered an improved fiber matrix
adhesion. It was concluded by the authors that epoxy modification was found to a
simple yet effective method of surface modification to obtain better bio composite
properties. Figure 2 denotes the various stages in water absorption of pine fibers
with PLA biocompoistes and the morphology of treated fibers which had enhanced
moisture resistance (Faruk and Sain 2014; Zhao et al. 2020).

Figure 3 shows the various processing methods and morphology of untreated
and treated pine fibers along with the physical properties of various unreinforced
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Epoxy solution
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interface &
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i

Young's modulus (MPa)

Fig. 3 aProcessing of PLA based biocompoistes, SEM morphology of b Pine fiber surface, ¢ Pine
fibers cross section, d, e Epoxy treated pine fiber surfaces, f Epoxy treated pine fiber cross section,
g Variation of tensile strength and Young’s modulus of PLA-pine-epoxy composites (Zhao et al.
2020)
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and PLA/epoxy reinforced pine fiber composites. Figure 3g denotes the variation of
tensile strength and Young’s modulus of unreinforced PLA (A), PLA reinforced with
pine fibers (B), PLA reinforced with pine fibers treated with 0.5, 1, 2 and 4 parts of
epoxy (C, D, E, F respectively).

Usually the thermal stability of natural fiber reinforced polymer composites were
carried out in a thermogravimetric analyzer of model Q500 in a nitrogen atmosphere
at a 20 mL/min flow rate of purge gas. Natural fiber composite samples were heated
to temperatures in between 35 and 70 °C at a rate of heating of 10 °C per minute and
was maintained at a temperature of 70 °C for a time of 20 min in order to get rid of
the moisture absorbed by the natural fibers. Again the samples were heated at a rate
of 10 °C/min for a maximum of 700 °C to assess their behavior. Few experimental
results showed that the use of PLA/natural fiber composites face few constraints in
temperature related applications owing to their lower flammability resistance and
high moisture absorption ability. Diammonium Phosphate (DAP) was one among
the commonly used chemical used for the modification of natural fiber surface to
improve the flammability resistance of PLA/natural fiber bio composite. Few aspects
like low tensile strength, high flammable behavior and moisture absorption hindered
the application of PLA/natural fiber composites. Through experimentation, various
researchers proposed that this could be improved by various chemical modification
methods (Zhao et al. 2020; Ramesh et al. 2020b). Figure 4 denotes the variation
of decomposition temperature and peak temperature for the natural fiber reinforced
PLA composites.

Few experiments were carried out with PLA matrix reinforced with date palm
fibers which were fabricated using a twin screw extruder of Leistriz LSM 34 co-
rotator type having an aspect ratio of 29 and a screw diameter of 34 mm. PLA pellets
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Fig. 4 Variation of decomposition and peak temperature (Zhao et al. 2020)
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Fig. 5 Ganoderma lucidum fibres reinforced in PLA matrix (Chin-San 2014)

were oven dried at 70 °C for 3 h with a hot air blow and the date palm/PLA ingredients
were fed into the extruder hopper with a volumetric feeder at a rate of 4 kg per hour.
Venting port at the extruder machine made the mixture devoid of volatile compounds
and residual moisture. After extrusion, the mixture was made into pellets by arotating
cutter and the extruded elements were then cooled by feeding them into a water bath
(Goriparthi et al. 2012). Cosmetic application of the PLA was observed to be mainly
due to the retaining of moisture by the lactate which in turn was due to the hydrophilic
nature of the lactic acid. Ethyl lactate possess an appreciable solvency with various
polymeric elements and oils which made them suitable for the preparation of antiacne
compounds (Chin-San 2014). Experiments were also conducted by few researchers
with Ganoderma lucidum fibers reinforced in PLA matrix. Water absorption behavior
of the above natural composites were investigated and determined that the surface
modification of Ganoderma fibers rendered a hydrophobic composite when compared
with the untreated composites. Figure 5 shows the process of washing the Ganoderma
lucidum fibers, treating them and blending them with PLA matrix along with its
chemical structure after the surface modification with acetic acid blended in a twin
screw extruder (Suprakas and Mosto 2005).

4.3 Kenaf Fiber Composites

Fibers existing in nature plays a significant role for producing green composite for
both manufacturing and investigation areas due to its viability. Relations with water
and other elements which are convenient for thermodynamic property in natural fiber
is a crucial part for the effective outside usage. So for these reasons investigation of
both absorption and adsorption nature of kenaf or glass polyester mixture composite
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with various stacking order by using water as a medium is a major aim of this task. At
the same time investigating the mechanical characteristics of the fiber is also essen-
tial part here. Twenty days required for the composite which need to wet completely
at actual temperature for conducting moisture absorption experiment. At equilib-
rium the content of moisture (M,), coefficient of diffusion (D,) and water transport
mechanism were the unique factors investigated through this test. Fickian’s diffu-
sion law used to calculate water transport mechanism of mixed composites in which
polymer relaxation time (t;) is higher than the characteristic solvent diffusion time
(tg). Mechanical characteristics like tensile and flexure strength of the protective layer
of the composites were derived by using both absorption and adsorption method. The
quality of being physically strong was calculated that got reduced with addition of
water intake and depends on the arrangement of long thin parts of a kenaf fibre at the
protective layer (Suprakas and Mosto 2005). Coefficient (n), coefficient of diffusion
(dx) and moisture gain percentage were the major influencing factors for moisture
uptake investigation for various laminates. Those influencing factors were arranged
in a column.

Moisture uptake for several composites was explained in the below image with
root square value of time (H;). at the initial stage, moisture uptake curve is linear,
later maintained a value and saturated at the final time period. Few observations have
been done that, glass fiber composite possesses a value of 2.314% which is less value
of moisture gain and attained the saturation level beyond 288 h. Kenaf composite
possesses a larger value of 10.560% for moisture gain and attained the saturation
level beyond 432 h. Observations carried out for mixed composite of kenaf /glass
and found the moisture gain value which is intermediate of those two composites.
Hybrid composite of glass and kenaf fiber results improved moisture gain value
than the hybrid composite of kenaf and glass fiber. The reason for this variation is
protective layer acting in glass kenaf fiber restricts the dispersion of water particles
since it is acting as a protective layer. Fickian’s diffusion used to find the absorption
of moisture for experimental composites which is having a coefficient (n) nearer
to 0.5 which depicts clearly in the table. Transferability of the particles which can
dissolve in to the solution of the polymer composite is explained by the coefficient of
diffusion. It was observed that diffusion coefficient is linearly proportional to value
of moisture gain and found maximum in protective layer of kenaf fiber which is notin
a case of glass fiber since the fiber of glass oppose the humidity content (Sorrentino
etal. 2007). Decrease of stability of the fibers has been studied by considering tensile
and bending characteristics of those fibers with the inclusion of three levels in the
below images. It was observed that in glass fibers, maximum elongation stability is
more and if we include kenaf means it gets reduced slightly. Kenaf fiber composite
possess a reduced elongation stability compare to other fiber composites. The reason
for this change is if the laminate strength is more, then it can merge with glass fiber
correctly (Mishra et al. 2020).

Figure 6 denotes the weight loss of the natural fibers due to moisture absorption
and the variation of ultimate tensile strength of the natural/synthetic fibers reinforced
polymer composites. Absorption of moisture is also one of the reasons for decre-
ment of stability of the fiber composites. In kenaf fiber composites, around fifty one
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Fig. 6 Effect of Moisture absorption on the weight loss/gain (Mishra et al. 2020)

percentage of stability reduction was found but if we merge this fiber in to glass fiber,
the stability reduction attain the value of thirty seven percentages. Reason for more
strength reduction in kenaf fiber composite is bulging of fiber which yield the forma-
tion of shear stress in the boundary of the fiber matrix could be the factor for weaken
bonding. After dryness, some amount of elongation stability of the composites was
retained. This residual strength is more in glass fiber comparatively with both kenaf
and kenaf glass fiber composite. In glass fiber returning back of tensile strength is
obtained up to the value of 95% which is not in case of kenaf/glass hybrid composite
which can obtain only with the value of 87.22%. The reason for this problem is
process of becoming older is the nature of kenaf fiber. Plasticizer role is used to
regaining the strength of the fiber composite which is used to soft, flexible, increase
plasticity, reduce viscosity and friction in processing. This plasticizer role is done
by water which could be extracted after dehydration (Prabhu et al. 2020). Figure 7a,
b explains the bending strength and bending modulus of composite samples at the
same three various levels. Related nature of lowering in stability and modulus and
their revival are also explained (Mishra et al. 2020; Gurunathan et al. 2015).

Scanned electron microscopy (SEM) was used to examine the failure state of the
broken parts of the composites with the magnification value of x 350. Figure 8a
explains the fracture surface of tensile test specimen. In this figure, elongation and
empty space of fibers while removing it visualized clearly. Figure 8b explains the
rupture of vascular fiber bundles and empty spaces because of fiber pull out at fracture
surface of flexural test sample (Mishra et al. 2020; Alomayri et al. 2014).

Through all discussions and investigations, the following conclusions were
derived. Protective layer of all composites for transferring the moisture uses Fickian’s
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law in which the coefficient value is nearer to 0.5. Maximum value of 7.140 x 108
cm?/s as a diffusion coefficient is attained by kenaf fiber. Even if that is the case,
continuous inclusion of fiber glass decreases the amount of taking up of water. Humil-
iation of mechanical characteristics is found because of moisture absorption but of
merging of glass fiber enhances the reduction as-well-as enhanced the retaining of
stability up to 87.22% after the process of drying. Major factors for decrement of
stability and tensile constants of fiber composites are based on the pulling out of fiber
and de-bonding of fiber—matrix inter-phase (Gokulkumar et al. 2019).

4.4 Pineapple Leaf Fiber Composites

Pineapple leaf fibers (PALF) are being currently used as natural fiber reinforce-
ments widely due to its abundant availability in many regions around the globe.
Unique properties including biodegradability, environmental friendly end products,
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less in cost and weight pose the usage of hybrid fiber reinforced composites to
a greater extent. Few experiments were carried out earlier to evaluate the mois-
ture absorption and mechanical characteristics of PALF-G fibers reinforced hybrid
composites reinforced in epoxy matrix and the influence of fiber stacking sequence
had been analyzed. Tensile, flexural and accelerated moisture absorption tests were
conducted for three different stacking sequence such as GPPG, PGPG and PGGP
which were used to fabricate the hybrid PALF-G fibers reinforced epoxy composites
and the experiments were also carried out in individual PALF and G fiber compos-
ites. Fickian diffusion theory was used to evaluate the moisture absorption char-
acteristics of the composites and SEM was used for the characterization of frac-
ture surface morphology of the specimen. Results portrayed that individual PALF
composites absorbed larger quantity of moisture than the hybrid composites which
in turn degraded the mechanical characteristics of the individual PALF compos-
ites while the hybrid composites possessed higher mechanical properties. It was
also noticed from the results that the fiber stacking sequence had an appreciable
effect over the moisture absorption behaviour of the composites. Mechanical test
results indicated that the tensile and flexural behaviour of PALF-G hybrid compos-
ites were higher than the individual composites due to the lower moisture absorption
of hybrid composites and when compared with unreinforced epoxy composites, the
tensile and flexural strength was 153% and 119% higher for the fiber reinforced
composites respectively. Amongst the various stacking sequence, PGPG sequence
exhibited better mechanical characteristics with their tensile and flexural strength as
120.19 MPa and 169.17 MPa respectively when compared with other sequences. It
could be noticed from the SEM images that hybrid composites with PGPG sequence
displayed better bonding at the composite interface between matrix and fiber when
compared with the other sequences (Ramesh and Rajesh Kumar 2020; Mochane et al.
2019; Wu 2014).

Moisture absorption behaviour of the PALF-G hybrid composites were evaluated
by using the composite specimens of length 50 mm adopting ASTM D5229 standards.
A water resistant epoxy coating was applied at each end of the specimen and were
sealed with the paint. Specimens were then oven dried at a temperature of 50 °C
for a period of 24 h until all the moisture present in the specimen evaporates and
the specimens were atmospheric cooled. Specimens were weighed before and after
drying in the oven and the mass values were noted as M, and M, respectively.
Specimens were then drowned in a bath of water at a temperature of 60 °C and were
measured for their weight at regular interval of time until saturated state was reached
(Kharrat et al. 2019). Moisture absorption rate was determined by the following
Eq. I:

- M,
My=""""x100 (1)

where M; = Mass of the Specimen after time of exposure t, M, = Mass of spec-
imen before immersing in water bath. Following equation denoted the Fick’s law of
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diffusion that could be applied to the composite specimen for evaluating its moisture
absorption behaviour.

D, xt 0.75
M(T,t):(Mm—M,»)<1—exp|:—7.3< z ) DJFM,- 2)

h2

Experiments conducted in using PALF-G hybrid fibers reinforced in epoxy matrix
to determine their moisture absorption behaviour along with the determination of
mechanical properties such as tensile and flexural characteristics revealed that the
effect of hybridization of fibers had significant effect on the above behaviour and
enhanced them. It was also seen that the stacking sequence of the fiber laminates
showed greater impact over the composite properties. Fick’s law of diffusion could
effectively predict the moisture absorption behaviour of the hybrid and individual
fiber reinforced composites. The stacking sequence with alternate laminates of PALF
and G fibers (PGPG) exhibited lowest moisture absorption which was 10.35% less
than the moisture absorption rate of other compositions. Overall from the above
discussion it could be seen that the PALF-G hybrid composites with PGPG stacking
sequence exhibited better moisture absorption, tensile and flexural properties with
better adhesion at the interfacial region in between epoxy matrix and PALF-G hybrid
composite reinforcements (Datta et al. 1995; Karimzadeh et al. 2020).

5 Conclusion

Broad preamble to actual fiber strengthened composites, the proportion of actual fiber,
and modification of surface of the natural fiber and the chemical treatments effect
of on natural fiber composites are discussed. Several experiments clearly illustrate
the mechanical characteristics of all natural fibers strengthened composites namely;
tensile and bending, elongation percentage and finally absorption of water etc. are
extensively enhanced. Comparison of several characteristics between surface modi-
fied natural fiber and un-treated fiber has been done. Among that, improved tensile
and bending strength identified in alkali surface modified natural fiber compos-
ites with untreated composites. Sticking bond between natural fiber and matrix got
enhanced in case of surface modified fibers and water amalgamation characteristics of
natural fiber reinforced composites got decreased. Surface modified fiber composite
proven the better tensile properties compared with un-treated fibres. Surface modified
fibers has proven enhanced tensile properties comparator combined surface modified
fiber which is deriving good property enhancement than the single surface modified
method in which alkali method is exceptional. Silane treated surface modified fiber
composites possess good improvement in case of impact strength characteristics. Fat,
lignin and pectin are the natural fiber impurities can be eliminated easily by using
surface modifications of the natural fibers.
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Abstract The study on the effect of water aging gives information on the perfor-
mance of composites at diverse operational conditions. The natural fibers absorb
water/moisture and hence the addition of natural fibers in the polymer matrix caused
an increase in water/moisture uptake at different environmental operational condi-
tions. This literature survey presented the effect of water aging on the tensile, flexural,
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Abbreviations

AFM  Atomic force microscopy

DSC  Differential scanning calorimetry

FS Flexural strength

FTIR Fourier-transform infrared spectroscopy

FT Fracture toughness

T, Glass transition temperature
IS Impact strength

OM Optical microscopy

RT Room temperature

SEM  Scanning electron microscopy
TEM  Transmission electron microscopy
TS Tensile strength

™ Tensile modulus

TGA  Thermogravimetric analysis

XRD  X-ray diffraction

1 Introduction

Eco-friendly materials are increasingly using for advanced engineering composite
industries due to the environmental concerns caused by the non-biodegradable fibers
and polymers. Therefore, researchers prefer either biodegradable polymer (poly-
lactic acid, polyvinyl alcohol, polysaccharides, bioepoxy, and biobased polyethylene)
(Varghese et al. 2020; Ahmed et al. 2021; Radoor et al. 2021; Thomas et al. 2021a;
Rangappa et al. 2021; Rojas-Lema et al. 2021) or natural filler (plant-based, animal-
based, and bacterial-based fillers) (Vinod et al. 2020; Zwawi 2021; Mahmud et al.
2021; Mohd Nurazzi et al. 2017; Thomas et al. 2021b, c), for the manufacturing
of polymer composite components for automobile, civil engineering, aerospace,
water purification, sensors, toys, and household applications. Glass and carbon fibers
were commonly used for composite manufacturing (Hassan et al. 2021; Sun et al.
2021). However, these synthetic fibers cannot be recycled, and are hazardous to the
environment causing toxicity to human health, animals, aquatic life. To overcome
these defects plant-based natural fibers are widely employed for the development of
green composite (Moudood et al. 2019). Plant fibers are commonly isolated from
banana, pineapple, cotton, flax, hemp, jute, kenaf, sisal, abaca, and wood (Pecas et al.
2018; Sanjay et al. 2019; Radoor et al. 2020; Thyavihalli Girijappa et al. 2019). In
recent years plant fibers are the regularly used in polymer composite applications
(Thyavihalli Girijappa et al. 2019; Alama et al. 2020; Hasan et al. 2020).

On one hand, the advantages of natural fibers are easy availability, renewable
resource, biodegradability, low cost, lightweight, low emitting of CO, gas, and
environmental friendliness (Tajuddin et al. 2016; Célino et al. 2014). On the other
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hand, polymer composites fabricated from natural fibers have low cost and increased
biodegradability (Syduzzaman et al. 2020). Natural fiber-based composites have been
recommended for the manufacturing of interior parts in the automobile, aerospace,
and construction industry (Pecgas et al. 2018; Akampumuza et al. 2017; Ilyas et al.
2019; Fan 2017). Thus, an upsurge in the usage of natural fibers in engineering
polymer composites has been observed in recent years as a substitute for traditional
synthetic non-biodegradable fillers. The natural fibers also have many disadvan-
tages such as hydrophilicity, poor moisture/water resistance, poor compatibility with
polymer matrices, swelling, low fire resistance, and low durability (Namvar et al.
2014). These factors limit the outdoor applications of natural fiber-modified polymer
composites.

The natural fiber is composed of cellulosic (cellulose) and noncellulosic compo-
nents (hemicellulose, lignin, pectin, wax, and other impurities). The amorphous
components in the plant fibers are responsible for water absorption (Célino et al.
2014). Therefore, when natural fiber or natural fiber-reinforced composites exposed
to water/moisture or other solvents during the operational conditions absorb mois-
ture. This may cause the swelling of the fiber and composites. The absorption of
water in natural fiber-based composites is due to (i) hydrogen bonding between
cellulose fibers and moisture (ii) diffusion of water molecules into the microscopic
pores or voids generated/formed during the fabrication process (iii) capillary move-
ment of water molecules through the fiber/matrix interface, and (iv) transport of water
molecules through the crack sites caused by the swelling of the fibers (Moudood et al.
2019; Muiioz and Garcia-Manrique 2015; Masoodi and Pillai 2012). The absorption
of water in the composites caused fiber polymer debonding and may deteriorate the
properties of the biocomposites. The moisture absorption effect on the fiber-matrix
interface is shown in Fig. 1 (Azwa et al. 2013).

Several methods have been adopted to improve the natural fiber/polymer matrix
compatibility. This method includes the physical treatments, chemical treatments,
coatings, and hybridization with synthetic fibers (Sanjay et al. 2019; Mukhopad-
hyay and Fangueiro 2009; Godara 2019; Pothan and Thomas 2004; Abdel-Hakim
et al. 2021). The physical and chemical methods will reduce the hydrophilicity of
the fibers and hence have better compatibility with the polymer matrices. The widely
accepted physical treatments of natural fibers are steam explosion, plasma treatment,
ultraviolet irradiation treatment, corona treatment, and ozone treatment (Sanjay et al.
2019; Mukhopadhyay and Fangueiro 2009). The chemical methods such as alkali
treatment, acetylation, silane, benzoylation, potassium permanganate, etc., are the
preferred methods (Sanjay et al. 2019). Chemical treatment in high-pressure auto-
clave is a widely accepted method for the synthesis of nanocellulosic fibers with high
crystallinity (Dominic et al. 2021). Polymer coating on fiber is employed to reduce
moisture absorption and to enhance fiber-polymer compatibility (Abdel-Hakim et al.
2021). A recent study on polyfurfuryl alcohol coating over flax/phenolic compos-
ites was reported to present enhanced water resistance and improved mechanical
performance (Mokhothu and John 2017).

The properties of the modified natural fibers can be characterized by using methods
such as Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD)
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Fig. 1 Moisture absorption effect on the fiber-matrix interface (Azwa et al. 2013) (Reproduced
with thanks from Elsevier, License number: 5087561104303)

spectrometry, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and optical microscopy (OM) (Thomas
et al. 2021b; Sanjay et al. 2019; Chen et al. 2014; Chandrasekar et al. 2017). The
FTIR spectra of untreated and treated fibers showed many characteristic peaks of
the functional groups present. From the changes in the peak position, the structural
changes in the fibers during the chemical treatments can be evaluated. The dimin-
ishing peak position of natural fibers at approximately 2846 cm~!, and 1739 cm™!
after the treatments correspond to the progressive removal of amorphous phases
such as lignin and hemicellulose from natural fiber. The increase in peak intensity at
approximately 897 cm~!, for the chemical treated fiber corresponds to the increase in
the cellulosic content, indicating the increasing percentage of pure cellulose (Thomas
et al. 2021b). Further, the XRD spectra can be used for the study of the increase in
the cellulosic content and the increase in percentage crystallinity of the treated plant
fiber. For natural fibers, the peaks at 26 values at approximately 16° and 23° corre-
sponding to 200 and 110 planes of cellulose I structure were reported (Thomas et al.
2021b; Chen et al. 2011). The minimum in intensity between 200 and 110 planes
corresponds to the amorphous phase. The removal of the amorphous phase is reported
to cause an increase in the intensity of these peaks. From the peak intensity values
corresponding to 200 plane and amorphous phases, the percentage crystallinity of
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the untreated and treated fibers can be measured (Chen et al. 2011). It is reported
that the crystallinity of the fibers will increase with chemical treatments.

Polarised OM can be used as a tool for the evaluation of the size of the fibers,
it can also be used to observe the crystalline regions of the modified natural fibers
(Senthilkumar et al. 2019). The electron microscopic images such as TEM and SEM
images can be used for the evaluation of the changes in the morphology of the fibers
during the chemical treatments (Thomas et al. 2021b). Further AFM is used for the
evaluation of the length (1), diameter (d), and roughness of the fibers before and
after chemical treatments. It is reported that the 1/d ratio of the fibers will increase
after the chemical treatments (Jonoobi et al. 2015). Thermal studies such as TGA
and DSC are used for the characterization of the natural fibers. The report suggests
that the thermal stability of the treated fibers depends on the type of treatment. The
DSC results also showed the removal of the amorphous phase from the treated fibers
(Kabir et al. 2010, 2013). The single fiber test can be used for the evaluation of the
strength of the treated fibers, which is an indirect measurement of crystallinity. The
studies have shown that for the treated fibers the crystallinity is more, and therefore
higher strength was observed (Hossain et al. 2013).

The natural fibers were widely used along with biodegradable and non-
biodegradable plastics such as polypropylene (Kim et al. 2008), polyamides (Arcaya
et al. 2009), polyethylene (Bazan et al. 2020), polylactic acid (Oksman et al. 2003;
Wahit et al. 2012), poly (e-caprolactone) (Wahit et al. 2012), poly (butylene adipate-
co-terephthalate) (Ferreira et al. 2019), etc., for the fabrication of advanced compos-
ites. The composites were mostly manufactured by injection molding, extrusion
and thermoforming (Kumar and Singh 2020). The structural and non-structural
compounds for interior engineering applications can be manufactured by the combi-
nation of thermoplastic and natural fibers. The thermosetting polymers such as bioe-
poxy (Senthilkumar et al. 2021), polyesters (Haghdan and Smith 2015), etc., are
also modified with natural fibers for semi-structural applications. The thermosetting
composites can be manufactured by hand lay-up, resin transfer molding (RTM), and
vacuum molding (Kumar and Singh 2020). In the following section, the mechanical
properties of water-aged biocomposites are discussed.

2 Water Absorption and Mechanical Properties

2.1 Epoxy Composites

Epoxy and bioepoxy resins are widely accepted polymers for engineering applica-
tions such as coating, adhesives, and composites. Synthetic fibers are used normally
for the fabrication of epoxy composites. Due to ill effects caused by the synthetic
fibers, the natural fibers especially plant fibers are preferred over synthetic fibers
for the manufacturing of advanced composites. However, the water absorption of
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natural fibers is their main drawback limiting their applications in the outdoor envi-
ronment. The water absorption in polymer composites may follow Fickian, non-
Fickian behavior. In the Fickian model, the water absorption is rapid and then a
saturation level is achieved (Grace and Altan 2012). At room temperature (RT),
most of the natural fiber-modified polymer composites follow the Fickian model of
water absorption (Assarar et al. 2011). Kim and Seo (2006) fabricated sisal fiber
textile-reinforced epoxy and vinyl ester composites and studied the effect of water
aging on the tensile properties and FT of the composites. The samples were water
immersed for 216 h and later dried for 24 h, the test was repeated for 5 cycles.
Even though the sisal textile was silane treated, still the water penetrates/diffuses
through the composite, because of the (i) hollow structure of the sisal fiber, (2) void
content generated in the composite during the fabrication process, and (iii) through
the fiber/matrix interface. Among the composite prepared vinyl ester showed lower
water absorption compared to epoxy composites. The researchers point out that this
could be due to several factors affecting the absorption of water in the composites
such as void content, fiber/matrix adhesion, polymer chain relaxation, temperature,
type of polymer matrix and crosslink density. The tensile strength (TS), and FT
of both sisal textile-reinforced epoxy and vinyl ester composites showed a gradual
drop with an increase in water absorption cycle, and the lowest strength and tough-
ness were observed for the composites at the 5" cycle. Figure 2 shows the tensile
stress/strain curve of the epoxy/sisal composite at different water aging cycles. The
drop in strength and toughness of the composites was due to the degradation of the
fibers, resulting in the weakening of the fiber-polymer interface caused by the water
absorption.

Assarar et al. (2011) studied and compared the durability of flax—fiber reinforced
and glass—fiber reinforced epoxy composite. The water immersion was carried out for
up to 20 days. The water absorption is more for natural fiber reinforced composites.
This is because of the hollow structure of natural fibers. It was observed that both the
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flax—fiber and glass—fiber reinforced epoxy composite showed a drop in tensile prop-
erties with water aging. This is due to the degradation of the fiber/matrix interface of
the epoxy composites during the water aging process. The drop in tensile stress and
young’s modulus is more evident in flax/epoxy composites than glass/epoxy compos-
ites with water aging. In a similar work, Yan et al. (2015) studied the influence of
seawater treatment, water, and alkaline solution, on the tensile and flexural properties
of bidirectional woven flax fiber reinforced epoxy composites. The weight gain vs.
immersion time in the composites at different conditions for up to one year is shown
in Fig. 3a. The composite showed a saturation effect after 8 months irrespective of
the different test conditions. The weight gain is maximum for alkali-treated followed
by water and seawater. The TS, tensile modulus (TM), flexural strength (FS), and
flexural modulus (FM) of the composites drop after the aging studies. The drop in
mechanical properties follows the order: alkali > seawater > water. This is because the
degradation of the fiber-matrix interface is more in alkali-treated samples. Figure 3b
shows the TS of control and aged (1 year) composites.

Maslinda et al. (2017) fabricated and studied the effect of water aging on
the mechanical properties of individually woven, interwoven kenaf(K)/jute(J) and
kenaf/hemp(H) fiber composites. For water absorption and water aging studies, the
composites were immersed in tap water for 1400 h. The composites KK, JJ, and
HH showed the highest water absorption. However, the interwoven hybrid compos-
ites showed lower water absorption. The results indicated that the interwoven fiber
composites have better water resistance. From the mechanical data, the interwoven
KJ and KH composites showed the best properties due to hybridization (before and
after aging studies). However, upon water saturation, all the composites studied
showed a drop in TS, TM, FS, and FM, while the tensile strain and flexural strain
were increased. The drop in TS, FS, TM, and FM was due to the ingress of water
molecules into the composite causing the debonding of fiber and matrix. On the other
hand, the % strain was increased because of the plasticization of the polymer matrix
caused by the water molecules.

Moudood et al. (2019) studied the environmental effects on the tensile and flexural
properties of flax fiber/bioepoxy composites. The pure bioepoxy and flax composites
were subjected to (i) immersion test (water saturation (WS)), (ii) humidity tests
(humidity saturation (HS)), and (iii) freeze—thaw (F/T) cycle tests. The effects of WS,
water-saturated completely dried (WSD), HS, F/T cycling, and water-saturated and
freeze—thaw (WSF/T) cycling on the tensile and flexural properties were tested. The
TS of the composite showed a marginal drop at different environmental conditions.
However, the composites showed a major drop in young’s modulus and an increase in
strain at break, for WS, and WSF/T samples, due to the plasticization effect of water
molecules present in the sample. Interestingly, the WSD samples showed Young’s
modulus and strain at break comparable to the “as manufactured composites. That
means the softening and plasticization effect of water molecules disappear after the
removal of water by drying. Similarly, the FS and FM of water-saturated samples
showed the lowest values caused by the softening and plasticization due to the water
molecules in bioepoxy/flax composites and showed a reversible trend after drying.
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Thus, the results showed that the flax/bioepoxy composites are operational at most
environmental conditions, excluding underwater applications.

Chaudhary et al. (2020) fabricated woven fabric-based epoxy compos-
ites. The woven fabrics such as jute, hemp, and flax fiber were used. The
composites jute/epoxy, flax/epoxy, hemp/epoxy, jute/hemp/epoxy, hemp/flax/epoxy,
jute/hemp/flax/epoxy were fabricated. The tensile and flexural properties of the
composites, water-saturated for 1 year were taken. All the composites showed
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a reduction in mechanical properties after water saturation. Among the various
composites studied, flax/epoxy composite showed the minimum reduction in TS,
TM, and FS, due to the better fiber/matrix adhesion. Thus, studies reported a drop in
TS, FS, TM, and FM with water aging, however, Muiioz et al., (Mufioz and Garcfia-
Manrique 2015) in an interesting working reported an improvement in TS and FS with
water aging. The tensile and flexural properties of water immersed (water-saturated)
flax fiber-reinforced bioepoxy composites and dry composites were studied by the
researchers. The composites were prepared by RTM. The composites with 6-layer
flax, and 8-layer flax corresponding to 40 vol% and 55 vol% respectively were
prepared. The TS and % strain of composites with 40 and 55 vol% fiber after 768 h
water immersion showed an increase. The increase in fiber volume also reported an
increased TS. The FS of 40 vol% fiber-reinforced composites showed an increase
after water immersion, but 55 vol% fiber-reinforced decrease after water immersion
may due to the breakage of swallowed fibers during bending. The increase in the TS
and FS of the samples was due to the swelling of the fibers which results in filling
the gap between the fiber and epoxy interface.

2.2 Polybenzoxazine Composites

Zhang et al. (2021) examined the effect of water absorption of polybenzoxazine
composites on the tensile and flexural properties. Three different composites were
prepared, untreated bamboo modified polybenzoxazine, treated bamboo modified
polybenzoxazine, and hybrid polybenzoxazine composites contain both treated
bamboo/glass fibers. The water absorption test was carried out at 25 °C and 80 °C
for 20 days. As expected, the water absorption is highest for the untreated bamboo
modified polybenzoxazine, followed by treated bamboo modified polybenzoxazine,
then hybrid polybenzoxazine composites contain both bamboo/glass fibers and the
least for pure polybenzoxazine. This is because the untreated fibers have poor inter-
action with polymer, the treated fibers have good interaction with polymer matrix,
and in the case of hybrid composites containing 15 wt% bamboo and 5 wt% water
absorption is least due to the presence of hydrophobic glass fibers. The tensile and
flexural properties of the dry and saturated composites were tested. All the samples
prepared, shows a drop in TS, TM, FS, and FM with water aging. The drop is highest
for the untreated composites followed by treated, and hybrid composites (depends
on the fiber-matrix interaction). Also, the drop is highest at 80 °C for 20 days of
aging due to the weakening of the fiber/matrix interface.

2.3 Polyester Composites

Dhakal et al. (2007) examined the effect of water aging on the tensile and flexural
properties of unsaturated polyester/hemp fiber composites. The water aging test was
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performed at RT and at 100 °C. The water uptake is more at 100 °C. At RT, the water
absorption is based on Fickian behavior, and high temperature non-Fickian. The TS
and FS of the composites were reduced after water aging at RT for 888 h, caused by
the degradation of the fiber-matrix interface. Sugiman et al. (2021) studied the effect
of nano CaCOj3 on the properties of bamboo fiber-modified polyester composites.
The concentration of bamboo was fixed at 25 wt%, while that of nano CaCO5 was 1, 3,
and 5 wt.%. Water aging studies were carried out for up to 112 days at RT. The water
uptake of the composite was reduced by approximately 16% with the incorporation
of 3 wt.% nanofiller. The mechanical properties of unaged, aged samples were tested
for the hybrid nanocomposites. The TS, elastic modulus, FS, FM, and impact strength
(IS) were improved with the incorporation of nanofillers in the composites. The TS,
FS, and IS are highest for 1wt.% nanofiller-based composites, and the drop in strength
of the composites at higher filler content could be due to the agglomeration of the
nanofillers. The water aging reduces the TS, FS, TM, and FM of the composites
due to the debonding of the matrix from fiber caused by the deterioration of the
fiber/matrix interface. However, it should be pointed that the drop in tensile and
flexural properties for 112 days is comparable to 24 days of aging. These results
point out that the degradation of the fiber/matrix interface is the greatest in the first
24 days of water aging. On the other hand, the IS increases with aging due to the
debonding and fiber pull-out.

2.4 Vinyl Ester Composites

Almansour et al. (2017) fabricated vinyl ester/flax composites and flax/basalt rein-
forced vinyl ester hybrid composites (stitched and unstitched) were prepared. In flax
reinforced vinyl ester composites six layers of flax fiber mat were used for the fabri-
cation of the composites. On the other hand, in the hybrid composites of flax/basalt
vinyl ester composites, four layers of flax fiber mat were placed inside and two layers
of basalt were placed outside. The hybrid composites absorbed less water and also
showed better FT in dry and wet conditions. In a similar work Zivkovi¢ et al. (2017)
fabricated flax/vinyl ester composites, basalt/vinyl ester composites, and flax/basalt
fiber reinforced vinyl ester hybrid composites and examined the effect of moisture
uptake (saltwater) on the impact resistance. The researchers reported an increase in
impact resistance for the statured composites.

2.5 Polypropylene Composites

Deng et al. (2010) studied the tensile properties of natural fiber mat reinforced PP
(NMT) composites before and after water aging. The water aging was carried out at
different water temperatures 20, 40, and 65 °C for 40 days. The 40 days aged samples
at 65 °C were further frozen at —18 °C. The water absorption is highest at 65 °C.
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Compared to glass, natural fiber mat reinforced PP showed high water absorption.
The TS and YM of the composites before and after aging were taken. The TS and
YM values of the dry NMT sample and treated NMT sample (40 days) at different
water temperatures (20, 40, and 65 °C) are shown in Fig. 4. The water-aged NMT
composites have lower strength and modulus compared to the pure dry samples.
Espert et al. (2004) studied the effect of water aging on the mechanical properties
of PP and PP/EVA-based composites containing kraft cellulose fibers, sisal fibers,
coir fibers, and luffa sponge fibers. The fiber content used was 10, 20, and 30 wt%.
The composites were water aged at three different temperatures 23, 50, and 70 °C.
The fiber content, temperature, and type of matrix have a significant impact on water
absorption. The water absorption is more at higher fiber content. Also, the absorption
or wetting of the composites is faster at higher aging temperature, or in other words,
the saturation times is faster at higher temperatures. The TS, TM, and EB of the
composites is reduced for the water-saturated samples due to the degradation caused
by the fiber-matrix interface.

2.6 Geopolymer Composites

Alomayri et al. (2014) fabricated geopolymer composites (inorganic aluminosili-
cate polymers) based on cotton fabrics. The mechanical properties of the geopolymer
were increased with the addition of cotton fabrics. The water absorption test was
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performed at RT for 133 days. The water absorption rate of the composites increased
with fabric content. This is because the cellulose is hydrophilic. The composites
subjected to water absorption showed a drop in the mechanical properties, due to the
hydrophilicity of the cellulose. The cellulose swelled and generate microcracks in
the matrix, later it degrades resulting in a poor matrix-fiber interface.

2.7 Biodegradable Composites

Matveeva et al. (2000) studied the plasticizing effect of water molecules in biopoly-
mers and formulated an equation to predict the glass transition temperature (T',) of
biopolymers. The T, and plasticizing effect is important for food technology and
bioscience. This is because the physical and mechanical properties of biopolymers
depend on their T',. Alvarez et al. (2004) fabricated polymer blends based on cellulose
derivatives and starch. The blends were modified with O to 15 wt% short sisal fibers.
The composites were further studied for the effect of moisture content on the mechan-
ical properties. It was observed that the composites have higher moisture absorption
compared to pure blend due to the presence of sisal fibers. The composite modulus at
different moisture content and relative humidity were studied. The modulus showed
a gradual drop with an increase in moisture content and relative humidity.

3 Conclusion

Biocomposites are increasingly preferred for advanced applications. However, the
incorporation of natural fibers in the polymer matrix caused an increase in mois-
ture uptake during the different operational conditions. The natural fiber-reinforced
biocomposites showed a drop in mechanical properties with water aging. The fibers
are hydrophilic, while most of the polymers are hydrophobic, this caused poor
compatibility with the polymer matrix. The poor compatibility, voids, type of filler,
type of polymer influence the diffusion of water into the polymer composite. At
RT, the ingress of water through the natural fiber reinforced polymer composites
mostly follows the Fickian model. The drop in mechanical properties is caused by the
debonding of the fiber from the polymer matrix. The chemical and physical methods
can remove the hydrophilic groups present in the natural fibers and hence the modi-
fied fibers can reduce the water uptake. The hybridization of synthetic fibers with
natural fibers, and polymer coatings are also widely accepted methods to improve
the performance of the composites at different external environmental conditions.
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Effect of Compatibilizer on the Aging )
and Degradation Mechanism oo
of the Natural Fiber-Reinforced

Thermoplastic Composites

C. Ganesan, M. Chandrasekar, M. S. Nisha, and S. Subha

Abstract Natural fiber-reinforced composites have received significant attention in
recent years due to their distinct properties which include reduced carbon dioxide
emission, lightweight, reduced tool wear, etc. This chapter provides an outline of
the influence of different compatibilizers on the aging characteristics and degrada-
tion mechanisms of the natural fiber reinforced thermoplastic composites. Different
compatibilization techniques and their effect on various properties which include
mechanical, thermal, hygrothermal, chemical has been discussed. It was found
that the Compatibilizers play a major role in improving interfacial characteristics
and their performance will be decided by the miscibility of its components. The
severity of degradation under hygrothermal aging will be lower for composites with
compatibilizers and helps in retaining mechanical and thermal properties.

Keywords Compatibilizer - Thermoplastics - Natural fibres - Aging

1 Introduction

Fiber reinforced composites play a substantial role in recent decades in replacing
the usage of traditional materials in various industries ranging from aerospace to
sports equipments. Even though advanced fibers such as glass, carbon, aramid, etc.
exhibit better properties, replacing them with an eco-friendly alternative such as
natural fiber has been under investigation for the past few decades. In particular,
the use of lignocellulosic fibers as reinforcement in the polymer matrix has benefits
such as improved specific strength and specific modulus (Chattopadhyay et al. 2011;
Atigah et al. 2020). The natural fibers are biodegradable which can be obtained
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from renewable sources, and they are abundant in nature and cost-effective as well
(Dissanayake et al. 2009; Senthilkumar et al. 2021).

Plant fiber-based composites that have found industrial applications are based on
sisal (Huber et al. 2012; Senthilkumar et al. 2020), kenaf (Ochi 2008), bamboo (Desh-
pande et al. 2000), flax (De Prez et al. 2018; Shahroze et al. 2021) and hemp (Beau-
grand and Berzin 2013). Scientists from different countries have developed different
natural fibers for applications in automobile parts and other industries (Sun 2018).
These applications were further extended to insulation materials such as blowing
insulation, for ceiling panels that act as a thermal insulator, sound insulation material
and acoustic soundproof (Miissig 2010).

Degradation of bio composite material due to the hydrophilic nature of the
natural fiber under various environmental conditions such as temperature, mois-
ture, humidity, various microorganisms, radiations can affect the performance and
load-carrying capability of these composites (Tokiwa et al. 2009; Krishnasamy
et al. 2019). This drawback can be overcome by the addition of a compatibilizer
in thermoplastic-based composites. The upcoming sections focus on explaining the
theory of compatibilization and the response of various natural fiber reinforced
thermoplastic composites to aging conditions.

2 Theory of Compatibilization

The process of transforming a multiphase polymer solution into a commercially
viable component is known as compatibilization. In principle, if a molecule contains
a part that is soluble in one phase whilst the other is soluble in the other, it will act as a
compatibilizer. As a result, the compatibilizer would be positioned around the inter-
face which minimizes interfacial tension between materials and allows smoother
dispersion while blending them with a thermoplastic matrix. Hence, this charac-
teristic provides a degree of stability and leads to improved interfacial bonding
(Ajitha and Thomas 2020). The compatibilizers can be classified into non-reactive
and reactive types as discussed below.

2.1 Non-reactive Compatibilizers

Compeatibilizers of the form AB copolymers are most widely used in this process
for immiscible blends of polymer A and polymer B. A further choice is to use a
copolymer composed of segments with distinct connections or solubility with one or
more of the ingredients. The miscibility of a compatibilizer’s corresponding blocks
or components in each phase, as well as the compatibilizer’s molecular weight,
decides its performance. When a compatibilizer is inserted into an immiscible blend,
it may switch to the interface between the components, allowing one end of the
compatibilizer to connect with one part of the blend while the other end interacts with
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the other part of the blend. This behavior of compatibilizers aid in the reduction of
scattered phase proportions, thus strengthening the blend composition and enhancing
polymeric adhesion with the reinforcement.

2.2 Reactive Compatibilization

Another kind of compatibilization is reactive compatibilization, which occurs when
copolymers react in situ to form a solid interface. During the reactive compati-
bilization process, a copolymer spontaneously forms at the interface between two
insoluble polymers, where it is required to regulate morphology. Reactive compatibi-
lization includes many reactions such as (a) transreactions, (b) Reactive graft, block,
or lightly cross-linked copolymer formation, (c) ionically bound structure forma-
tion and (d) mechanical and chemical mixing. The above-mentioned mechanisms
can result in chain breakage and recombination, resulting in copolymer formation.
Another effective technique for immiscible blend compatibilization is the use of
nanofillers (Saleem and Baker 1990; Markham 1990; Xanthos and Dagli 1991; Song
and Baker 1992; Liu et al. 1993; Utracki 2002; Brown 2003).

2.3 Mechanical and Thermal Properties

Hydroxyl and other polar groups in the natural fibers which makes them hydrophilic
in are the principal cause of weak wear resistance between the polymer matrix and
the fiber. Since the hydrophilic fractions of the fibers have a free hydroxyl group,
they have poor wetting characteristics with the hydrophobic matrix, leading to infe-
rior performance of the composites under various mechanical loads (Wu 2009).
However, the efficiency of natural fiber composites can be enhanced by the use of
compatibilizers and binding agents.

Malleated polypropylene (MAPP) was used to enhance the compatibility between
kenaf fiber reinforcement and matrix which improve the impact strength significantly.
Because of improved adhesion between fiber and polymer molecules, the crystalliza-
tion was slower which resulted in reduced crystalline temperature and reduced crys-
tallity for higher molecular weight blends and vice versa for lower molecular weight
blends. Because of the improved stress transfer interface caused by the stronger
possible covalent bonding between the anhydride group and the hydroxyl groups of
the kenaf, MAPP, and PP, the failure strain and tensile strength were higher than the
composite without MAPP.

Wau reported that acrylic acid grafted polylactic acid (AA-g-PLA) reinforced with
sisal fiber (SF) demonstrated higher tensile strength, durability, and lesser biodegrad-
ability than PLA/SF due to the better compatibility between SF and PLA. Maleic
anhydride grafted PLA/coir fiber-based composites yielded comparatively better
performance than the PLA/coir-based composites (Wu 2009). After exposing the
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composites to the bacteria named Burkholderia cepacia, it was discovered that the
biodegradation intensity of PLA-g-MA/coir was higher than PLA but lower than
PLA/coir while the biodegradability improved with the increment in coir fiber wt%.
After 21 days, the weight loss percentages of PLA, PLA/coir, and PLA-g-MA/coir
is approximately 15, 80, and 75%, respectively.

The temperature modulus, softening temperature and creep properties were
improved due to the improved adhesion between the polypropylene matrix and kenaf
due to the addition of MAPP (Feng et al. 2001). Thermoplastic elastomer (TPNR) has
many advantages in properties like elasticity, damping, characteristics and thermal
stability. TPNR is a combination of natural rubber and thermoplastic that can be used
for applications including household appliances and automotive parts (Tanrattanakul
and Bunkaew 2014; Bhattacharya et al. 2020). Because of the strong chemical inter-
action between the phases, properties such as tensile strength, hardness, elongation
at break, and tear strength were substantially improved when MNR, NR-g-PMMA,
and ENR-50 were used as compatibilizers. “The TPNR with ENR-50 and MNR as
compatibilizers demonstrated a higher enticing force due to the presence of epoxide
and anhydride groups in the ENR and MNR molecules as they interacted with the
PBAT molecule” (Kalkornsurapranee et al. 2020).

3 Degradation

3.1 Chemical Degradation

When polymers/fibers are exposed to chemicals such as acids, bases, solvents, and
other chemicals, chemical oxidation occurs.

3.2 Thermal Degradation

Thermal degradation is the decay of a polymer’s molecular structure caused by
temperature change. This happens at the melting temperature of thermoplastic poly-
mers, as the state of the polymer is shifted from solid to liquid. The polymer back-
bone chain components detach and react with one another, modifying the polymer’s
properties.

3.3 Mechanical Degradation

Mechanical degradation refers to the macroscopic changes that happen in polymer
materials as a outcome of compression, stress, and shear forces.
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3.4 Photodegradation

Photodegradation happens as polymers undergo physical and chemical modifications
as aresult of ultraviolet or visible light exposure, causing Norrish and/or crosslinking
reactions.

3.5 Hpygrothermal Degradation

Hygrothermal deterioration refers to the significant loss of a material’s weight and
mechanical properties caused by moisture and temperature (Balakrishnan etal. 2011).

4 Aging Effects

Inécio et al. (2018) investigated the effect of maleic anhydride grafted polypropylene
on the physical and mechanical properties of the bamboo/recycled talc/ethylene-
propylene-diene monomer composites subjected to aging in a hot air chamber at
90 °C for 7 days. From their results, it can be observed that the addition of MAPP had
an encouraging effect on the tensile strength, fatigue life and flexural properties while
the impact energy, tensile modulus and strain at break from the tensile test showed a
decreasing trend for the aged composite specimens. The reduction in impact energy
was believed to be due to the weakening of the bond between the polymeric chains
and the compatibilizer. Furthermore, incorporation of MAPP resulted in a marginal
increase in thermal degradation temperature of the aged composites as indicated from
their TGA results (Inacio et al. 2018).

Pinewood waste/Low-density polyethylene scrap waste-based composites incor-
porated with 2.5 wt% of maleic anhydride grafted polyethylene were subjected to
accelerated weathering for 48, 168, 672, 720, 1344 and 4032 h. Their results indicate
that deterioration in modulus of elasticity, ultimate tensile strength and elongation
deteriorated at 4032 h compared to 720 h for the pure polymer without the reinforce-
ment. The decline in tensile properties under the accelerated aging was caused by
the formation of microcracks in the aged specimens due to the residual stress gener-
ated within the polymer and chemical changes within the polymer due to aging. The
pinewood fibers in the composite absorbed the incident UV irradiation such that the
severity on the composite due to aging was lower compared to the pure polymer
(Moreno et al. 2018).

Badji et al. investigated the effects of natural weathering under climatic conditions
and natural weathering under glass by subjecting the hemp/PP/MAPP in propor-
tions of 10/87.3/2.7 and 30/67.1/2.1 in terms of wt% for 12 months. According to
them, Young’s modulus decreased with the aging time for both the pure polymer
and composite specimens. However, composites exhibited superior elastic modulus



56 C. Ganesan et al.

over the pure polymer irrespective of aging since hemp fibers imparted stiffening
effect to the composite. Among the aging type, the composite specimens exposed to
glass weathering showed more variation in elastic modulus than the naturally weath-
ered specimens. The composites reinforced with hemp fibers showed yellowing due
to aging over the pure PP which was also confirmed by the higher value of light-
ness evolution measured for composites than the pure PP. Higher color variation in
composites was mainly due to oxidation occurring in hemp fiber exposed to weath-
ering. Lightness evolution reached saturation and remained constant after 9 and
12 months of exposure under natural weathering and under glass weathering. This is
due to the formation of holocellulose on the fiber surface over the increased exposure
time. The composites exposed to natural weather under climatic conditions exhib-
ited microcracks as well as hollow spots indicating fiber removal compared to the
microcracks in the exposure time. Moreover, average surface roughness increased
with the exposure time for the weathered specimens and the surface roughness values
were comparatively higher for naturally weathered specimens than the under glass
weathering (Badji et al. 2018).

Hydrothermal aging characteristics of the sisal/polylactide composites incorpo-
rated with 2.5 wt% maleic anhydrides (MAH) and 0.3 wt% of dicumyl peroxide
(DCP) was investigated by immersing the composite specimens in 65, 75 and 85 °C
hot water until saturation. The composites added with MAH and DCP had a smooth
surface (Fig. 1b) compared to the rough surface for the control specimen without
the compatibilizer (Fig. 1a). The composites incorporated with MAH and DCP also
showed reduced water uptake. The severity of the degradation under hydrothermal
aging was lower for the composites incorporated with compatibilizer (Fig. 1d) as
could be noted from the lesser number of microcracks over the composites without
compatibilizer (Fig. 1¢) (Gil-Castell et al. 2014).

Hamour et al. exposed acetylated alfa fiber/PP composites added with 5 wt%
MAH to hydrothermal aging at a temperature of 65 °C under a relative humidity
of 75% up to 1000 h. Both the onset temperature and residue % obtained from the
thermogravimetric analysis was found to decline for the aged specimens. Similarly,
crystallinity index (CI) calculated from the X-ray diffraction spectra and young’s
modulus also decreased for the aged specimens compared to the pristine. The drop
in CI was believed to be due to the chain scission which can lead to reduced molecular
weight representing an increase in the rigidity of the polymer while the decrease in
modulus of elasticity was caused by the plasticization effect of MAH. The plasticiza-
tion effect for aged composites with MAH was also visible from the lower storage
modulus obtained from the dynamic mechanical analysis (Hamour et al. 2015).

Hemp/high-density polyethylene (HDPE) composites added with MAH grafted
polyethylene were exposed to water aging and accelerated aging (moisture, temper-
ature and UV radiation). The composite specimens exposed to accelerated aging
showed higher tensile strength and modulus of elasticity than the unexposed speci-
mens. In the case of the water aging, the ultimate tensile strength of the composite
did not change much while there was a drop in young’s modulus. The fiber/matrix
interface was severely affected for water aging despite the occurrence of coupling
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Fig. 1 Sisal/polylactide composites a Smooth surface on dry specimen without compatibilizer, b
Rough surface on the dry specimen incorporated with MAH and DCP, ¢ Microcracks in hydrother-
mally aged specimens without compatibilizer and d Microcracks in hydrothermally aged specimens
with MAH and DCP (Re-used with permission from Elsevier, License number 5053070771941)
(Gil-Castell et al. 2014)

agent compared to the accelerated aging in which the fiber/matrix interface remained
intact due to the presence of coupling agent (Sergi et al. 2019).

According to Fajardo et al., Bamboo/PP composites infused with 3 wt% MAPP
and 3 wt% of citric acid exhibited better thermal stability and a lower drop in tensile
properties than the composites without compatibilizer exposed to the natural climatic
weathering for 1 year. The increased retention in tensile properties for composites
with MAPP and citric acid is mainly due to the better compatibility between the fiber
and matrix (Fajardo Cabrera de Lima et al. 2020). In their study by Bajwa et al.,
oak wood fiber/cotton burr and stem/guayule bagasse reinforced HDPE with 1 wt%
MAPE were exposed to accelerated weathering under UV irradiation and condensa-
tion cycles for 2200 h. Flexural strength, flexural rigidity and impact strength were
found to decrease while the compressive strength improved for the aged specimens.
However, the addition of MAPE helped retain the mechanical properties better than
the composites without MAPE. The degradation in the fiber-matrix interface was
lower due to the occurrence of coupling agent according to the study (Bajwa et al.
2015).
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5 Applications

Natural fiber-reinforced composites are in higher demand for various applica-
tions that concern environmental sustainability. The market growth of natural fiber
composites from 2014 to 2020 is almost 28% (Rwawiire et al. 2015). The automobile
product such as door panels, roof, seat backboard, dashboard and trunks are being
manufactured using natural fiber-reinforced composites. According to this litera-
ture (Liu and Dai 2007), the annual requirement for natural fibers exceeds 45,000
tons every year. The major reason for using natural fiber for the automobile is their
biodegradability and easier recycling of material (Wilson 2017). According to the
European community’s 2000/53/EC “End of life vehicles” program, 95% of auto-
mobile products must be recyclable. Similarly, the Japanese government has also
recommended that 95% of automobile products should be recyclable (Sun 2018). All
automobile manufacture should comply with this requirement to sustain themselves
in the market.

A product like outdoor bed boards, park benches, fences, indoor decors and
building templates are manufactured based on wood-plastic composite. Such applica-
tions are produced on large scale by China-based manufactures and later, many coun-
tries like North America, Germany and India have elevated the production of natural
fiber-reinforced composites (Dammer et al. 2017). Besides that, natural fibers have
applications in storage and transportation containers, office and household goods.

6 Conclusion

Compatibilization in the natural fiber composites plays a fine role in improving
their properties particularly the interfacial characteristics in addition to their
positive contribution in improving the quality of the environment. This chapter
discussed numerous compatibilization techniques and their effects on mechanical,
thermal, hygrothermal, and chemical properties. Some of the important findings are
summarised as follows.

e Compatibilizer allows smoother dispersion while blending with a thermoplastic
matrix and provides a degree of stability which leads to improved interfacial
bonding.

e The compatibilizer’s performance will be decided by the miscibility of its
corresponding components in each phase, as well as its molecular weight.

e The principal cause of poor wear resistance between the polymer matrix and the
fiber is the Hydroxyl and the other polar groups present in the natural fibers which
makes them hydrophilic.

e Composite with MAPP has higher failure strain and tensile strength than the
composite without MAPP due to the improved stress transfer interface caused
by the stronger possible covalent bonding between the anhydride group and the
hydroxyl groups of the kenaf, MAPP, and PP.
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e The temperature modulus, softening temperature and creep properties were
improved due to the improved adhesion between the polypropylene matrix and
kenaf due to the addition of MAPP.

e The incorporation of MAPP resulted in a marginal increase in thermal degradation
temperature of the aged composites.

e The severity of the degradation under hydrothermal aging was lower for
the composites incorporated with compatibilizer over the composites without
compatibilizer

e Flexural strength, flexural rigidity and impact strength were found to decrease
while the compressive strength improved for the aged specimens. However,
the addition of MAPE helped retain the mechanical properties better than the
composites without MAPE

Recent developments in natural fibers with compatibilizers can be used in a variety
of industries, including biomedicine, agriculture, aerospace, manufacturing, auto-
motive, construction and electrical applications. Many natural-based fibers can be
designed to have enhanced mechanical and thermal properties, as well as to be
deliberately or accidentally degraded under suitable environmental conditions.
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Effects of Hygrothermal Aging )
on the Mechanical Properties L
of the Biocomposites

Athul Joseph, Vinyas Mahesh, Vishwas Mahesh,
Dineshkumar Harursampath, and M. A. R. Loja

Abstract The need for bio-based composites or biocomposites has been increasing
over recent years as a measure for sustainable development and to minimize the use
of petrochemical-based plastics to reduce global warming. However, the properties
of biocomposites are hugely influenced by the environmental parameters because
of their inherent material properties. Therefore, in this chapter, the coupled effect
of temperature and moisture on the overall mechanical properties of biocompos-
ites is discussed under the framework of hygrothermal ageing. The variation in the
parameters of hygrothermal ageing such as the relative humidity, temperature, and
ageing time have different effects based on the type of composite, its composition,
and the properties of the constituent materials of the composites. These variables
may either enhance or deteriorate the properties of such composites. This chapter
aims to provide a consolidated understanding of the effects of these variables on the
mechanical properties of the biocomposites such as the tensile strength, compressive
strength and modulus, flexural rigidity, impact toughness, dynamical mechanical
properties such as the storage modulus, loss modulus and the damping coefficient,

A. Joseph - V. Mahesh - D. Harursampath
Department of Aerospace Engineering, Indian Institute of Science (IISc), Bangalore 60012, India

V. Mahesh ()
Department of Mechanical Engineering, National Institute of Technology, Silchar 788010,
Assam, India

V. Mahesh
Department of Industrial Engineering and Production, Siddaganga Institute of Technology,
Tumkur 572103, India

M. A.R. Loja

CIMOSM - Centro de Investigacdo em Modelacdo e Optimizagao de Sistemas Multifuncionais;
ISEL, IPL — Instituto Politécnico de Lisboa, Av. Conselheiro Emidio Navarro 1, 1959-007 Lisboa,
Portugal

Institute of Earth Sciences, University of Evora, Colégio Luis Anténio Verney, 7002-554 Evora,
Portugal

IDMEQ, Instituto Superior Técnico — Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-01
Lisboa, Portugal

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 63
C. Muthukumar et al. (eds.), Aging Effects on Natural Fiber-Reinforced

Polymer Composites, Composites Science and Technology,
https://doi.org/10.1007/978-981-16-8360-2_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8360-2_5&domain=pdf
https://doi.org/10.1007/978-981-16-8360-2_5

64 A. Joseph et al.

fatigue properties, shear properties, and many others. The sections in this chapter
are designed to discuss the effects of hygrothermal parameters on the said properties
exclusively. Additionally, care has been exercised to include biocomposites used in
a wide variety of applications including those used in tissue engineering, aerospace
components, automobile components, structural components, and many others.

Keywords Hygrothermal - Ageing - Biocomposites - Mechanical properties -
Temperature + Moisture « Ageing period

1 Introduction to Biocomposites and Their Importance
in the Context of the Modern Materials

Composite materials have been extensively used in various engineering frontiers for
many years. However, it is only recently that natural alternatives for such materials
have received considerable attention. Such a development is largely due to the rise
in the global environmental issues that have disrupted the planet’s natural course of
existence rendering extreme discomfort in recent times and the upcoming years. This
is one of the driving forces behind the predominant importance laid on the develop-
ment of biomaterials and biocomposites for a wide variety of applications. Therefore,
bio-based composites or biocomposites may be defined as the composites that are
produced from either partially or fully eco-friendly (green) materials (Smitthipong
et al. 2014). This includes a wide array of plant fibres, naturally available poly-
mers, ground plant powders etc. While green composites are extremely beneficial in
the context of environmental safety, they are often characterized by poor mechan-
ical performances and thermal instabilities. Hence, most research conducted today
focus on obtaining partially eco-friendly composites that contain a large portion of
biologically- or naturally-derived components along with petroleum-based plastics.
However, efforts are being made to obtain green composites that offer the same
performance advantages as their petroleum-based counterparts (Avella et al. 2009;
Graupner et al. 2009), Kim and Netravali (Kim and Netravali 2012).

As mentioned above, biocomposites have been researched immensely in recent
times. Recent studies have also promoted the use of bio-based epoxy resins for engi-
neering applications in the aviation industry, primarily for structural components
(Ramon et al. 2018). In addition to this, (Antov et al. 2020) expounded on the devel-
opments made in bio-based adhesives that can be used to reduce the harmful effects
of formaldehyde and other volatile compounds used in modern adhesives. However,
their poor water resistance and lower bonding strength often restrict their applica-
tion. A similar observation can be made in the case of adhesives used for wood
composites application (Ferdosian et al. 2017). Biocomposites made from stone
ground wood were used in the production of economically feasible and sustainable
“eco-chairs” with properties comparable to those produced by common plastics such
as polypropylene (PP) (Julian et al. 2012; Winandy and Morrell 2017). Bio-based
sorbents and gelators have been used extensively for oil-spill treatment (Doshi et al.
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2018) However, they require significant and often expensive modifications in the
properties of their native materials. Bio-based additives are finding increasing appli-
cations in the preparation of natural-fibre composites with inclusions like biochar,
lignin, animal fibres, and sewage sludge (Viisdnen et al. 2017). Another interesting
application of biocomposites is the use of polysaccharides for the production of lumi-
nescent biomaterials (Pinto et al. 2014). In addition to the prospects of sustainability,
these materials are preferred due to their abundance, diversity, and specific proper-
ties. One of the most challenging and highly demanding applications of biomaterials
and biocomposites are in the field of biomedical engineering, specifically, tissue
engineering (Bedian et al. 2017). Materials such as polyhydroxyalkanoate (PHA),
chitin, and alginate provide great advantages over conventional materials in terms of
their non-toxicity to most cell lines, biodegradability, biocompatibility, and their high
structural growth. Packaging including those for food and other sensitive commodi-
ties have seen a steady increase in the use of biomaterials and biocomposites (Attaran
et al. 2017; Garrison et al. 2016; Helanto et al. 2019; Silva et al. 2020). While there
are no single biocomposites that can be recommended for all potential markets and
applications, polymers such as polylactic acid (PLA), polybutylene succinate (PBS)
and PHA have been extensively researched to derive maximum properties (Babu
et al. 2013). The efforts are further exemplified by the use of wood-based fillers and
additives. Renewable fibre materials have also been promoted for effective food pack-
aging with improved cost-effectiveness and sustainability solutions (Johansson et al.
2012). In addition to these materials, efforts have been made to expand the library of
available biomaterials and biocomposites (Klimek and Wimmer 2017). Such mate-
rials can improve other properties of biocomposites such as termite resistance, lower
swelling, and cost-effectiveness.

Therefore, due to this huge spectrum of current and prospective applications of
biocomposites, they are the solution to today’s problems of sustainability. In addition
to this, the improvements in the properties of such materials along with cost-effective
production can further extend the reach and applicability of such materials. However,
as seen in most cases, their usage is limited by their poor thermal properties and their
high moisture absorption. This results in increased matrix swelling, poor mechanical
properties, and decreased overall material stability. Therefore, in the present chapter,
adetailed discussion is carried out to present and encompass the effect of temperature
and moisture on the overall mechanical properties of the composites. The mechan-
ical properties of biocomposites including tensile properties, compressive properties,
impact toughness, fatigue life, dynamical mechanical properties, indentation resis-
tance, and others have been presented in the sections that follow along with their
variations with respect to different hygrothermal parameters.
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2 Hygrothermal Ageing and Its Parameters

The word “hygrothermal” has its origins set in ancient: hygros meaning moist and
therme meaning heat. Therefore, hygrothermal ageing refers to the ageing of mate-
rials or composites by subjecting them to thermal and moisture fields. This is however
slightly different from hydrothermal fields where water is used as the medium instead
of moisture. Materials evolve their characteristics with respect to time or usage. The
change in these properties is seen as degradation from their physical, chemical,
or mechanical stand-point. Such degradation can occur due to natural process, the
intensity of usage, and/or by the action of external agents (Schrefler et al. 2018).
Ageing is a time-dependent process that alters the properties of materials by the
above means. This can result in the improvement or degradation of the desired prop-
erties of the material and is highly dependent on the type of material, its chemical
nature, its intrinsic material properties, the ageing parameters, and the surrounding
media. Consequently, hygrothermal ageing refers to the subjugation of materials to
thermal and moisture loads to alter their properties or to assess the changes in their
constituent properties as a result of the intervention of temperature and moisture
(Martin 2008).

Hygrothermal ageing is defined largely by three parameters: intensity of thermal
loads, the extent of moisture uptake, and the ageing time. The intensity of the thermal
loads can be adjusted by varying the temperature gradient that exists between the
material and the media it is surrounded by. The application of thermal loads to
materials has varied responses based on the type of material. The application of
thermal loads to metals and alloys can help relieve the stresses within the material
that might have existed as a result of their manufacturing or forming processes
(Chandrasekar et al. 2017; Majerski et al. 2018). In addition to this, the application
of thermal loads to such materials are seen to improve their properties based on
the temperature and ageing period (Hu et al. 2018; Zheng et al. 2021). However,
for polymers and polymer composites, the application of thermal loads is a sensitive
matter. Polymers and polymer composites are characterized by lower thermal stability
when compared to metals and ceramics. The application of thermal loads to polymer
matrices can alter the shape of the materials when the applied temperature is greater
than the glass transition temperature of the material (Firdosh et al. 2015). Polymer
materials are largely characterized by covalent bonds that are highly susceptible
to heat which is indicated by the low thermal stability of the materials (Firdosh
etal. 2015; Yang et al. 2010; Foulc et al. 2005; Rocha et al. 2017; Wang et al. 2016).
Consequently, when thermal loads are applied to such materials, it results in extensive
bond breakage leading to lower properties. This behaviour is more significantly
evident in biomaterials and biocomposites due to the poor bond strength (Wang et al.
2020; Scida et al. 2013). Ceramic materials on the other hand display high thermal
stability which is further increased by the use of fine ceramic materials (Smeacetto
et al. 2011; Rocha et al. 2010; Mather et al. 2010; Dwivedi et al. 2014).

When metals and alloys are subjected to moisture fields, it might result in chem-
ical reactions between the metal and water molecules leading to the formation of
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metal oxides on the surface of the material (Ouyang et al. 2013; Andrade et al. 1994;
Galvez et al. 2019; Yamada and Fusayama 1981). This can result in corrosion of the
materials which is largely another form of the ageing process. Polymers and polymer
composites on the other hand are seen to experience a process called swelling where
the materials absorb water that results in the expansion in their physical dimen-
sions (Athijayamani et al. 2009; Selzer and Friedrich 1997). This results in lower
bond strength and subsequent loss in the mechanical properties of the materials.
This effect is more prominent in biocomposites which are usually characterized by
high moisture uptake (Van Den Oever et al. 2010; Sombatsompop and Chaochan-
chaikul 2004; Deo and Acharya 2010). Ceramics display superior immunity against
moisture fields. Earlier ceramic materials with porous surface were seen to absorb
moisture to an extent. However, modern ceramic materials are capable of func-
tioning in most environments with minimal disruptions or irregularities. Therefore,
the upcoming sections aim to discuss the effect of the combination of thermal and
moisture loads or hygrothermal loads on the functioning and properties of polymer
materials, specifically, biomaterials and biocomposites.

3 Influence of Hygrothermal Ageing on the Tensile
Properties of Biocomposites

Studies on PLA and PLA/SiC composites show that the moisture absorption and
tensile properties of the composites depend on both the temperature and time of
ageing (Kakanuru and Pochiraju 2020). Higher temperatures cause saturation at a
quicker rate when compared to lower temperatures. After saturation, the materials
undergo severe degradation. It is seen that the extensive degradation in PLA rendered
it unusable as a result of high moisture absorption. However, PLA/SiC composites
exhibited lower disintegration of the structure at higher SiC loadings (>20wt%).
However, PLA/SiC composites with 20wt% of SiC exhibited the best tensile prop-
erties in unaged condition. Cyclic loading of unidirectional flax-fibre reinforced
epoxy biocomposites showed that the tensile properties of the composites decreased
as the ageing period increased (Cadu et al. 2019). The composites showed appre-
ciable stability when subjected to hygrothermal loads for upto 26 weeks. However,
later on, the maximum strain and ultimate tensile strength decreased drastically. The
decrease in the ultimate tensile strength was much lesser at around 12% compared to
the 30% decrease in the maximum strain. The modulus of the composites decreased
continuously as the ageing period progressed. Figure 1 represents these variations in
terms of the percentage of their initial values along the ageing period. The strength
parameters of the aged samples are governed by the post-crosslinking rather than the
physical plasticization effect that results due to water absorption. Moreover, it is noted
that hygrothermal ageing of these samples also affected the transverse mechanical
properties as described in Muthukumar (2019), Schoors et al. (2021). Similar obser-
vations were recorded for low-density short-flax-fibre reinforced epoxy composites
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Fig. 1 Variation of the longitudinal elastic modulus, transverse elastic modulus, ultimate tensile
strength, and fracture strain of flax-fibre/epoxy composites for the ageing period (Cadu et al. 2019)

by Rabii et al. (2015). The addition of 20wt% of bamboo fibres to polyester decreases
the tensile strength of the composites (Azwa and Yousif 2017). However, there is an
improvement witnessed in the elastic modulus of the composites. Moreover, the prop-
erties are dependent on the concentration of NaOH used for conditioning the compos-
ites. When subjected to hygrothermal ageing, the composites show a varied response
for different temperature and moisture parameters. Figure 2 represents this variation
in terms of the different hygrothermal parameters and conditioning of the compos-
ites. The effect of coating the composites treated with 6% NaOH improves the yield
strength of the composite at room temperature. However, at elevated temperatures,
its influence is very minimal.

The influence of hygrothermal ageing on Kraft fibre reinforced PP composites
was evaluated by Beg and Pickering (2008a). The composites were aged for about
238 days at different temperatures. In addition to this, 4wt% maleated PP (MAPP)
binders were added to further improve the responses. It is observed that the yield
strength, tensile modulus, and fracture strain decrease with the increase in the ageing
temperature. However, composites that contained MAPP showed better responses
as witnessed in Fig. 3. Similar observations were made for reprocessed wood-fibre
composites with MAPP (Beg and Pickering 2008b). The decline in the properties was
much lesser for composites that were reprocessed repeatedly. Bio-nanocomposites
made from PLA, maleic anhydride (MA), microcrystalline cellulose (MCC) and
cellulose nanowhiskers (CNW) were severally affected by hygrothermal parameters
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Fig. 2 Variation in the a tensile strength and b tensile modulus of bamboo fibre/epoxy composites
with respect to different hygrothermal ageing parameters (Azwa and Yousif 2017). Where RT—
room temperature and HT—high temperature (80 °C)
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Fig. 3 Variation in the tensile properties of kraft fibre reinforced PP composites with respect to the
ageing temperature (Beg and Pickering 2008a)

(Aouat et al. 2019). It is seen that a small change in the ageing temperature can
degrade the composites much quickly. Fig. 4 depicts this variation. The evaluation of
the bulk mechanical properties of bio-based epichlorohydrin/cardanol adhesive was
carried out by Tzatzadakis and Tserpes (2020). The adhesives of these adhesives were
comparable to those of commercial structural adhesives. The materials were seen to
follow a nonlinear ductile behaviour. On hygrothermally ageing these samples at
70 °C and 85% relative humidity (RH) until saturation, the tensile properties of the
composites decreased by a considerable margin. The ageing period varied between
6 to 8 weeks. Once the ageing was complete, a decrease of 13.4 and 34.9% were
observed in Young’s modulus and tensile strength of the composites. However, the
fracture toughness, which is the deciding parameter on the suitability of an adhesive
decreased by only 3.2% during the entire ageing period.

It is seen that the adoption of post-curing methods like thermo-pressing can help
reduce the standard deviation of the mechanical properties of biocomposites (Cadu
etal. 2018). This helps with the reticulation of the resin and with the release of internal
stresses in biocomposites. In these methods, time and temperature play an important
role in determining the resulting properties. However, in most cases, the tempera-
ture applied will be much lesser than the processing temperature of the composites.
This renders post-curing duration as the deciding parameter. A higher post-curing
temperature and lesser post-curing duration can help maintain the average resul-
tant properties. However, a higher post-curing time is recommended to reduce the
standard deviation of the results to ensure repeatability.
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Fig. 4 Variation of Young’s modulus for PLA bio-nanocomposites for different hygrothermal
ageing temperatures and periods (Aouat et al. 2019)

4 Influence of Hygrothermal Ageing on the Compressive
Properties of Biocomposites

The compressive properties of hygrothermal biocomposites made from ammonium
dihydrogen phosphate (AHP), dead burned magnesia (MgQO), fly ash (FA), crush
corn stalk (CS), sodium triphosphate and borax were measured by Ahmad et al.
(2019). The composites contained 40 wt%, 33 wt% and 26 wt% of water respectively.
It is seen that the compressive strength of the composites increased as the water
content in them decreased irrespective of the extent of compaction of the constituent
materials. However, for a given concentration of water in the composite, higher levels
of compactness gave the best compression properties. Additionally, the moisture
uptake of the composites increased with the ageing time for upto 50 h irrespective
of the water content in them. Hemp concrete structures were subjected to extreme
accelerated conditions over a span of 40 days with successive immersion and drying
periods (Benmahiddine et al. 2020a). During this period, the immersion was carried
out for 48 h while the drying was carried out at 50 °C for 72 h. This type of ageing
can give a clear and more practical understanding of the extremes of the composites
when subjected to compressive loads. At the end of the ageing period, the weathered
hemp concrete structures were seen to lose about 51% of their initial compressive
strength.
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Recent studies by Kaur and Jayakumari (2017) evaluated the influence of
hygrothermal parameters on the compressive strength of bio-based epoxidized
cardanol/cenosphere syntactic foams. Under unaged conditions, the compressive
strength of the composites decreased with the increase in the concentration of the
nanoparticles. The hygrothermal effect on these materials maintained the same trend
while showing variations in terms of the type of media and temperature of ageing.
It is noticed that salt-water media improves the properties of composites with 20
and 30 wt% loading of particles. The variations in the compressive strength of the
composites with respect to different ageing media and temperatures are depicted in
Fig. 5.The compressive properties of concrete reinforced with flax shives subjected to
hygrothermal conditions were studied by Benmahiddine et al. (2020b). It is observed
that the compressive strength of the composites decreased with the increase in the
ratio of water to flax shives concentration. The same trend was observed with the
increase in the size of the flax shives. The variation in the compressive strengths
of these composites is depicted in Fig. 6. Similar observations were made for bio-
concrete composites consisting of magnesium phosphate cement (MPC) and ordinary
Portland cement (OPC) (Ahmad and Chen 2020). The composites with MPC exhib-
ited superior compressive properties as a result of the superior compatibility and
cohesion with the plant aggregates used in bio-concrete.
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Fig. 5 Variation of the compressive strength of bio-based epoxidized cardanol/cenosphere syntactic
foams with respect to different hygrothermal media and temperature (Kaur and Jayakumari 2017)
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Fig. 6 Variation of the compressive strength of green concrete reinforced with flax shives with
respect to the size and concentration of flax shives (Benmahiddine et al. 2020b)

5 Influence of Hygrothermal Ageing on the Flexural
Properties of Biocomposites

The flexural properties of biocomposites also showed similar variation in the prop-
erties like that of the tensile and compression tests. Studies on the flexural prop-
erties of various plant-based composites for maritime applications showed that the
flexural properties of glass/epoxy, glass/linseed oil and glass/castor oil composites
decreased with the increase in the ageing period (Valgma 2014; Malmstein et al.
2013). However, among these three composites, the glass/linseed oil composites were
seen to undergo the highest degradation in the flexural properties after the highest
hygrothermal ageing period as represented in Fig. 7. The poor bonding characteristics
and the lower glass transition temperature are believed to have contributed largely
to this variation. Similar observations were made for PP composites reinforced with
bamboo fibres were in the moisture uptake of the composites followed a Fickian-type
diffusion (Chunhong et al. 2016). However, when surface treatments such as alkali
and alkali-silane treatments were adopted for the composites, the properties varied. A
general observation states that the flexural strength of the composites improved with
these surface treatments with the highest improvement noted for alkali-silane treat-
ment. However, the flexural modulus of the alkali-treated variants had the least values
irrespective of the ageing period, while the alkali-silane treated variants possessed
the best flexural moduli.
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Fig. 7 Variation in the flexural properties of unaged and aged samples of glass/epoxy, glass/castor
oil and glass/linseed oil composites (Valgma 2014)

The flexural responses of hygrothermally-aged PP composites reinforced with flax
pulps and MAPP binders (E-43 and G-3003) were studied by Retegi et al. (2006). The
composites were soaked in distilled for a period of three months at different temper-
atures such as 30, 50, 70, and 100 °C after pre-drying them in a vacuum at 90 °C.
Irrespective of the ageing temperature, the composites that used the G-3003 binder
displayed higher flexural strength and modulus when compared to those that used
E-43 binders and those that used no binders. However, for a given ageing tempera-
ture the flexural strength of the composites increased for upto 4wt% loading of either
of the MAPPs. Flax fibre/bio-epoxy composites showed varied flexural responses
with respect to different hygrothermal ageing mechanisms (Moudood et al. 2019).
The different mechanisms included freeze/thaw cycles, humidity saturation, water
saturation, water-saturated and freeze/thaw, and water saturation and drying. Among
these mechanisms, the highest retention in the properties of the as-manufactured
variants was seen for composites that were water-saturated and then completely
dried. The highest decline in the properties was noticed for composites that were
simply water-saturated. Hybrid composites were made from jute and basalt fibres
were hygrothermally aged in a climate chamber to determine their flexural properties
based on their stacking sequences (Fiore et al. 2017). Among the two different modes
of stacking sequences (sandwich-model and intercalated-model), it is observed that
intercalated composites exhibited the highest flexural strengths which decreased as
the ageing period increased. This variation in the flexural properties of the compos-
ites is illustrated in Fig. 8. Flax/epoxy composites showed a similar variation where
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alarger dip in the properties was seen for composites exposed to 100% RH over 50%
RH (César dos Santos et al. 2020).

6 Influence of Hygrothermal Ageing on the Dynamical
Mechanical Properties of Biocomposites

Hygrothermally aged natural fibre reinforced composites made of flax and jute along
with epoxy resin were subjected to fatigue studies to determine their critical behaviour
(Bambach 2020). It is noted that, between flax and jute fibres, the latter absorbed
higher moisture content when subjected to similar conditions of hygrothermal ageing.
Both the composites showed an increasing moisture content as the ageing period was
increased. The stiffness of jute and flax fibre composite increased upto a load of 0.5
times their initial ultimate compressive stress (UCS) at 10° cycles. However, when
the number of cycles at 0.5 times the UCS was increased to 10, the stiffness reduced
to the degeneration and loss in properties of the fibres in the composite. Similar obser-
vations are recorded for the UCS of the structures under fatigue loading. However,
for jute composites, the properties declined after 0.4 times the UCS at 10* cycles. On
the other hand, the initial UCS of the composites decreased with the increase in the
hygrothermal ageing period. When similar composites were exposed to salt-fog envi-
ronments, the storage modulus and glass transition temperature decreased while the
loss factor increased (Fiore et al. 2020). However, the effects were more pronounced
for flax fibres and there was little to no influence of the salt-fog environment on
composites with an abundance of jute fibres indicating that the treatment was highly
dependent on the chemical properties of the medium under consideration. Though
hydrothermal ageing of flax/epoxy composites reduces the static properties of the
composites, they are seen to improve the fatigue responses of the composites (Jeannin
et al. 2019). The maximum stress of the fatigue tests remains the same as that of the
static tests and the other properties at high fatigue cycles also improve. However,
these properties can be further improved by incorporating coatings to reduce water
absorption.

Accelerated weathering studies on kenaf/sisal reinforced bio-epoxy showed that
the dynamical mechanical properties of the composites varied with respect to the
stacking sequence and weathering of the composites (Yorseng et al. 2020). The ageing
of the composites is seen to decrease the overall modulus of a given composite.
However, it effects of weathering vary in intensity as per the different stacking
sequences adopted for the composites which are indicated by the variation in the
storage modulus and loss modulus of the composites. Similar observations were
made for the mobility of the polymer chains in flax fibre/bio-based resin composites
which were subjected to hydrothermal ageing under dry and wet conditions (Kollia
etal.2020). The samples tested under dry conditions were seen to exhibit a better glass
transition and moduli at lower temperatures. Creep compliance studies on hygrother-
mally aged all-cellulose-composites (ACC) showed that the values increased with
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the increase in the RH and creep temperature (Sallesh 2017). The significant slippage
in the composites subjected to higher RH and temperatures were responsible for the
observed effect. The ACCs produced via NaOH/urea were seen to possess higher
creep compliance over those produced by BmimAc solvents.

7 Influence of Hygrothermal Ageing on the Impact
and Shear Responses of Biocomposites

Hygrothermal studies on carbon-fibre-reinforced rosin-based epoxy bio-composites
showed that these composites possess very good shear properties when compared
to regular carbon-fibre reinforced plastics (CFRPs) (Tserpes et al. 2019; Yang et al.
2020). The composites exhibited a decrease of only 4% in the inter-laminar shear
strength (ILSS) with respect to their unaged counterparts when aged at 70 °C and
85% RH until saturation. Similarly, flax/bio-epoxy composites showed varied shear
responses with the ageing temperature, RH and ageing period as shown in Benzarti
et al. (2018). The composites did not show any serious degradation when aged up to
a period of 3 months. After this period, a notable decrease in the global properties
is observed for specimens aged at 60 °C at 100% RH due to extensive moisture
absorption. Studies on the assessment of environmental resistance of flax/bio-epoxy
composites and flax/polyurethane composites showed that the shear deformation of
the composites was dependent on the overall moisture absorption of the composites
which increased with the ageing period (Cuinat-Guerraz et al. 2016). The observed
shear stress curves show two different modes of failure: interlaminar shear/tension
at lower values of moisture absorption and inelastic deformation at higher values of
moisture absorption. Additionally, among these two composites, flax/polyurethane
variants showed higher shear strength values at all ageing periods.

Biocomposites made from montmorillonite (OMMT) filled epoxy/acrylate epox-
idized palm oil (AEPO) and hybrid kenaf/glass fibres were experimentally charac-
terized for their mechanical strength (Mustapha 2019). The impact strength of these
composites was seen to improve with AEPO loading exhibiting a maximum incre-
ment of about 57% from the unreinforced variants. The moisture absorption studies
on these composites show that the properties of the composites varied due to the
hybridization of the kenaf and glass fibres in the matrix. PLA and composites of PLA
reinforced with untreated (AUL) and alkali-treated aligned long hemp (AAL) fibres
were hygrothermally aged to determine their impact strength (Islam and Pickering
2010). The samples were aged at different temperatures until their sorption satura-
tion limit was reached. The results reveal that the impact strength of PLA immensely
improved with the addition of the fibres. The largest increment was observed for
composites with the untreated hemp fibres. Additionally, the impact strength of a
given composite improved with the increase in the ageing temperature. Figure 9
represents the effect of the hygrothermal ageing temperature on the impact proper-
ties of the composites. Absorption of moisture caused swelling in the fibre surface,
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Fig. 9 Influence of hygrothermal parameters on the impact strength of PLA and hemp fibre/PLA
composites (Islam and Pickering 2010)

enhancing the frictional work of fibre pull-out from PLA matrix which increased the
impact strength. Similarly, due to the extent of swelling at higher temperatures, larger
frictional work is needed resulting in the observed impact strengths. Furthermore,
carbon fibre reinforced bio-epoxy composites revealed a decrease in the absorbed
impact energy as the hygrothermal ageing period was increased (Liu et al. 2018).
Additionally, the ballistic projectile was seen to rebound more in composites that
were aged for a longer period of time (>1500 h) but absorbed the least energy once
it is perforated.

8 Conclusions

In this chapter, a detailed and thorough description of hygrothermal ageing and its
effect on the mechanical properties of biocomposites is presented. It may be noticed
that biocomposites are severely affected by the variation in the hygrothermal ageing
parameters. The variation in the properties of biocomposites stems from the absorp-
tion of water by the composites which is governed by the ageing temperature, RH,
and ageing period. In addition to these parameters, the extent of moisture absorp-
tion is dependent on the internal material properties, the chemistry of the constituent
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materials, surface properties and other related parameters. Nevertheless, the mois-
ture absorption in composites can be restricted by several methods. Surface treat-
ment methods are one of the most applied methods that produce significantly better
results. This can be further complemented by the application of different coatings
that prevent the percolation of water into the matrix of the composites. Furthermore,
the use of high-performance additives and matrix materials can yield better interfa-
cial bonding and subsequent increment in the properties even when aged for longer
periods. Therefore, it may be concluded that hygrothermal ageing is a major contrib-
utor towards the variation of the properties of biocomposites and demands careful
assessment to promote and assure optimum functionality of biocomposites for the
intended application.
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Degradation Effects of Completely )
Biodegradable Composites to Moisture oo
Absorption and Water Aging

Emel Kuram

Abstract Employing of biodegradable polymers and reinforcements for the devel-
opment of composites is important for the reduction of environmental problems of
non-biodegradable and petro-based polymers. Completely biodegradable composites
(biocomposites, ecocomposites or green composites) are composed of natural fibers
and natural matrices or synthetic biodegradable matrices. Completely biodegradable
composites can replace synthetic fiber based composites due to excellent mechan-
ical properties, low cost and low density. However, biodegradable composites have
hydrophilic nature thus, tend to absorb a significant amount of moisture. Mechan-
ical properties of biodegradable composites immersed in water degrade over time
limiting the potential applications of these materials. Not only mechanical properties
of biodegradable composites but also dimensions of biodegradable composites are
affected by water content. Therefore, in this chapter, the works about processing,
applications and water aging of completely biodegradable polymer composites were
presented. Also, the results derived from literature studies after water aging of
completely biodegradable polymer composites were stated.

Keywords Biodegradable composite + Degradation - Moisture absorption + Water
aging

1 Introduction

Polymer matrices such as epoxy, polyester, vinyl ester are used for various struc-
tural applications due to good mechanical properties in comparison the biodegrad-
able polymers. However, these polymers are non-biodegradable, non-recyclable and
cause environmental problems. Therefore, using of biodegradable polymers for the
development of composites is important for the reduction of environmental problems
of non-biodegradable and petro-based polymers.
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Polymer composites are employed widely due to their corrosion resistance, ease
of manufacturing, lightweight, low cost and wear property (Ali et al. 2018). Auto-
mobile and composite industries seek alternative low cost lignocellulosic materials,
decreasing overall manufacturing cost and improving the properties of composites
(Syed et al. 2010). Natural fiber based composites replace synthetic fiber based
composites due to excellent mechanical properties, low cost and low density (Sature
and Mache 2017). Moreover, natural fibers are abundant, biodegradable, environ-
ment friendly, non-abrasive and non-hazardous to human health (Sature and Mache
2017; Mercy et al. 2020). However, natural fiber has hydrophilic nature thus, tends to
absorb a significant amount of moisture (Sature and Mache 2017) owing to its chem-
ical composition and porous structure (Hill et al. 2009). The existence of hydroxyl
and other polar groups in natural fiber is the reason for poor moisture resistance of
biocomposites (Singh et al. 2014). Natural fibers have been employed in building
components, interior panels in vehicles and packaging material (Syed et al. 2010).
Mechanical properties of natural fiber based composites degrade over a period of
time limiting the potential applications of these materials (Sature and Mache 2017).
Natural fiber based composites can be molded into boards, frames, gratings, pallets,
sheets, structural sections and some other shapes (Nair et al. 2014). Natural fiber
based composites can be utilized as a substitute for masonry, metal, timber or wood
for awnings, barricades, cubicles, facades, false ceiling, fences, flooring, kiosks,
prefabricated housing, roofing, sheds/shelters and wall tiles (Nair et al. 2014). It is
important to understand the characteristic and structure of fibers because fibers are
the main load-bearing constituent of biocomposites (Singh et al. 2014). Natural fibers
can be classified in accordance with the origin from where they are derived; these are:
animal, mineral and plant fibers (Singh et al. 2014). Plant fibers can be subdivided
into bast, leaf, seed and stalk fibers (Singh et al. 2014). The usage of mineral fibers
is very limited due to their carcinogenic effects (Singh et al. 2014). Classification of
natural fibers is given in Fig. 6.1.

Lignocellulosic fibers are employed as reinforcements in composite materials,
especially in the automotive, building and construction sectors (Shahzad and Isaac
2014). They possess some pros in comparison to synthetic fibers such as biodegrad-
ability, environmentally friendly and low cost (Shahzad and Isaac 2014). Ligno-
cellulosic polymer composites are employed in decks, roofs, siding and windows
where they are subjected to weathering, which can result in the changes of chem-
ical compositions and microstructure of these composites (Shahzad and Isaac 2014).
These changes can influence the service life of these composites negatively by altering
fatigue behaviour, impact resistance, modulus and strength (Shahzad and Isaac 2014).
Lignocellulosic fibers employed as reinforcements in composites are presented in
Table 6.1.
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Table 6.1 Lignocellulosic fibers employed as reinforcements in composites
Bast (stem) | Leaf fibers | Seed (hairs) | Stalk Fruit fibers | Wood fibers | Grasses and
fibers fibers fibers reeds
Cordia Abaca Baobab Bagasse Coconut Hardwood | Alpha
Flax (Manila Coir Bamboo | Oil palm Softwood Bagasse
Hemp hemp) Cotton Banana Bamboo
Indian African Kapok stalk Barley
mallow palm Milkweed | Cork stalk Canary
Jute Agaves grass
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Nettle Curaua grass
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Ramie Henequen Oat
Roselle Isora Palm
Sunhemp | New Rape
Urena Zealand flax Reed
Pine Rice
Pineapple Rye
Raffia Seaweeds
Sisal Wheat




88 E. Kuram

2 Biodegradable Polymers and Composites

Biodegradable polymers can be classified by four categories depending on the origin
(Avérous 2004):

e Agro-polymers from agro-resources such as cellulose and starch

e Polymers achieved by microbial production such as polyhydroxyalkanoates

e Chemically synthesized polymers from monomers obtained from agro-resources
such as poly(lactic acid)

e Chemically synthesized polymers from monomers.

Based on the kind of polymers, biocomposites can be divided into two categories:
partially (non-biodegradable polymers + natural fibers) and completely (biodegrad-
able polymers + natural fibers) biodegradable composites. Partially biodegradable
composites are developed from mixing of traditional petro-based non-biodegradable
polymers such as epoxy, polyester, polyethylene (PE), polypropylene (PP) and
polystyrene (PS) with natural fibers. Completely biodegradable composites (biocom-
posites, ecocomposites or green composites) are composed of natural fibers and
natural matrices or synthetic biodegradable matrices such as poly(lactic acid) (PLA).
They are completely degradable, eco-friendly, sustainable (Nair et al. 2014), more
environmentally friendly and they possess lower carbon dioxide (CO,) footprint
(Farag 2017). They come directly from the earth and they can go back into the
earth and composted in organic soil with no waste when they are disposed after
being employed (Nair et al. 2014). Completely biodegradable composites can be
developed by employing the traditional fabricating methods including compounding,
compression molding, extrusion, filament winding, hand layup, injection molding
and mixing, that have been used for composites made from synthetic fibers and
synthetic polymers (Farag 2017).

Green composites can be employed for furniture (i.e. cubicles, desks and tables),
housing panels (i.e. floors and walls), packaging applications, sport equipments (i.e.
skateboards and tennis racquets), transportation panels (i.e. airplanes and car parts)
and in mass-produced consumer products for short time usage before disposal (Nair
et al. 2014). Completely biodegradable polyhydroxyalkanoate (PHA) based wood
plastic composites are employed in applications from decking to furniture (Chan
et al. 2020).

2.1 Biodegradable Matrices

Completely biodegradable matrices such as poly(e-caprolactone) (PCL), polygly-
colic acid, PHA, polyhydroxybutyrate (PHB), PLA, polyvinyl alcohol (PVA) and
polyvinyl acetate, which are synthetic as well as cellulose, chitin, collagen/gelatin,
lignin, polysaccharides and starch, which are natural, have been used.
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The most abundant natural polymer is cellulose. Cellulose is found in plants in the
form of microfibrils, building up the strong framework in the cell walls (Géspar et al.
2005). Cellulose is utilized as either matrix or reinforcement. Moisture sensitivity of
cellulose based materials limits the use of these materials for packaging applications
(Gabr et al. 2013). But cellulose is less hydrophilic than starch (Farag 2017).

Poly(butylene succinate) (PBS) presents more advantages than that of PLA, such
as better thermal stability and higher impact resistance (Kim et al. 2005; Petchwattana
et al. 2016). PBS is an aliphatic thermoplastic polyester having biodegradability,
good mechanical properties and low processing temperature (Liu et al. 2009). It is
synthesized by the reaction of the glycol 1,4-butanediol and the aliphatic succinic
acid (Kim et al. 2005). The degradation of PBS occurs by hydrolysis (Wang et al.
2009; Thirmizir et al. 2011). PBS can be used in disposable cups and plates, landfill
covers, low stress bearing applications and packaging films (Lee et al. 2013).

PCL is a chemically synthesized polymer and it is not found in nature (Géspar et al.
2005). However, PCL is a completely biocompatible, biodegradable and nontoxic
to living organisms and possesses good resistance to oil, solvent and water (Malik
et al. 2018). PCL based completely biodegradable materials have been utilized in
different applications such as automobiles, biomedical area, drug delivery and food
packaging (Malik et al. 2018).

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is biocompatible and
biodegradable polymer obtained naturally by bacteria (Mazur and Kuciel 2019).
Complexity, high cost of fabrication in comparison to petroleum based composites,
low impact toughness and slow crystallization of PHBV limit its usage (Mazur and
Kuciel 2019). It was reported that density, tensile strength, Young’s modulus and
strain at break of PHBV biopolymer were 1.25 g/cm3, 23 MPa, 0.5 GPa and 35%,
respectively (Hossain et al. 2011).

PLA is a transparent thermoplastic made from agricultural resources and has easy
processing, high strength and stiffness (Adesina et al. 2019). It was reported that its
tensile strength, Young’s modulus and strain at break were 65 + 1 MPa, 3.8 0.1 GPa
and 4.2 + 0.6%, respectively (Regazzi et al. 2016a). PLA is the most extensively
employed biodegradable polymer (Wu 2015; Adesina et al. 2019) in the various
industries such as automotive, biomedical, packaging, pharmaceutical, textile and
tissue engineering (Adesina et al. 2019). PLA is derived from cornstarch, potato and
sugarcane (Betancourt and Cree 2017). Notwithstanding these advantages of PLA,
major drawback is water barrier properties (Adesina et al. 2019). To overcome this
limitation, researchers adopt to blend PLA with natural filler.

Starch is a natural carbohydrate (Farag 2017), is one of the most abundant renew-
able polymers (biopolymer) of D-glucose and occurs as water-insoluble granules
in the nature (Roy et al. 2011). Corn, potato, rice, tapioca and wheat are the most
important sources of starch (Alvarez and Vazquez 2004; Roy et al. 2011). The avail-
ability of starch is second after cellulose in the nature (Roy et al. 2011). Starch
consists of highly branched amylopectin and linear amylose molecules, with some
minor components such as lipid and protein (Roy et al. 2011). In general, corn starch
composes of 20-30% amylose and 70-80% amylopectin (Géspadr et al. 2005). Starch
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is completely biodegradable and allows the development of completely biodegrad-
able composites, reducing global warming (Roy et al. 2011) and has low cost (Farag
2017; Saleh et al. 2017). However, it has some limitations such as poor mechanical
properties and a strong hydrophilic nature (water sensitive) (Alvarez and Vazquez
2004; Nair et al. 2014; Saleh et al. 2017). Therefore, starch is usually mixed with
other components (Nair et al. 2014; Saleh et al. 2017) and incorporation of fillers
is an efficient way for reducing its moisture sensitivity thus enhancing mechanical
properties (Wan et al. 2009). Starch has been widely employed in textile industry
(Shi and Wang 2017). Thermoplastic starch can be processed either by film casting
or melt compounding (Farag 2017). Melt compounding consists of extruding and/or
hot pressing of plasticized starch, whereas film casting involves pouring a heated
water solution of the plasticized starch into mold (Farag 2017).

2.2 Biodegradable Reinforcements

Bacterial cellulose fibers are employed as biodegradable reinforcement (Wan et al.
2009). Bacterial cellulose has been extensively employed in acoustic diaphragms
for audio speakers or headphones, for strong paper and medical applications such as
artificial blood vessel, artificial skin, tissue engineering scaffold and wound dressing
(Fontana et al. 1997; Wan et al. 2006, 2007; Czaja et al. 2007).

Basalt fiber is an igneous rack which can be melted and drawn into continuous
filaments (Mazur and Kuciel 2019). It has better mechanical properties than glass
fiber (Mazur and Kuciel 2019). It can replace with carbon fiber because of its chemical
resistance, high resistance and thermal strength (Mazur and Kuciel 2019). Therefore,
it fills the gap between carbon fiber and glass fiber (Mazur and Kuciel 2019).

Eggshell is a source of calcium carbonate (CaCO3) as it contains 96-97% of
CaCOj and 3—4% of membrane (Cree and Rutter 2015).

Flax fiber has higher mechanical properties in comparison to most other natural
fibers (Radkar et al. 2019). It was reported that its density, tensile strength, Young’s
modulus and strain at break were 1.4—1.5 g/cm3, 750 + 490 MPa, 36 £ 13 GPa and
3.0 £ 1.9%, respectively (Regazzi et al. 2016a). But, one of the disadvantages of
flax fiber is its hydrophilicity nature, limiting the use of it in structural applications
(Radkar et al. 2019), in marine industry and for outdoor construction (Zivkovié et al.
2017).

Jute fiber was also employed to develop completely biodegradable composites.
It was reported that density, tensile strength, Young’s modulus, strain at break and
moisture absorption of jute fiber were 1.4 g/cm?, 450-550 MPa, 0.30-0.78 GPa,
0.8-2.0% and 13%, respectively (Hossain et al. 2011).

Kenaf fiber is cheap and encouraging material for addition in completely
biodegradable composites however its hydrophilic nature causes higher moisture
absorption of composites (Lee et al. 2013).

Zein is the major storage protein in the corn endosperm and it is extracted from
corn gluten by physical means; therefore, it is completely natural (Géspar et al. 2005).
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2.3 Preparation of Biodegradable Composites

Biodegradable polymers have high cost; therefore, natural fibers are added to
diminish the cost (Lee et al. 2013).

Bacterial cellulose fibers were added to wheat starch plasticised with glycerol via
asolution impregnation method. Glycerin (30% w/w) and starch were blended before
the incorporation of water. Glycerol and starch solution was stirred at the temperature
of 80 °C for 30 min. pH of solution was hold at 3—4 and the concentration changed
from 10 to 20 (w/v)% (Wan et al. 2009).

Completely biodegradable composites from cellulose and laponite clay
(hydrophilic bentonite, HyAl,O¢Si) were developed (Gabr et al. 2013). Clays with
various ratios of 2.5, 5, 7.5, 10, 30 and 50 wt% were dispersed in water by agitation
(Gabr et al. 2013). Cellulose was diluted with water at fiber amount of 0.2% then
mixed with the clay solution (Gabr et al. 2013). Mixture was homogenized employing
homogenizer for 1 h then stirred for 2 days with magnetic stirrer at room temperature
(Gabr et al. 2013). Vacuum pump was used to filter the mixture for 1 day (Gabr et al.
2013).

Completely biodegradable composites from commercial blend based on about 38
wt% of cellulose, 38 wt% of starch and 22 wt% of additives and sisal fiber (5, 10
and 15 wt%) with a diameter of 0.3 £ 0.05 mm and length of 7.2 + 0.6 mm were
prepared by injection molding machine without previous blending to preserve the
diameter and length of fiber (Alvarez and Vazquez 2004).

Composites from PBS and kenaf fiber (30 vol%) were prepared employing a twin
screw counter rotating extruder at the screw speed of 50 rpm and the temperatures
of 110-130 °C (Lee et al. 2013). Kenaf fiber was fed with the side feeder (Lee et al.
2013).

Biodegradable PBS and Burma Padauk (Pterocarpus macrocarpus) sawdust from
0 to 30 wt% were blended by a twin screw extruder at a temperature range of 140 to
160 °C and at a screw speed of 80 rpm (Petchwattana et al. 2017).

PCL as a matrix and hemp fiber with varying aspect ratios (19, 26, 30 and 38) as
reinforcement were used to prepare biodegradable composites employing twin screw
extruder (Diameter (D) = 20 mm, Length (L) = 900 mm) (Dhakal et al. 2018).

PHBY reinforced with 7.5 or 15 wt% basalt or wood fiber biodegradable compos-
ites were manufactured by a co-rotating twin screw extruder (Mazur and Kuciel
2019).

PHBYV biopolymer, jute fabric and clay were employed as matrix, reinforcement
and filler, respectively (Hossain et al. 2011). PHBV granules were dissolved into
chloroform at 1:8 ratio and magnetically stirred for 4 h (Hossain et al. 2011). Clay
was infused into biopolymer employing solution intercalation technique (Hossain
etal. 2011). PHBV granules were dissolved into chloroform with/without clay and
stirred for 6 h (Hossain et al. 2011).

Unstabilised PHBV (a common copolymer of PHA) and 50 wt% Pinus radiata
wood flour were blended with a twin screw extruder (Chan et al. 2020).
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Maleic-anhydride-grafted PLA (PLA-g-MA) and spent coffee grounds with and
without treated (cross-linked) were blended with a mixer at 170—180 °C for 15 min
at the speed of 50 rpm (Wu 2015). Spent coffee grounds and treated spent coffee
grounds contents in composites were 10, 20, 30 and 40 wt% (Wu 2015).

Flax (20 wt% or 16 vol%) and PLA were compounded in a single screw extruder
at 175, 180, 185, 185 °C and at 20 rpm (Le Duigou et al. 2014).

100% biodegradable composites of flax/PLA were made with a corotative twin
screw extruder (screw length = 900 mm) at the temperature of 180 °C and flax weight
contents in composites were 10 and 30% (Regazzi et al. 2016a, b).

Flax or hydroxyapatite (HA) fiber reinforced PLA was compounded employing
a mixer (Khalili et al. 2019). PLA and HA (20, 30 and 40 wt%) were mixed at the
temperature of 190 °C, speed of 200 rpm for 20 min (Khalili et al. 2019).

A completely biodegradable composite was developed with hemp fiber and PLA
(polymerized corn starch) (Smoca 2019).

PLA and jute fiber (10 wt%) were compounded with co-rotating twin screw
extruder (screw diameter (D) = 27 mm, screw speed = 100 rpm and length to
diameter ratio = 40) at the temperatures of 160, 165, 165, 170, 170, 165 and 160 °C
from feed zone to exit die (Jiang et al. 2019).

PLA and limestone or white chicken eggshell powders with particle size of 32
and 63 pm in amount of 5, 10 and 20 wt% were mixed by melt blending in a twin
screw extruder at a temperature of 175 °C (Betancourt and Cree 2017).

Composites from PLA and kenaf fiber (10, 20, 30 and 40 wt%) were compounded
by a mixer at 190 °C for 15 min with a speed of 50 rpm (Taib et al. 2010). PLA was
plasticized with 10 wt% of polyethylene glycol (PEG) and denoted as matrix (Taib
et al. 2010).

70 g corn starch, 30 g glycerol and 10 g additive were mixed to develop completely
biodegradable composite (Gaspar et al. 2005).

Ramirez et al. (2011) prepared biodegradable composites depended on thermo-
plastic cassava starch and various content (5, 10, 15, 20, 25 and 30 wt%) of green
coconut fiber. Cassava starch was blended with 30 wt% glycerol, following by
blending of coconut fiber with the blend of glycerol and starch in a mixer for 1 min
(Ramirez et al. 2011).

Corn starch (with 76% amylopectin and 24% amylose and had particle size
between 4.9 and 33 pm with a mean of 16 pum) and 20, 50 and 70 wt% date palm (with
chemical composition of 57.06, 16.97, 13.09 and 12.88 wt% for cellulose, hemicellu-
lose, lignin and dissolved materials (pectin and wax), respectively) composites were
prepared (Saleh et al. 2017).

Starch films with nanocrystals were fabricated by suspending 0.18 g of eucalyptus,
oat or rice nanocrystals in 50 mL of distilled water and stirring at 15,500 rpm for
5 min (Bruni et al. 2020). These solutions were mixed into the glycerol and starch
solutions and stirred at 11,000 rpm for 2 min (Bruni et al. 2020). Then these solutions
heated up to 90 °C, hold at 90 °C for 30 min and stirred at 11,000 rpm for 5 min
(Bruni et al. 2020). Finally, biocomposite films were poured into acrylic plates and
dried in an oven at 35 °C for 24 h (Bruni et al. 2020).
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Biomimetic laminated board made of starch/maize stalk fiber could be employed
as biodegradable material owing to biodegradability, easy processability, low cost
and non-polluting (Zhang et al. 2009). Cross-linking starch/maize stalk fiber-single
layer jute fiber reinforced maize stalk fiber board, dual layer jute fiber reinforced
maize stalk fiber board, jute fiber reinforced maize stalk fiber board were achieved in
accordance with formulation of cross-linking maize starch adhesive and fabrication
process of composite material (Fu et al. 2015).

Starch was mixed with glycerol, oil-flax, sorbitol and urea via a single screw
extruder to solve low mechanical properties and poor water resistance of starch (Shi
and Wang 2017).

3 Moisture Absorption and Water Aging

To compute moisture absorption and thickness swelling of biodegradable composites
following procedure is implemented: The initial weight or thickness of sample is
measured then, sample is kept in water bath and is taken out after certain time of
immersion. Water on the surface of sample is wiped off and weight or thickness after
immersion is measured.

The percentage of moisture absorption is computed by Eq. (6.1).

6.1)

WI_WO
W =100 x { ————

0

where W denotes the percentage of moisture absorption or relative weight change,
W, is the weight of the immersed specimen at the time of t, Wy, is the initial weight
before water aging (unaged specimen) and t is the aging time.

The percentage of thickness swelling is computed by Eq. (6.2).

T, - T
T =100 (~— (6.2)

0

where T is the percentage of thickness swelling, T, is the thickness at the time of t
and Ty is the initial thickness before water aging.

Polymer composites absorb moisture when subjected to humid environment or
when aged in water (Shahzad and Isaac 2014). Moisture absorption of compos-
ites is important when they are used for invasive, long-term medical applications
(Onal et al. 2008). Moisture absorption of composites bases on exposure time,
filler content, nature of filler/reinforcement, orientation of reinforcement, relative
humidity (RH) and temperature (Shahzad and Isaac 2014; Chethana et al. 2015;
Adesina et al. 2019) but is not dependent on the amount of water around the compos-
ites (Chethana et al. 2015). Chain scission, fiber and matrix swelling, fiber-resin
debonding and matrix cracking are typical results of moisture absorption (Shahzad
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and Isaac 2014). Three different mechanisms can explain the moisture uptake charac-
teristic of polymer composites (Singh et al. 2014). The main mechanism for moisture
penetration into composite materials is diffusion of water molecules inside the fiber
and matrix (Shahzad and Isaac 2014). The other mechanisms are capillary transport
of water molecules into the flaws and gaps along the fiber/matrix interface, occurring
owing to the poor wettability and impregnation (Shahzad and Isaac 2014; Singh et al.
2014), followed by diffusion from the interface into the fiber and resin and transport
by micro cracks (Shahzad and Isaac 2014). The rate at which a composite subjected
to moisture uptake decreases with time until eventually the liquid amount reaches an
equilibrium (saturation) level (Shahzad and Isaac 2014).

Based on the mechanisms, the moisture sorption of fiber reinforced polymers can
be categorized into five different kinds (Singh et al. 2014).

Linear Fickian (Moisture weight gains gradually then reach an equilibrium state)
Pseudo-Fickian (Moisture weight gains never reach an equilibrium state)

Two stage diffusion (Moisture weight gains jump abruptly)

Rapid moisture weight gain owing to fiber/matrix debonding and matrix
debonding

e Reducing trend of moisture weight gains after initial take off.

To determine diffusion mechanisms, the kinetics of water absorption can be carried
out by fitting the experimental data by Eq. (6.3): (Petchwattana et al. 2017).

M,
Mo

= kt" (6.3)
Equation (6.3) can be rewritten in log form:

M,
1ogM—’ = logk + nlogt (6.4)

[ee]

where M, and M, are the moisture (water) amount at time t and at equilibrium,
respectively. k and n are the kinetic constants, computing from the slope and intercept
of the log plot of M{/M, versus time (Petchwattana et al. 2017). n value bases on
absorption mechanism (Petchwattana et al. 2017). n value is 0.5 (n = 0.5) for Fickian
diffusion, n is smaller than 0.5 (n < 0.5) for pseudo-Fickian, n is higher than 0.5 (n
> 0.5) for relaxation controlled and n is between 0.5 and 1.0 (0.5 < n < 1.0) for
anomalous transport (Petchwattana et al. 2017).

In Fickian diffusion, the absorbed water increases linearly with the square root of
time, then slows and reaches an equilibrium plateau, i.e. saturation (Kuram 2019).
Fickian law is generally employed for estimating the diffusion coefficient and it is
assumed that temperature and moisture are uniform throughout the volume (Gram-
matikos et al. 2015). Fick’s transient equation is written as follows: (Grammatikos
et al. 2015).
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9z 9%C
—=D— 6.5

ot 972 ©5)
where z is the distance into the thickness (h) from an aged surface, C is the water
concentration and D is the diffusivity or diffusion coefficient.

Theoretically, moisture absorption in polymer composites can be described by
Fick’s second law of diffusion, given by: (Crank 1975; Wan et al. 2009).

Mw 7= Qn+1)?

M g8 & 1 —D(@2n + 1)*xn?
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where M; and M, are the moisture amount at time t and at equilibrium, respectively.
D is the diffusion coefficient, h is the thickness of specimen and n is the summation
index.

At the initial sorption ((Mi;) < 0.6), Eq. (6.6) can be reduced to:

1/2
M, _ 4 (Dt) 67
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For (%) > 0.6, Eq. (6.6) can be reduced to (Shen and Springer 1976):

M, D\ 075
[y 1 —exp| —7.3 n (6.8)

Equation (6.7) can be rewritten as:

M, = kt'/? (6.9)

t1/2

where k is the slope of M; versus curve and k can be written as:

4My, ( D\'?
k= TOO<;> (6.10)

D is computed with the following formula:

D = ho\ (M= My 6.11
_”<4Moo> (ﬁ—ﬁ) el

Moisture may be available in lignocellulosic fibers in the cell voids or lumina (free
water) and adsorbed to the cellulose and hemicellulose in the cell wall (bound water)
(Shahzad and Isaac 2014). Free water is available when all areas for the adsorption of
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bound water in the cell wall are filled (Shahzad and Isaac 2014). This point is named
as fiber saturation point and all water added to fiber after fiber saturation point exists
as free water (Shahzad and Isaac 2014). Therefore, total moisture amount is the sum
of bound and free water (Shahzad and Isaac 2014).

Cellulose fiber is hygroscopic because polymers that consist of cellulose and
hemicellulose are rich in hydroxyl groups that are responsible for moisture absorp-
tion through hydrogen bonding (Shahzad and Isaac 2014). Though cellulose and
hemicellulose are hydrophilic, lignin is hydrophobic (Shahzad and Isaac 2014). This
implies that cell walls have a large affinity for water, however the water absorption
capability of walls is limited to some extent by the existence of lignin (Shahzad and
Isaac 2014).

When cellulose fiber is subjected to moisture, hydrogen bonds form between the
hydroxyl groups of cellulose molecules and water (Shahzad and Isaac 2014). The
first molecules may be taken by the hydrophilic groups of fiber and form a strong
hydrogen bond (Shahzad and Isaac 2014). Other water molecules are attracted either
to other hydrophilic groups or they can form further layers on top of water molecules
absorbed by weaker hydrogen bonding (Shahzad and Isaac 2014). Hence cellulose
fiber absorbs and desorbs moisture from the atmosphere till they reach the equilibrium
step (Shahzad and Isaac 2014).

Cellulose fiber swells when moisture is absorbed and shrinks when moisture is
desorbed, but it is water presence in cell walls (bound water) that is responsible for
dimensional change (Shahzad and Isaac 2014). When water is added to cell wall, the
increment in fiber volume is about proportional to volume of added water (Shahzad
and Isaac 2014). Swelling of fiber proceeds till cell walls reach fiber saturation point,
however water absorption above fiber saturation point is free water in lumina, which
does not contribute to further swelling (Shahzad and Isaac 2014). This process is
reversible, fiber shrinks when it loses moisture below fiber saturation point (Shahzad
and Isaac 2014). Amorphous regions of cellulose, where hydroxyl groups are more
accessible to water, contribute more swelling than the crystalline regions, where only
crystallite surfaces are present for water uptake (Shahzad and Isaac 2014). Therefore,
increment in crystallinity of fiber decreases its swelling capacity (Shahzad and Isaac
2014). Reduction in the amount of hydrophilic hemicellulose decreases swelling
capacity of fiber (Shahzad and Isaac 2014). In lignocellulosic fibers, swelling of
fibers as a result of moisture uptake influences dimensional stability and weakens
fiber/matrix interface bonding, causing negative effects on the mechanical properties
(Shahzad and Isaac 2014).

The most important kind of chemical degradation mechanism in the polymer
matrix is hydrolysis, in which ions (H*, H30"™ or OH™) or water attack chemical
groups in the matrix (Shahzad and Isaac 2014). The other kind of chemical degra-
dation mechanism in the polymer matrix is oxidation with acids such as nitric and
sulfuric or oxidizing agents such as hypochlorites and peroxides (Shahzad and Isaac
2014).

Another important effect of moisture sorption on the polymer matrix is plasticiza-
tion (Shahzad and Isaac 2014). Small solute molecules cause a disruption of inter-
molecular bond between polymer chains, allowing easier chain movement, resulting
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a drop in the glass transition temperature (T,) of the polymer (Shahzad and Isaac
2014). Plasticization can result in a reduction in stiffness, increment in creep rate
and increment in diffusion coefficient (Shahzad and Isaac 2014).

Natural fibers are sensitive to moisture and their long-term performance (Ali et al.
2018; Radkar et al. 2019) and mechanical properties (Radkar et al. 2019) are affected
by water content, reacting as a plasticizer (Radkar et al. 2019). Also, this nature of
natural fibers causes dimensional change and warping (Farag 2017).

In general, the moisture absorption curves achieved for composites can be divided
into three zones. The initial zone represents the bound water, including hydrogen
bonded water and monolayer water that is absorbed by the hydrophilic and polar
groups of polymers (Chethana et al. 2015). In the second zone, water molecules
present in small capillaries (Chethana et al. 2015). In the third zone, relative humidity
is very high (Chethana et al. 2015).

Hydrolysis, plasticizing and swelling may occur during hygrothermal aging
(combination of heat and moisture) (Spiridon et al. 2015). There are three paths
for water absorption in plant fiber reinforced composites (Robert et al. 2010):

e Transportation by lumens in the plant fiber
e Capillary transport along the interface between matrix and fiber
e Diffusion of water molecules through matrix.

Moisture can break the bond between fiber and matrix, causing a poor interface,
and moisture uptake can result in different swelling, developing stress that can lead
matrix fracture (Almgren et al. 2009).

Moisture sorption of bacterial cellulose fiber reinforced starch biocomposites
under 75% RH at 25 °C was determined (Wan et al. 2009). Moisture absorption
mechanism of bacterial cellulose fiber reinforced starch biocomposites was found to
follow a Fickian diffusion mode (Wan et al. 2009). The moisture absorption of the
composites increased linearly with t'/2 in the initial step, then increasing rate slowed
down and finally led to a plateau (Wan et al. 2009). M, decreased with increasing
bacterial cellulose content and water absorption of 12.23 wt% was found for bacterial
cellulose/starch composite containing 22% of bacterial cellulose (Wan et al. 2009).
D and k values decreased with increasing bacterial cellulose fiber loading and D
value decreased from 0.96 to 0.56 x 10 mm? s~! with an increment of bacterial
cellulose in the starch matrix from 7.8 to 22.0 wt% (Wan et al. 2009).

Completely biodegradable composites from cellulose and clay were hold at 95%
RH for 48 h (Gabr et al. 2013). A decrement in hydrophilicity was found for cellulose
after blending with clay, irrespective of the clay content (Gabr et al. 2013).

Completely biodegradable composites from cellulose, starch, additives and sisal
fiber were immersed in distilled water at the temperature of 5, 25 and 60 °C (Alvarez
and Vazquez 2004). Samples were removed from water bath at various times and
dried with an absorbent paper (Alvarez and Vazquez 2004). Thickness of the samples
with different fiber content and temperature is presented in Table 6.2. At temperatures
of 5 and 25 °C, weight increased with aging time (Table 6.3) (Alvarez and Vizquez
2004). At temperature of 60 °C, weight increased and after a maximum weight was
achieved, a loss of mass occurred (Table 6.3) owing to the extraction of additives
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Table 6.2 Thickness of the samples with different fiber content and temperature (Alvarez and

Vazquez 2004)

Temperature (°C)

Cellulose,
starch, additives
blends

Composites of
cellulose, starch,
additives blends
and 5 wt% sisal
fiber

Composites of
cellulose, starch,
additives blends
and 10 wt% sisal
fiber

Composites of
cellulose, starch,
additives blends
and 15 wt% sisal
fiber

Initial | Final |Initial | Final Initial | Final Initial | Final
5 32 3.48 3.12 3.38 3.12 3.37 3.12 3.35
25 32 3.66 3.12 3.54 3.12 3.53 3.12 3.51
60 32 3.39 3.12 3.28 3.12 3.29 3.12 3.32

Table 6.3 Effective diffusion coefficients (Degr) for short times and longer times and maximum
relative water uptake (Mpax) (Alvarez and Vazquez 2004)

Sisal fiber (wt%) | Temperature (°C) | Degt for short times | Degr for longer times | Mpax (%)
(mm?/s) (mm?/s)

0 5 14x10°+1x [1.6x10°+1 x 2324023
1077 1077

5 22x10°9+4x [29x10°+4 x 18.8 £ 0.6
10”7 107

10 26x10°+3x [33x10°+4 x 180+1.2
107 107

15 30x10°0+1x [44x10°+3x 182+ 0.1
1077 1077

0 25 34x10°+3 x [41x10°9+5x 26.1+0.8
1077 1077

5 52x10°+1x [88x10°+2x 19.1+1.9
1076 1076

10 58x10°0+2x |73 x10°+3 x 215+3.8
1076 1076

15 5x10°+9 x 7.0 x 1070 £2 x 21.6 + 3.0
1077 10°°

0 60 17x10°+8x [1.5%x10°+2x 71.6+ 1.0
1077 10°°

5 19x10°+2x [20x10°+2x 63.8+1.5
1076 1075

10 22x10°+£2x  [3.6x10° +3 x 46.1+£2.5
1076 1076

15 22x 107 +5x [42x 1070 +4 x 393425
10°¢ 1076
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or soluble materials facilitated by plasticized matrix (Alvarez and Vazquez 2004).
Diffusion coefficients increased with temperature indicating that it was activated by
temperature, because matrix showed more flexibility and water acted as a plasticizer
(Alvarez and Vazquez 2004). As soluble material was extracted, water absorption
started to drop (Alvarez and Vazquez 2004).

Composites from PBS and kenaf fiber were immersed in distilled water for 60 days
(Lee et al. 2013). The moisture uptake increased with the square root of time (Lee
et al. 2013). Water absorption took place in the first 100 h (Lee et al. 2013). When
the specimens reached saturation, the rate of absorption slowed down and finally
reached equilibrium, showing that absorption curve followed Fick’s second law (Lee
et al. 2013). Higher water diffusion was seen in the composite owing to the water
absorption tendency of kenaf fiber (Lee et al. 2013).

PBS and Padauk sawdust from 0 to 30 wt% composites were immersed in distilled
water for 90 days (Petchwattana et al. 2017). Water sorption increased based on
Padauk wood fiber loading (Petchwattana et al. 2017). Water absorption of PBS
with 10 and 20 wt% wood gave single step and reached a plateau at about 400-450 h
(Petchwattana et al. 2017). Maximum water absorption values of PBS with 10 and 20
wt% wood were 1.4 and 2.2%, respectively (Petchwattana et al. 2017). Incorporation
of 30 wt% wood into PBS caused double steps of absorption (Petchwattana et al.
2017). The first one formed from 0 to 500 h which was same behaviour in PBS with
10 and 20 wt% sawdust (Petchwattana et al. 2017). After this point, it reached the first
plateau from 500 to 900 h (Petchwattana et al. 2017). It absorbed water at much slower
rate from 900 to 1,800 h prior to reaching the second plateau at about 4.5% absorption
(Petchwattana et al. 2017). PBS/Padauk sawdust composites followed Fick’s law of
diffusion, whereas diffusion coefficient increased with wood amount (Petchwattana
et al. 2017). This indicated that higher amount of water molecules could diffuse to
the composites with higher amount of hydrophilic wood flour (Petchwattana et al.
2017). Maximum water sorption of about 4.5% was found at sawdust of 30 wt%
(Petchwattana et al. 2017).

Hemp fiber/PCL biocomposites were immersed in a de-ionised water bath at
25 °C until near saturation of samples (Dhakal et al. 2018). All samples showed
three distinct zones (Dhakal et al. 2018). At zone 1, (t < 15.5 h!/?), kinetic of mois-
ture absorption was very fast (Dhakal et al. 2018). At zone 2, (t > 15.5-21.9 h'/?),
kinetic of moisture absorption was slow, while at zone 3, (t > 21.9 h'?), kinetic of
moisture absorption was slow, reaching to a plateau (equilibrium moisture uptake)
(Dhakal et al. 2018). It was found that the quantity and rate of moisture uptake of
hemp fiber/PCL biocomposites increased with aspect ratios of hemp fiber, following
Fickian behaviour (Dhakal et al. 2018). The hydrophobic and hydrophilic natures
of PCL and hemp fiber caused the difference in the molecular interphase (Dhakal
et al. 2018). Thus, the adhesion between polymer matrix and fiber became weaker,
resulting increment in water ingression (Dhakal et al. 2018).

PHBY reinforced with 7.5 or 15 wt% basalt or wood fiber biodegradable compos-
ites were immersed in saline solution (2% by weight salt) at 40 °C for 1, 7, 21 and
28 days to simulate human body environment (Mazur and Kuciel 2019). Remaining
water on the surface of samples was wiped with a tissue paper and specimens weighed
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(Mazur and Kuciel 2019). The incorporation of basalt and wood fiber caused an
increment in water uptake (Mazur and Kuciel 2019). Composites with wood fiber
had a higher water absorption tendency (Mazur and Kuciel 2019). The highest water
absorption rate (4.68 x 10~'® m?/s) was observed for 15 wt% wood fiber reinforced
PHBYV composite (Mazur and Kuciel 2019). Though basalt fiber does not absorb
water, it causes empty spaces between fiber and matrix, which creates microchannels
accelerating water absorption (Mazur and Kuciel 2019). PHBV reinforced with 15
wt% basalt fiber biodegradable composite gave higher water absorption than PHBV
reinforced with 7.5 wt% basalt fiber biodegradable composite owing to increasing
cracks and microchannels (Mazur and Kuciel 2019).

Jute fiber reinforced PHBV composites were placed in distilled water (Hossain
et al. 2011). When aging time increased, moisture absorption amount increased
(Hossain et al. 2011). After 20 days of aging, there was no important change in
moisture absorption and specimens almost saturated (Hossain et al. 2011). Moisture
absorption results are given in Table 6.4 (Hossain et al. 2011). Moisture absorption
amount of untreated jute fiber PHBV composites was found to be higher in compar-
ison to treated jute fiber PHBV composites (Hossain et al. 2011). Clay infused speci-
mens gave lower moisture absorption since nanoparticle behaved as a moisture barrier

Table 6.4 Moisture absorption results of jute fiber reinforced PHBV composites (Hossain et al.
2011)

Composites | Moisture gain (%)
After 7 days | After 14 days | After 20 days | After 30 days | After 60 days

Untreated 3987 £0.23 |5816£0.16 |6.148 £0.34 |6.189 +0.18 |6.279 £0.13
jute fiber
reinforced
PHBV

Treated jute | 3.836 £0.62 |5.026 £0.53 |5.835+£0.27 |5949+0.44 |5.938 +0.40
fiber
reinforced
PHBV

2% clay 3.651 £0.44 | 4572 +£0.30 |5.669£0.29 |5.824+0.29 |5.882+0.25
treated jute
fiber
reinforced
PHBV

3% clay 3.639 £ 0.35 |4.554+0.36 |54754+047 |5.744 +0.37 |5.8023 +0.10
treated jute
fiber
reinforced
PHBV

4% clay 3.602 £0.24 |4.5792 £0.17 |5.337 £0.35 [5.643+0.26 |5.775+0.21
treated jute
fiber
reinforced
PHBV
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Table 6.5 Flexural properties of jute fiber reinforced PHBV composites before and after moisture
absorption for 60 days (Hossain et al. 2011)

Composites Before moisture absorption After moisture absorption
Strength (MPa) | Modulus (GPa) | Strength (MPa) | Modulus (GPa)

Untreated jute fiber 30.25 £ 1.38 1.91 £0.53 245+ 1.29 1.50 £ 0.37

reinforced PHBV

Treated jute fiber 33.88 £ 1.62 2.16 £ 048 26.0 £ 1.27 1.7£0.21

reinforced PHBV

2% clay treated jute fiber | 38.17 £ 1.46 2.17 £ 049 28.0 £1.52 2.01 £0.28
reinforced PHBV

3% clay treated jute fiber | 39.43 £ 0.95 3.20 £0.51 30.8 £1.31 3.0£0.65
reinforced PHBV

4% clay treated jute fiber |40.87 & 1.43 3.20 +0.36 3444+ 1.24 3.0+£0.19
reinforced PHBV

(Hossain et al. 2011). Flexural properties of jute fiber reinforced PHBV composites
before and after moisture absorption for 60 days are presented in Table 6.5 (Hossain
etal. 2011).

PHBYV and 50 wt% Pinus radiata wood flour composite was placed in RH 50%
at the temperature of 20 °C (Chan et al. 2020).

Flax/PLA biocomposite aged in seawater at depth of 5 m for 2 years in Kern-
evel harbour, Lorient-France where temperature of water changed yearly from 8 to
19 °C (Le Duigou et al. 2014). Flax/PLA biocomposite suffered from high moisture
sorption controlled by flax fiber (Le Duigou et al. 2014). The addition of flax fiber
into PLA matrix led to an increment in water uptake and diffusion coefficient; they
reached plateau values after 2 months (Le Duigou et al. 2014).

Composites of flax/PLA were immersed in distilled water (Regazzi et al. 2016a).
During hygrothermal aging, elastic modulus of all composites reduced and this
reduction was more significant when flax amount increased (Regazzi et al. 2016a).
However, temperature was the most important responsible factor for the decrease in
elastic modulus of all composites (Regazzi et al. 2016a). At the temperature of 50 °C,
rigidity was negligible after only a few hours therefore, it was decided that 50 °C was
not suitable for hygrothermal aging of flax/PLA composites and they were useless
at this temperature for any structural application (Regazzi et al. 2016a).

In another study, PLA reinforced with 10 and 30% flax fiber composites were
immersed at the temperatures of 20, 35 and 50 °C till 51 days (Regazzi et al. 2016b).
Except for 30% flax fiber reinforced PLA aging at 50 °C, other absorption curves
gave a gradual increment at long times, showing pseudo-Fick diffusion (Regazzi
et al. 2016b). 30% flax fiber reinforced PLA aging at 50 °C demonstrated a weight
loss beyond 144 h (Regazzi et al. 2016b).

Flax or HA (20, 30 and 40 wt%) fiber reinforced PLA composites were soaked
in distilled water at temperatures of 25 and 60 °C (Khalili et al. 2019). Weight of
moisture uptake was measured per 24 h for 14 days (Khalili et al. 2019). For flax
fiber reinforced PLA composite, weight gain increased up to 12 days causing a higher
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saturation value of 8.9% (Khalili et al. 2019). This was attributed to hydrophilic nature
of flax fiber owing to polar groups (Khalili et al. 2019). Moisture absorption increased
with both the existence of flax fiber and increasing of HA (Khalili et al. 2019). This
was due to increasing amount of fillers reduced the content of PLA in composite
(Khalili et al. 2019). As a consequence, less matrix was present to adhere natural
fiber, thus subjecting fibers to environment (Khalili et al. 2019). Therefore, natural
fiber absorbed more water owing to lack of adhesion to PLA/HA (Khalili et al. 2019).
Moreover, HA is a hydrophilic (polar) filler, increasing water sorption tendency
(Khalili et al. 2019). For 20 and 30 wt% HA fiber reinforced PLA composites,
weight gain increased for 10 days and reached 16.3 and 16.7%, respectively (Khalili
et al. 2019). 40 wt% HA fiber reinforced PLA composite reached a saturation with
weight gain of 19.8% after 6 days (Khalili et al. 2019).

PLA/hemp fiber composites were immersed in a distilled water bath at 23 °C
(Smoca 2019). After a week of sorption, the specimens increased in size, the sorption
dynamics were slow and colour change occurred (Smoca 2019).

Hygrothermal aging of PLA/jute fiber composites was performed in deionized
water that was kept constant at 50 °C (Jiang et al. 2019). In the first 7 days, water
uptake increased rapidly (Jiang et al. 2019). It was declared that PLA/jute fiber
composites presented Fickian behaviour (Jiang et al. 2019). Between 7 and 28 days,
deviation from Fickian behaviour due to the weak interface between fiber and matrix
was observed and water absorption increased more slowly without saturation (Jiang
etal. 2019). This was owing to the capacity for water uptake and swelling of natural
fiber and PLA (Almgren et al. 2009). Between 28 and 56 days, the rate of water
uptake increased (Jiang et al. 2019).

PLA and limestone or white chicken eggshell with particle size of 32 and 63 pm
in amount of 5, 10 and 20 wt% composites were aged in distilled water at room
temperature for 8 weeks (56 days) (Betancourt and Cree 2017). It was concluded that
both fillers tended to increase the water intake of composites owing to hydrophilic
nature of fillers and water absorption was higher for smaller particle size owing
to its larger surface area (Betancourt and Cree 2017). PLA/white chicken eggshell
composites absorbed more water than PLA/limestone composites for all filler amount
and particle sizes (Betancourt and Cree 2017). The higher water intake by PLA/white
chicken eggshell composites was owing to the more porous surface of white chicken
eggshell (Betancourt and Cree 2017).

Composites from PLA and kenaf fiber (varying between 0 and 40 wt%) were
soaked in distilled water at room temperature for 60 days (Taib et al. 2010). Compos-
ites from PLA and kenaf fiber did not reach saturation after long time showing non-
Fickian behaviour (Taib et al. 2010). Presence of microcracks that accelerate contin-
uous movement of water molecules via capillary action and voids caused impossible
for composites to reach saturation after 60 days of water aging (Taib et al. 2010).
Water absorption increased with increasing kenaf fiber loading (Taib et al. 2010).

PLA-g-MA/spent coffee grounds and PLA-g-MA/treated spent coffee grounds
composites were aged in distilled water and kept at 30 £ 2 °C for 60 days, during
which they were taken from the water at interval of 10 days (Wu 2015). Water resis-
tance of PLA-g-MA/treated spent coffee grounds composite was found to be greater
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than that of PLA-g-MA/spent coffee grounds composite since the hydrophobicity of
treated spent coffee grounds was improved owing to interactions with PLA-g-MA
(Wu 2015). For both PLA-g-MA/treated spent coffee grounds and PLA-g-MA/spent
coffee grounds composites, the percent mass gain during 60 days increased with
spent coffee grounds or treated spent coffee grounds content owing to decreased
chain mobility at high spent coffee grounds contents and hydrophilicity of spent
coffee grounds, adhering weakly to the more hydrophobic PLA (Wu 2015).

Thermoplastic starch specimens were conditioned with saturated solutions of
distilled water, potassium carbonate (K,COj3), potassium nitrate (KNOs3), sodium
chloride (NaCl) and magnesium nitrate hexahydrate (Mg(NOs3),.6H,0) at RH of
43, 54,75, 91 and 100% until constant weight at room temperature (Gaspar et al.
2005). Water resistance of cellulose filled thermoplastic starch was the worst whereas
hemicellulose, polycaprolactone and zein based composites had better water resis-
tance (Gaspar et al. 2005). Water sorption was rapid in the first 6 days, then the
curves reached saturation (Gaspar et al. 2005). After 14 days of aging, zein filled
thermoplastic starch gave the lowest water uptake (Gaspar et al. 2005).

Biodegradable composites depended on thermoplastic cassava starch and various
content (5, 10, 15, 20, 25 and 30 wt%) of green coconut fiber immersed in water at
23 °C for 2 and 24 h (Ramirez et al. 2011). After 2 h, thermoplastic cassava starch
gave 59.83% water intake, whereas 30 wt% coconut fiber reinforced thermoplastic
cassava starch composite gave only 37.99% (Ramirez et al. 2011). The influence
of adding coconut fiber into starch matrix on water intake was more pronounced
after 24 h (Ramirez et al. 2011). When fiber amount increased, water intake, mois-
ture absorption and swelling decreased (Ramirez et al. 2011). Thermoplastic cassava
starch matrix gave the highest swelling, whereas it reduced with increasing coconut
fiber amount in the composite (Ramirez et al. 2011). Also, samples were aged by
holding them in a desiccator at 22-25 °C and relative humidity of 75 & 2%, main-
tained employing a saturated solution of NaCl (Ramirez et al. 2011). It was found
that the absorption rate of coconut fiber reinforced cassava starch composites was
higher in the first six days and then it increased at a slow rate, tending to saturation
(Ramirez et al. 2011).

Corn starch/date palm composites were placed in a humidity at 25 °C and 100%
RH (Saleh et al. 2017). Two regions of moisture absorption kinetics were observed
(Saleh et al. 2017). At the beginning, a rapid rise in moisture absorption rate was
seen during the first 3 days, followed by a more gradual rise in moisture absorption
rate until a saturation point, where the moisture amount was nearly the same (Saleh
et al. 2017). Starch/20 wt% date palm and starch/50 wt% date palm composites
reached the same saturation point of 37.5% moisture amount (Saleh et al. 2017).
Diffusion coefficient reduced with fiber content to 1.5 x 10~ for composites with 70
wt% date palm fiber (Saleh et al. 2017). Composites containing 70 wt% date palm
fiber gave highest increment in thickness indicating highest fiber swelling (Saleh
et al. 2017). Incorporation of cellulose fiber to starch matrix can decrease moisture
absorption since hydrophilic cellulose fiber form fibrous network structure around
starch, hindering the penetration of moisture (Saleh et al. 2017).
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Starch films with eucalyptus, oat or rice nanocrystals were aged in magnesium
nitrate solution for RH of 55 4 3% at the temperature of 25 &+ 3 °C for 7 days (Bruni
et al. 2020). The incorporation of cellulose nanocrystals from three different sources,
eucalyptus, oat and rice husks into native starch reduced moisture content however
they did not influence moisture content in films from phosphorylated starch (Bruni
et al. 2020).

Cross-linking starch/maize stalk fiber-single layer jute fiber reinforced maize stalk
fiber board, dual layer jute fiber reinforced maize stalk fiber board, jute fiber rein-
forced maize stalk fiber board were immersed in five different RH conditions at
saturated salt solutions of lithium chloride (11% RH), magnesium chloride (33%
RH), potassium nitrate (95% RH), sodium bromide (59% RH) and sodium chloride
(75% RH) (Fu et al. 2015). Dual layer jute fiber reinforced maize stalk fiber board
was found to be better composite for water resistance at RH of 11% (Fu et al. 2015).
Single layer jute fiber reinforced maize stalk fiber board was a better composite for
water resistance at RH of 33, 59, 75 and 95% (Fu et al. 2015).

Starch with glycerol, oil-flax, sorbitol and urea composite gave moisture absorp-
tion of 17.67%, while it was 24.98% for starch (Shi and Wang 2017).

4 Degradation

Moisture uptake degrades polymer composites (Wan et al. 2009). Degradation bases
on the amount of moisture absorption which determines the degradation of matrix and
reinforcement, degree of interface failure and plasticizing effect (Wan et al. 2009).

Water uptake results in fiber/matrix interface failure and then matrix embrittle-
ment, which are detrimental to ductility, stiffness and tensile strength (Jiang et al.
2019).

Water can establish hydrogen bonding (intermolecular interaction) with fiber
surface decreasing adhesion among fiber and matrix (Le Duigou et al. 2013). Water
absorption may incite swelling of fiber especially as free volume is present (Le
Duigou et al. 2014). Different swelling among fiber and matrix causes high swelling
stress resulting in cracking and delaminating (Dhakal et al. 2007; Azwa et al. 2013).

Chen et al. (2009) claimed that enzymatic degradation occurred for long-term
immersion.

Two types of degradation occurred during immersion in aqueous media: Physical
degradation with plasticizing effect and swelling, interfacial debonding and delami-
nation and chemical degradation caused by fiber degradation and matrix hydrolysis
(Gautier et al. 1999; Davies and Choqueuse 2008).

Biodegradable polymers suffer hydrolytic degradation as they are immersed in
water and as a result of their structure, additive extraction from the sample takes place
(Alvarez and Vazquez 2004). The first stage is water sorption, the second stage is
extraction of soluble materials and the third stage is hydrolytic degradation (Alvarez
and Vazquez 2004).

Degradation period can be summarized in three phases (Onal et al. 2008):
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e Moisture ingress via diffusion, indicated by weight gain.
e Chemical interaction between chains of degradable polymers and water.
e [ eaching of ions after chain scission, indicated by weight loss.

For biodegradable PBS and Burma Padauk sawdust composites, swelling began
from the break of hydrogen bond (from cellulose, hemicellulose and lignin) then
followed by liquid formation with hydrogen bonded via hydroxyl groups in wood
particles (Petchwattana et al. 2017). Liquid molecules then adjoined with hydrogen
bond to wood (Petchwattana et al. 2017). Thus, water with strong hydrogen bond
swelled wood particle (Bledzki et al. 1998; Petchwattana et al. 2017).

For composites from PLA and kenaf fiber, absorption of water molecules by kenaf
fiber caused swelling (Taib et al. 2010). Fiber swelling can result in internal stress
in matrix causing microcracks along fiber length (Taib et al. 2010). Other effect of
water uptake was fiber-matrix debonding (Taib et al. 2010).

It was declared that coconut fiber reinforced cassava starch composites did not
disintegrate after swelling (Ramirez et al. 2011).

4.1 Mechanical Properties

Though below fiber saturation point the moisture amount has a great effect on the
mechanical properties of fiber, increment in water amount above fiber saturation
point results in very little change in the mechanical properties (Shahzad and Isaac
2014). The most important effect of absorption of bound water molecules in cell wall
polymers is to plasticize or loosen cell wall microstructure (Shahzad and Isaac 2014).
Reduction in cohesive forces in cell wall decreases stiffness, hence increasing defor-
mation under stress (Shahzad and Isaac 2014). Most mechanical properties drop with
increment in moisture content up to fiber saturation point since increased amount of
bound water interferes with and reduces hydrogen bonding between organic polymers
of cell wall (Shahzad and Isaac 2014).

Moisture sorption of bacterial cellulose fiber reinforced starch biocomposites
under 75% RH at 25 °C was determined (Wan et al. 2009). Tensile strength of bacte-
rial cellulose/starch biocomposites deteriorated after moisture sorption (Wan et al.
2009). The different retention of tensile strength between bacterial cellulose/starch
biocomposites and starch indicated that the presence of bacterial cellulose decreased
moisture attack, i.e., adding bacterial cellulose into starch improved in tensile strength
retention (Wan et al. 2009).

Flexural modulus of completely biodegradable composites from cellulose, starch,
additives and sisal fiber decreased with immersion time and the effect was more
abrupt at high temperature (Alvarez and Vazquez 2004). It was declared that the
reduction in flexural modulus by water absorption was more important than the
reinforcing effect of fiber content (Alvarez and Vazquez 2004). The loss of modulus
increased with temperature as aresult of the reduction of T, value (Table 6.6) (Alvarez
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Table 6.6 Flexural modulus (GPa) of completely biodegradable composites from cellulose, starch,
additives and sisal fiber before and after immersion (Alvarez and Vazquez 2004)

Sisal fiber (Wt%) 5°C 25°C 60 °C
Initial Final Initial Final Initial Final
0 1.94 1.30 1.93 1.21 1.94 1.03
2.06 1.31 2.06 1.27 2.08 1.08
10 2.17 1.32 2.14 1.28 2.16 1.09
15 223 1.32 2.22 1.32 2.19 1.09

and Véazquez 2004). As soluble material was extracted, modulus started to increase
(Alvarez and Vazquez 2004).

For PBS and Padauk sawdust with 10, 20 and 30 wt% composites, tensile strength
decreased by about 27, 34 and 32%, respectively after immersion in water (Petchwat-
tana et al. 2017). Also, flexural strength reduced with immersion time (Petchwattana
et al. 2017). These decrements in flexural and tensile strength were owing to plas-
ticization effect, hydrolysis of ester linkages along PBS chains, leaching of wood
particles and swelling of wood particles (Petchwattana et al. 2017).

Flexural (strength and structural rigidity) and tensile (modulus and strength) prop-
erties of hemp fiber/PCL biocomposites immersed in water decreased with aspect
ratios of hemp fiber owing to the relative increment of moisture ingress in the
fiber/matrix interface region, causing a weak fiber/matrix interface (Dhakal et al.
2018). For hemp fiber/PCL biocomposites immersed in water, a drop in the flexural
and tensile modulus was found for the aspect ratio of 26 by 62% and 90%, respec-
tively than those of unaged hemp fiber/PCL biocomposites, indicating the loss of
the stiffness for the samples (Dhakal et al. 2018). Moisture absorption caused more
energy required to break the specimens (Dhakal et al. 2018). Immersed samples
absorbed more energy than unaged samples due to the weak fiber/matrix interfaces
of aged samples allowing dissipation of more energy within the interfaces (Table
6.7) (Dhakal et al. 2018).

PHBYV and 50 wt% Pinus radiata wood flour composite was mechanically stable
when it was subjected to moisture (Chan et al. 2020).

Unaged flax/PLA biocomposite showed an initial brittle behaviour which became
more ductile with immersion time (Le Duigou et al. 2014). The elastic-linear zone,
where the damage is irreversible, reduced as a function of water aging (Le Duigou
et al. 2014). The dissipated energy till the breakage, achieved from the area under
loading curve, increased with water uptake (Le Duigou et al. 2014). Approximately
200 days of immersion caused a drastic drop in strength at break and Young’s modulus
(Le Duigou et al. 2014). PLA/flax composites immersed in seawater for 18 months
gave a similar stiffness but lower tensile strength (Le Duigou et al. 2014). Drying of
PLA/flax composites made the aging reversible; therefore, for aging times lower than
60 days, the degradation of stiffness was reversible (Le Duigou et al. 2014). Strength
at break was more sensitive to irreversible degradation seeing that from 15 days, the
degradation was no longer reversible (Le Duigou et al. 2014).
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During immersion at the temperatures of 20, 35 and 50 °C, dynamic elastic
modulus and ultimate tensile strength of PLA reinforced with 10 and 30% flax fiber
composites reduced with aging time (Regazzi et al. 2016b). The amount of reduc-
tion increased with fiber content and temperature (Regazzi et al. 2016b). However,
ductility was enhanced during aging (Regazzi et al. 2016b).

Mechanical properties decreased with both the existence of flax fiber and
increasing of HA (Khalili et al. 2019).

In the first 7 days for hygrothermal aging of PLA/jute fiber composites, a small
reduction in tensile strength was found (Jiang et al. 2019). Elastic modulus decreased
and strain at failure increased (Jiang et al. 2019). This was owing to plasticizing
effect of water molecules (Jiang et al. 2019) and it was declared that such change in
mechanical properties was reversible (Regazzi et al. 2016b). Between 7 and 28 days,
damage at the interface caused a drop in elastic modulus and tensile strength (Jiang
et al. 2019). Between 28 and 56 days, cracking of PLA matrix reduced ductility,
elastic modulus and tensile strength of composites (Jiang et al. 2019).

Moisture exposure of corn starch/date palm composites caused a reduction in
mechanical properties (Saleh et al. 2017). After reaching moisture saturation, the
retained tensile strength was approximately one-third of the beginning value and the
retained impact strength was approximately two-thirds of the beginning value (Saleh
et al. 2017).

4.2 Damage Characteristics

Damage characteristics of hemp fiber/PCL biocomposites changed between the
unaged and aged in the water (Dhakal et al. 2018). For unaged hemp fiber/PCL
biocomposites, the fracture was cut through the material and specimens had a more
brittle behaviour (Dhakal et al. 2018). However, the fracture of aged hemp fiber/PCL
biocomposites had a rougher edge with greater amount of fiber pull-out and immersed
specimens showed more ductile tendency (Dhakal et al. 2018). From the observation
of impacted samples, it was seen that delamination of interface and fiber pull-out
were common for immersed specimens (Dhakal et al. 2018).

For flax/PLA biocomposite, the damage criterion increased more with the defor-
mation and immersion time (Le Duigou et al. 2014). An increment of damage crite-
rion from deformation of 0.3% for 60 days aged flax/PLA biocomposite in compar-
ison to 0.6% for unaged flax/PLA biocomposite was found (Le Duigou et al. 2014).
After aged for 2 years, the failure behaviour of matrix changed (Le Duigou et al.
2014). In addition to fiber plasticizing, PLA breakage became ductile (Le Duigou
et al. 2014). After aging, some fiber breakages were present with long debonding
length in comparison to unaged flax/PLA (Le Duigou et al. 2014). The existence of
water caused a fiber bundles division, causing a decrement of stress transfer and then
early damage of biocomposite (Le Duigou et al. 2014).

At 7 days for hygrothermal aging of PLA/jute fiber composites, there was no
difference from unaged microstructure (Jiang et al. 2019). Between 7 and 28 days
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damage at the interface was observed owing to different swelling and weakening
of interface and at 21 days porosity increased (Jiang et al. 2019). Between 28 and
56 days cracking of PLA matrix was found due to the hydrolysis of matrix and first
cracking at the interface between jute fiber and PLA occurred after 21 days of aging
(Jiang et al. 2019).

4.3 Surface

Composites containing 20, 50 and 70 wt% date palm fiber gave minor cracks on
the surface before moisture absorption while more and wider cracks on the surface
were observed at the end of moisture absorption test (Saleh et al. 2017). When the
moisture penetrates the surface of composite, the fiber swells and develops internal
stress that form micro crack in the matrix, transports water through the fiber/matrix
interface causing debonding of the fiber from the matrix (Saleh et al. 2017).

5 Conclusion

Using of completely biodegradable composites based on natural fibers and natural
matrices or synthetic biodegradable matrices is important for the elimination of envi-
ronmental problems of non-biodegradable and petro-based polymers. Completely
biodegradable composites can replace synthetic fiber based composites due to
excellent mechanical properties, low cost and low density. However, biodegradable
composites possess hydrophilic nature thus, absorb a higher amount of moisture.
Mechanical properties of biodegradable composites aged in water degrade over time
limiting the potential applications of these materials. Not only mechanical properties
of biodegradable composites but also dimensions of biodegradable composites are
affected by water content. Therefore, in this chapter, the studies about processing,
applications and water aging of completely biodegradable polymer composites were
summarized.

Growth of completely biodegradable polymer composites continues at a rapid rate
but, further study is still required to explore their water aging behaviour in order to
employ at outdoor applications.

Following results were obtained from the literature studies:

1. The absorption rate of the most biodegradable composites was higher in the
first days and then it increased at a slow rate, tending to saturation. Composites from
PLA and kenaf fiber did not reach saturation after long time showing non-Fickian
behaviour.

2. Moisture uptake degraded polymer composites. Water uptake caused
fiber/matrix interface failure and then matrix embrittlement, which were detrimental
to ductility, stiffness and tensile strength.

3. Enzymatic degradation occurred for long-term immersion.
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4. Two types of degradation occurred during immersion in aqueous media: Phys-
ical degradation with plasticizing effect and swelling, interfacial debonding and
delamination and chemical degradation caused by fiber degradation and matrix
hydrolysis.

5.Biodegradable polymers suffered hydrolytic degradation as they were immersed
in water.

6. Most mechanical properties reduced with increment in moisture content up to
fiber saturation point.
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Abstract In the last decade, the environmental issues and cost productions were
the effective factors, which increased the rate of replacing the bio-composites with
the conventional composites like glass fibers/epoxy composites in the various appli-
cations especially secondary or tertiary applications. The bio-composites should be
proper capability for maintaining their initial mechanical properties under the various
work environments. One of the harsh work conditions is the environment with the
high humidity and temperature, which is introduced as hygrothermal environment.
Being in this environment under the various dynamic and static loading can age the
bio-composites. The hygrothermal aging can influence on the mechanical perfor-
mance of bio-composites, which can increase or reduce the mechanical properties of
those. Characterizing and recognizing the effective factors under the hygrothermal
aging can help to the producer or researchers to fabricate the proper bio-composites
for using in the hygrothermal conditions. The aim of this chapter is to introduce some
of the recognized mechanisms under hygrothermal aging and the effect of them on
the mechanical properties of various bio-composites.

Keywords Bio-composites + Hygrothermal aging + Mechanical properties -
Natural fibers * Bio-polymers

1 Introduction

The term of biocomposites refers to materials, which have been comprised at least
one biological phase. The biological phase can be reinforcements, matrices or both
of them (Akampumuza et al. 2017). The bio-based natural reinforcements can be
extracted from plant, animal, and mineral sources (Sanjay et al. 2018; Mosiewicki and
Aranguren 2013). Among these natural reinforcements, the bio-fibers have extremely
growth for using instead of synthetic fibers in the composite industries. In other words,
the researchers and engineers by developing the extraction methods and modifying
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them created the proper situation for using these fibers. Cotton, hemp, flax, jute,
sisal, and wood, as well as nano-cellulose fibers are the examples of plant natural
fibers. Although, the variety sources of bio-fibers is so great, but, some of them have
proper features for using in the various environmental conditions (Mokhothu and
John 2015).

One of the environmental conditions for biocomposites is the hygrothermal envi-
ronment. Aging in this environment can influence on the mechanical properties of
those. In the hygrothermal conditions, the heat and water ingress influence on the
degradation of reinforcement and matrix into the composites. Generally, the temper-
ature ranges for testing the hygrothermal aging are considered between ambient
temperatures up to 60 °C, but in some cases, the higher temperature like 80 °C can
be selected for creating the hygrothermal aging conditions. In general view, the glass
transition temperature (Tg) of used matrix has important role, so that, the aging
temperatures for doing the hygrothermal tests are lower than T, (Alam et al. 2018).
Given up researches, the hygrothermal aging can influence on the mechanical prop-
erties of biocomposites by changing the mechanical behavior of matrix, bio-fibers
and the matrix/bio-fibers interfaces. Therefore, investigating these changes is very
important and should be considered in the designing the biocomposite parts. Some
of the effects mechanisms have been listed in Table 1. These influence’s parameters
restrict using the bio-fibers into the composites for hygrothermal conditions. So, in
the last decade, the scientist groups have tried to develop the possibility of using the
bio-fibers into the bio-composites by characterizing the related mechanisms. Based
on these efforts, it can be said that the flax, hemp and wood as well as bamboo fibers
are some of the bio-fibers, which have proper features for using under hygrothermal
conditions.

Table 1 The effect of hygrothermal aging on the various areas into the bio-composites (Jin et al.
2012)

Area Effects

Bio-fibers Promoting crack growth by diffusing in defects
Plasticizing effect on the bio-fibers

Matrix Expansion of matrix

Plasticizing effect on the matrix

Promoting the crack growth and matrix fracture
Hydrolysis of matrix

Changing the glass transition temperature

Fibers/matrix interface | Debonding the chemical bonds

Promoting the crack growing by penetrating into the interface defects
Creating the shear stress into the interfaces by matrix expansion
phenomenon




Hygrothermal Aging and Their Influence on Mechanical Properties ... 117

2 Flax Fibers Reinforced Bio-composites

One of the bio-fibers for using as reinforcement into the polymeric materials is the
flax fibers. Up to now, many researches was done about the effect of hygrothermal
aging on the flax fibers reinforced bio-composites. For example, Retegi et al. (20006)
investigated the flexural properties of flax/polypropylene (PP) composites after the
immersing them into the water at the temperatures of 30, 50, 70 and 100 °C. They also
added maleic anhydride polypropylene (MAPP) copolymer into the PP matrix. The
obtained results showed that generally by increasing the temperature and immersion
time, the flexural properties had the reducing trend. Adding the copolymer reduced
this reduction trend. They mentioned that increasing the entanglement between fibers
and PP matrix was the reason of this phenomenon. Although, the higher reduction
in the mechanical properties at the immersion temperature of 100 °C was due to
softening the desorbed zones of flax fibers.

Another common matrix for flax bio-composites is epoxy matrix. Therefore,
investigating the hygrothermal aging of these composites is so necessary. Figure 1
shows the example of hygrothermal cyclic of these composites, which the aging
was performed in the temperature of 55 °C at the relative humidity of 40 (as dry
condition) and 90% (as wet condition) in the various cycling times. The tensile test
of these samples showed, the elastic modulus was altered at the short time (until
4 weeks). But, the tensile strength and strain changed between 26 and 52 weeks,
respectively (Fig. 2). It was confirmed that (Cadu et al. 2019), the reduction in the
elastic modulus was due to the debonding fibers/fibers into the flax fibers, while
creating more numbers of crack and degradation of flax fibers/epoxy interfaces were
the reason of reduction in the tensile strength and strain.

Cuinat-Guerraz et al. (2016) compared the effect of hygrothermal aging on
the mechanical behaviors of flax/bio-epoxy and flax/polyurethane (PU) compos-
ites. They subjected these composites at the temperature of 30 “C with the relative
humidity of 90% and the immersion times of 0, 6, 23, 41, 336 and 720 h. Figure 3
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Fig. 1 The performed hygrothermal ageing cycles on the flax/epoxy bio-composites by Cadu et al.
(2019). Reprinted with the permission from Elsevier
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shows the effect of moisture absorption on the short beam strength of these two bio-
composites. It can be found that the absorbed moisture due to hygrothermal aging
increased the short beam strength of flax/PU composites, while the flax/epoxy bio-
composites had reducing trend. This means that the interface strength of flax/PU
improved. This can be attributed to the difference in the polarity of PU and epoxy
matrices. PU is more polar than epoxy resin. Therefore, by absorbing the mois-
ture at the low level, the stronger polar-polar interactions between water molecules,
PU chains and cellulose of flax fibers can be happened, resulting to the creation of
stronger interlaminar forces in the interfaces of flax/PU composites.

Figure 4 illustrates the effect of hygrothermal aging on the compressive strength
of these bio-composites. The plasticization of bio-epoxy and flax fibers caused to
reduce the compressive strength. The reduction trend in flax/PU is lower than that
of flax/epoxy composite. This is due to the interaction between plasticization and
polarization phenomena in PU polymer. This interaction can be confirmed by SEM
observation. In Fig. 5a, b, it can be clearly seen the void defects in the interfaces of
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Fig. 5 SEM images—Fiber/matrix interface in an undamaged area before and after conditioning.
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epoxy/flax, O h. b bio-epoxy/flax, 720 h. ¢ polyurethane/flax, 0 h. d polyurethane/flax, 720 h.
Reprinted from Cuinat-Guerraz et al. (2016) with the permission from Elsevier

the epoxy and flax fibers, where, these defects cannot be observed in the interface
of flax/PU. This explains that why the flax/PU bio-composites has increasing trend
in short beam strength after hygrothermal aging. Based on SEM images in Fig. 5c,
d, it can be seen the matrix cracking defects into the PU matrix, which explains
the reduction in mechanical properties of flax fibers/PU after 720 h aging (Cuinat-
Guerraz et al. 2016).

Figure 6 shows the tensile strength of flax fibers/epoxy composites, which aged at
the different temperatures of 23, 37.8 and 60 °C in the various immersion times. It can
be seen that at the beginning stage of aging, the tensile strength had increasing trend
and then stabilized for the samples being aged at 23 °C. In the aged sample at the
temperature of 37.8 °C, the tensile strength slightly decreased, while by setting the
aging temperature on the 60 “C, the tensile strength showed the seriously reduction.
By this figure, it can be completely described the effect of hygrothermal aging and
related mechanisms in the flax fibers/epoxy composites. At the first stages of aging,
the water molecules can be permeated into the composites. The micro-fibrillar angle
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into the flax fibers can be modified by attaching free hydrophilic groups in S, layer
on the water molecules, which resulting to the improving the tensile strength in
this bio-composite. If absorbing the water molecules be continued by increasing the
immersion times, the swelling each cell-wall layer of flax fibers can be occurred.
This phenomenon caused that the transferred stresses by matrix cannot be loaded
into the layers of flax fibers. In other words, the degradation of flax fibers can occur,
resulting to reduce the tensile strength (Li and Xue 2016).

In the following two different behaviors can be observed into the flax fibers as
natural fibers, which these behaviors are dependent to the aging temperature. In
the lower aging temperature, the water absorption will be continued until the flax
fibers be saturated. In this approach, the tensile strength can be stabilized and the
reduction trend is stopped. In the higher aging temperatures (seen Fig. 6 in the
temperature of 60 °C), the dissolution of pectins, hemi-celluloses and some poorly
crystalized cellulose can be occurred in the primary wall of flax fibers. By occur-
ring this phenomenon, the stress cannot efficiently transfer to the highly crystalline
cellulose fibrils, consequently, the deterioration in the tensile strength of flax fibers
reinforced bio-composites occurs (Li and Xue 2016).

Figure 7 shows the variation of tensile strength of aged and then dried samples.
Based on this figure, it can be said that the tensile strength could be recovered
for samples being aged up to 37.8 °C in the lower immersion times. This inter-
esting phenomenon can be occurred, when the matrix neutralizes the degradation
mechanisms. In other words, during the aging stages, the interaction between epoxy
with viscoelastic behavior neutralized the plasticization and swelling mechanisms
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in the flax fibers, resulted to recovery of tensile strength. Based on Fig. 7, it can
be observed that this bio-composite could not completely recover its initial tensile
strength, when the splitting and peeling occurred into the flax fibers. It seems that
by using this recovery behavior and developing that via smart materials can improve
the hygrothermal aging resistance into the bio-composites in the new future (Li and
Xue 2016).

In the study of Scida et al. (2013), the flax fibers/epoxy composites were immersed
into the environment with relative humidity of 90% and temperatures of 20 and
40 °C for 38 days. Figure 8 shows the fracture surface of these composites after
hygrothermal aging. In unaged sample, the damage mechanism was the flax fibers
fractures. Also, fibers pull out and debonding damage modes were seen. In the aged
sample at 20 °C the micro-cavity of matrix was observed. By comparing Fig. 8a, d,
it can be found that the aging flax fibers-epoxy bio-composites had similar damage
mode, which was fibers fracture. Similar results in tensile strength was observed in
the previous work (Li and Xue 2016) at the temperature of 37.8 °C. This means that
this bio-composite up to 40 °C can resist against the hygrothermal aging in the low
immersion times.

Due to the hygrothermal aging on the behavior of interfaces into the bio-
composites, it can be predicted that the fatigue behaviors of these composites have
reducing trend under these environments. Sodoke et al. (2016) investigated the fatigue
behavior of the flax-epoxy composite under the hygrothermal aging in the temper-
ature of 60 °C. By acoustic emission and SEM observation, they detected that the
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Fig. 8 SEM images taken from the fracture surfaces of flax fibers/epoxy bio-composites: unaged
(a—b), after 38 days of ageing at 20 °C and 90% relative humidity (c) and after 38 days of ageing at
40 °C and 90% relative humidity (d) Reprinted from Scida et al. (2013) with the permission from
Elsevier

flax/epoxy debonding and fibers pulling-out, were the main damage mechanisms
during the fatigue of aged this bio-composite.

Surface modifying the natural fibers like flax fibers can improve the adhe-
sion between fibers/matrices, which resulting to improve the mechanical proper-
ties. Wang et al. (2019a) modified the flax fibers with the alkalization, silanization
and acetylation treatments. The obtained results showed that the diffusion coeffi-
cient of flax/epoxy bio-composites had the reducing trend under the hygrothermal
conditions. Reducing this parameter especially by acetylation treatment improved
the creep behavior of this aged bio-composite. In other work, this research group
(Wang and Petru 2019) investigated the dynamic mechanical behavior of these
aged bio-composites. Compared with the untreated bio-composite, the storage
modulus increased after the surface treatments especially acetylation treatment.
They mentioned that by the chemical treatment, the surface of flax fibers be more
cleaner and rougher. Also, changing surface morphology led to large contact in their
interfaces, resulted to the stringer interfaces and lower molecular mobility in the
bio-composites.
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3 Hemp Fibers Reinforced Bio-composites

One of the natural fibers with the high cellulose content is the hemp fibers, which have
noteworthy mechanical properties, so that, they can be comparable with the glass
or Kevlar fibers (Thygesen et al. 2007). Given up researches, it can be said that the
most of the hygrothermal aging studies have been done about the hemp/concrete or
hemp/ceramic based composites (Ahmad et al. 2020; Hussain et al. 2019). Whereas,
the reported researches about the effect of hygrothermal aging on the mechanical
properties of hemp/polymer composites is so limited. Some of the interesting research
works are introduced in the following. One of the interesting research work is the
hygrothermal aging the hemp/poly lactic acid (PLA) bio-composites, which was
done by Islam et al. (2010). They added 30% aligned untreated long (AUL) and
aligned alkali treated long (AAL) hemp fibers into the PLA matrix. For carrying
out the hygrothermal aging, they subjected these composites into the water with the
temperatures of 25 and 50 °C for 3 months. The effect of hygrothermal aging on the
mechanical behaviors have been showed in Fig. 9.

As can be seen, the hygrothermal aging reduced all mechanical properties except
the impact strength. These researchers mentioned that the plasticisation effect in
the interface of hemp fibers/PLA was the reason of this increment. In other words,
absorbing the moisture caused the swelling phenomenon on the surface of fibers,
resulted to enhance the frictional work of fibers pull out from PLA matrix. Battegaz-
zore et al. (2018) fabricated the hemp/cornstarch bio-composites as based board for
building, automotive and in-door furniture. They aged this composite for 50 days.
Figure 10 shows the effect of various relative humidity and temperature on the storage
modulus of this bio-composite.

4 Wood Fibers Reinforced Bio-composites

Woods are one of the main sources for extracting the reinforcement for using in
the bio-composites. Wood powders, short fibers, wood flour and Kraft fibers are
the various wood ingredients, which can be used into the bio-composites (Beg and
Pickering 2008a, b; Kamau-Devers et al. 2019; Mejri et al. 2018; Xu et al. 2015).
For having the better view about the effect of hygrothermal aging on the wood based
bio-composites, some of the interesting literatures are reviewed in the following.
Beg and Pickering (2008a, b) fabricated the Kraft fibers/MAPP bio-composites. The
percentage of used fibers into the MAPP was about the 40 wt%. Also, they aged this
composite for 238 days and then investigated the effect of hygrothermal aging on
the tensile strength, elastic modulus, failure strain, and impact strength of that. The
outcome of these results are listed in the Table 2. Based on this table, the reduction of
tensile strength and elastic modulus was due to degradation of fibers. The degradation
in the interface was another reason, which was due to developing the shear stress
at the interface through absorbing moisture, resulted to creating voids and pulling
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Table 2 The properties of composites with 40 wt% Kraft fibers before and after 238 days ageing.
Reused from Beg and Pickering (2008a, b) with the permission from Elsevier

Properties Composites Hygrothermal ageing temperature (°C)

Unaged 30 50 70
Diffusion With 4 wt% MAPP - 24 x 1013 |62 x 10713
coefficient (m?/5) | \yithout MAPP | — 29 % 10713 |57 x 10713 | 8.8 x 10713
Thickness With 4 wt% MAPP | — 2.3 3 3.2
swelling (%) Without MAPP | — 3.7 42 4.7
Tensile strength | With 4 wt% MAPP |41 +1.4 |28 225 17
(MPa) Without MAPP (23 +£15 |19 17.5 16
Elastic modulus | With 4 wt% MAPP | 4553 + 489 | 2282 2029 1578
(MPa) Without MAPP | 3619 + 436 | 1291 1226 1133
Failure strain (%) | With 4 wt% MAPP | 1.99 +£ 0.5 |4 2.8 2.7

Without MAPP 13+£037 |56 5 4

Impact strength | With 4 wt% MAPP | 6.2 0.5 11.5 9.2 6.3
(KJ/m?) Without MAPP  |55+£06 | 11.3 9.0 7.7

out the fibers in this composite. In this work, the failure strain and impact strength
had the increasing trend after the hygrothermal aging, which was due to plasticizing
effect in this composite. Wang et al. (2020a) aged the wood powder/PP composites
by immersion those into the water with the temperature of 60 °C. The obtained
results showed that absorbing water degraded the mechanical properties of these
bio-composites, so that, the tensile strength and elastic modulus of composites with
15, 30 and 45 % wood powders reduced about 5.79, 17.2, 32.06, 25.3, 33.6 and
47.3%, respectively.

Del Saz-Orozco et al. (2015) added the lignin particles and wood flour to the
phenolic foam and then investigated the effect of hygrothermal aging (38 °C, 97 ~
relative humidity for 2 weeks) on the mechanical properties and morphology of
bio-composites. Like other bio-composites, the hygrothermal aging reduced the
mechanical properties of these composites. Based on Fig. 11, these researchers
mentioned, the cell size of these composite foams was not influenced by hygrothermal
aging, whereas, they expected the increasing trend in the cell size. Because Desai
et al. (2010) found that the cell sizes of phenolic, glass fibers/phenolic and aramid
fibers/phenolic foams were increased, when they subjected under the 85% relative
humidity at 40 °C for 6 weeks, this means that the lignin particles and wood flour
prevented to change the cell size into these foams. As we know, changing the cell
size of foam influences on the mechanical behavior of that, so that, increasing of that
reduces the mechanical properties. To characterize the related mechanisms in these
bio-composites under hygrothermal aging more investigations must be done in the
future.
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Fig. 11 SEM images and cell size distributions for unreinforced and reinforced phenolic foams
before and after hygrothermal aging (LRPF: Lignin reinforced phenolic foams; WRPF: Wood
reinforced phenolic foams). Reprinted from Del Saz-Orozco et al. (2015) with the permission from
Elsevier

5 Bamboo Fibers Reinforced Bio-composites

Bamboo fibers are one of the natural fibers which slightly inferior to glass fibers in
terms of mechanical properties, but they are approximately 10 times cheaper than
glass fibers. Therefore, many studies with the comparing approach were done for
using them instead of glass fibers (Sit and Ray 2019). To have the better view about
the performance of bamboo fibers/polymeric bio-composites in the harsh conditions,
it is better to compare the function of these bio-fibers into the various polymers in
the hygrothermal situations, which has been listed in Table 3. Based on Table 3,
it can be found that the bamboo fibers into the phenol formaldehyde matrix lost
about the half of initial modulus, which the reason of that was the creating the crack
and microcracks after subjecting this bio-composite into the hygrothermal condition
(Zhou et al. 2019). In the study of Azwa and Yousif (2019), the bamboo fibers firstly
were treated by NaOH solution as alkali surface modification method. Therefore,
based on the reported results, it seems that the reduction trend in the tensile strength
of bamboo/polyester bio-composites is negligible. The characterized mechanisms
for this reduction were the eroding fibrils and shrinking the polyester under high
temperature. The shear strength of bamboo fibers into the PP matrix showed the
increasing trend after the aging under hygrothermal condition. This increment can
be due to the rearranging the molecular chain of PP at the high temperature, which
increased the crystalline structure of this polymer.



128

H. Ebrahimnezhad-Khaljiri

Table 3 Comparing the function of bamboo fibers into the various polymers after the hygrothermal

aging
Composite Properties | Variations | Mechanisms | Hygrothermal | References
condition
Bamboo Elastic 44.33% Creation of 63°C, 152h Zhou et al.
scrimber/phenol modulus | reduction | cracks and (2019)
formaldehyde microcracks
Bamboo bundle/phenol | Elastic 53.89% Creation of 63°C,152h Zhou et al.
formaldehyde modulus | reduction | cracks and (2019)
microcracks
Bamboo laminated Elastic 25.83% Creation of 63 °C, 152h Zhou et al.
timber/ phenol modulus | reduction | cracks and (2019)
formaldehyde microcracks,
Delamination
Bamboo/polyester Tensile 13.6% Eroded fibrils | 80 °C, 48 h Azwa and
strength reduction | Matrix Yousif
shrinkage (2019)
Bamboo/polypropylene | Tensile 14.6% Damaging the | 40 °C, 10 days, | Chunhong
strength reduction | matrix bonds | 93% relative etal.
humidity (2016)
Bamboo/polypropylene | Shear 13.5% Rearranging |40 °C, 10 days, | Chunhong
strength | increment | molecular 93% relative et al.
chains humidity (2016)
Bamboo/epoxy Tensile 57% - 100 °C, 4 h, Huang and
strength reduction water Bin (2019)

6 Other Natural Fibers Reinforced Bio-composites

Although in the last decade, the natural fibers composites had growing trend, but,
the study about the effect of hygrothermal conditions on the mechanical proper-
ties of most of these composites is too limited. In this section, some of the famous
natural fibers bio-composites, which subjected under the hygrothermal conditions
are reviewing. Jiang et al. (2019) investigated the effect of hygrothermal aging on
the structural damaging of jute/PLA bio-composites by X-ray tomography. These
researchers aged the bio-composites at the temperature of 50 °C in different duration
times. By using the 3D rendering, they characterized the formed voids (as reducing
agent of mechanical properties into the bio-composites) around the jute fibers after
21 days immersion time (Fig. 12). Hu et al. (2010) subjected uncoated and coated jute
fibers reinforced PLA under the hygrothermal aging. The main characterized defects
during the aging process were pores, microcracks, delamination, and composite struc-
ture relaxation, which extremely reduced the tensile strength of these bio-composites,
after 120 h immersing into the 70°C water vapor environment.

Bhagavathi et al. (2021) added the micro-crystalline cellulose (MCC) into the
PU for investigating the effect of hygrothermal aging on the lap shear strength of
biocomposite adhesive. The performed aging cycle was heating the bio-composite
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(b)

(c)

== Jute fiber

200um == Crack region

Fig. 12 Distribution of voids and jute fibers in the composite after aging 21 days; a 3D dimensional
view (HR tomograph) with fibers and cracks labeled, b image segmentation by contrast threshold
to identify voids (cracks), ¢ 3D rendering of segmented fibers and cracks, d 3D rendering of fibers
only. Reprinted from Jiang et al. (2019) with the permission from Elsevier

to 40 °C and holding that for 15 h with the relative humidity of more than 90%, in the
following, cooling that down to —20 °C and holding it for 2 h, and in the final step,
heating that up to 70°C for holding 4 h in the relative humidity of 50%. The obtained
results showed that after one week of hygrothermal aging, the strength was enhanced,
which was possibly due to a post curing effect of PU, resulted to stronger interface
between MCC and PU. The shear strength of this biocomposite reduced in the second
week and after 4 weeks, the shear strength of that was lower than unaged sample.
Aouat et al. (2019) added MCC and cellulose nano-whiskers (CNW) into the PLA.
Then, the effect of hygrothermal aging (95% relative humidity in the temperatures of
45 and 60 °C for various durations) on the tensile properties of those bio-composites
were investigated. After 25 days, the elastic modulus of exposed MCC to the
45 °C was reduced from 2.95 to 2.77 GPa. Also, the obtained modulus after 7 days
in the exposure temperature of 60°C reduced down to 1.3 GPa. The elastic modulus
of CNW/PLA was about 3.38 GPa. After 25 days in the temperature of 45 °C and
7 days in the temperature of 60 °C, the elastic modulus was 3.02 and 1.1 GPa,
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respectively. The molecular weight reduction due to chain scission and degradation
of bio-composites were the mentioned mechanisms for these reduction trends.

In some cases, the extracted reinforcements from natural sources can be added in
form of particles or short fibers into the polymers. For example, Mohd Ishak et al.
(2001) added rice husk into the PP to investigate the effect of hygrothermal aging on
this bio-composite. The aging environment was water with the temperatures of 35
and 90 °C, which this biocomposite was put into that for 35 h. The obtained tensile
strength of sample at the temperature of 30 °C showed 3.7% reduction, while at
the temperate of 90 °C, the tensile strength reduced about 14.7%. The deterioration
interfacial bonding was reported as reason of this reduction trends. In other work, Yu
et al. (2018) included the ramie short fibers into the PLA. The obtained results after
hygrothermal aging (water bath with temperature of 60°C for three weeks) showed
reducing trend in tensile, flexural and impact strengths, which were about 91, 89
and 44%, respectively. The degradation of PLA and debonding were the effective
mechanisms in this work.

7 Polymer Composite Bio-materials

Some of the polymers like PE, PEG, PLA, PCL and PEEK can be used in the bio-
applications, because of having biocompatibility (Paxton et al. 2019). For improving
the features of these polymers, they can be composed with the other materials. In
this section, some admirable research works, which have investigated the effect of
hygrothermal aging on the mechanical performance of these materials, are briefly
reviewed. Salem et al. (2021) added MoS,, cuttlebone (CB) and red coral (RC) to
high density polyethylene (HDPE). Then, they immersed these composites into the
water and Ringer’s solution at the temperature of 80°C for 21 days to investigate the
effect of hygrothermal aging on the tribology behaviors. Figure 13 depicts the wear
rate of unaged and aged these composites. Based on this figure, it can be found that
HDPE-CB had the maximum wear rate, so that, after aging, the wear rate enhanced
about 50%, which was due to degradation of fiber-matrix interface by water absorbing
and swelling CB in this composite. The aged HDPE-MoS, composites in Ringer’s
solution and water showed about 15% increment in wear rate. Oxidizing MoS, and
producing MoOj3 and H, S from that were mentioned as increment mechanisms in this
sample. The aged HDPE-RC composite in water environment had not noteworthy
changes, but into the Ringer’s solution showed 24% increment in the wear rate. The
RC has Mg-calcite in its structure. So, Mg can react with chloride ions of Ringer’s
solution, which caused to dissolution of Mg-calcite, resulted to create debonding
phenomenon in the interface of RC/HDPE. Belotti et al. (2019) added 0.5 wt%
graphene oxide (GO), 1 wt% nano diamond, 10 wt% short carbon fibers and all of
them into ultra-high molecular weight polyethylene (UHMWPE). The wear results
of unaged and aged samples have been illustrated in Fig. 14. Based on these results,
the authors said that the hygrothermal aging had not significantly effect on the wear
performance of these composites. Tham et al. (2014) aged the halloysite nanoclay
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Fig. 13 Average specific wear rate of HDPE composites at the end of wear tests. Reprinted from
Salem et al. (2021) with the permission from Elsevier
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Fig. 14 Average specific wear rate of the composites (UHMWPE: Ultra high molecular weight
polyethylene; SCF: Short carbon fibers; GO: Graphene oxide; ND: Nano diamonds). Reprinted
from Belotti et al. (2019) with the permission from Elsevier

(HNC)/PLA bio-composite in the different temperatures of 30, 40 and 50 °C for
investigating the effects of aging on the Charpy impact properties. They found that
in the temperature of 50 °C, the PLA was hydrolyzed, so that, the aging environment
became acidic (pH in range of 2.5-2.7). This finding introduces the new mechanism,
which can reduce the mechanical properties of PLA bio-composites.

Malmstein et al. (2013) compared the flexural properties of aged glass
fibers/linseed oil, glass fibers/castor oil and glass fibers/epoxy composites in the
various aging duration times. Based on the obtained results from this literature, it
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can be said that after the aging, the glass fibers/castor oil composite had lower reduc-
tion in the flexural properties, as compared with glass fibers/epoxy as conventional
composite. Whereas, the glass fibers/linseed oil composite could not resist against
the hygrothermal conditions, so that, after 20 weeks, it lost about 70% of initial flex-
ural properties. In the study of Tserpes et al. (2019), the carbon fibers/rosin based
epoxy resin as bio-composite was exposed to the temperature of 70 °C with relative
humidity of 85% for 7 days. The reported results from interlaminar shear strength
showed, this bio-composite had good resistance against this hygrothermal aging, so
that, the only negligible reduction was seen in this mechanical property.

8 Partially/Fully Bio-reinforced Hybrid Composites

Several definitions are introduced by various researchers for hybrid composites. One
of the common definitions is that the hybrid composites are the materials with the
at least two different reinforcements into a common matrix. The hybrid composites
can be categorized according to the used reinforcements, which can be two different
fibers (Ebrahimnezhad-Khaljiri et al. 2020a) or nano/micro fillers (Bigdilou et al.
2020), fiber-metal (Ebrahimnezhad-Khaljiri et al. 2020b), and fiber-filler (Chavhan
and Wankhade 2020). The aim of hybridization is to achieve the new features into
the composite materials. Therefore, the second reinforcement can be added into the
bio-composites to develop the new features into them. The aim of this section is to
introduce some admirable researches about the interaction of hygrothermal aging and
mechanical properties into the hybrid bio-composites. It can be introduced the new
definition for these composites, which are partially bio-reinforced hybrid composites
(PBRHC) or fully bio-reinforced hybrid composites (FBRHC). In the PBRHC, at
least one of the reinforcements should be bio-based materials, whereas in the FBRHC,
all of the reinforcements such as fibers and fillers are bio-based materials.

Cheng et al. (2020) fabricated carbon/flax hybrid composites with the various
configurations for subjecting them into the water bath with the temperature of
60 °C for 300 h. The obtained results showed that the tensile and flexural strengths
decreased after aging. In the hybrid composites, the carbon layer caused to alle-
viate the interfacial deterioration due to protecting effect of that against the water
molecules diffusion. In the similar work, Wang et al. (2020b) aged these hybrid
composites under relative humidity of 85% in the temperatures of 40 and 70 °C. Like
previous work, they mentioned that the carbon fibers had isolating effect, especially
when they are located on the surface of flax fibers, so that, the diffusion rate of
water molecules extremely reduced, resulted to decrease the destructive effects of
hygrothermal aging. The basal/jute-epoxy composite is one of the PBRHY, which
can be used in many applications. Fiore et al. (2017) investigated the hygrothermal
aging (87% relative humidity at the temperature of 35°C for 115 min) resistance of
that. The reported results showed that the sandwich structures had the better aging
resistance especially when the basalt fibers are used as outer layers. By increasing
the thickness of basalt layers on the surface, the aging resistance improved, which
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was due to postponing the degradative effects of aging. Wang et al. (2019b) used the
nanoclay in form of grafting method in the flax/epoxy bio-composites to improve
the hygrothermal aging resistance. The grafting nanoclay on the flax fibers reduced
the saturation moisture uptake and coefficient of diffusion by 38.4 and 13.2%,
respectively. After immersing six weeks, the retention rate of tensile modulus in
the composite containing nanoclay increased about 33.8%, as compared with neat
flax/epoxy composite. The grafted nanoclay had not obvious effect on the tensile
strength composites under hygrothermal aging, but increased the tensile strain.

9 Conclusion

In the last decade, many efforts have been done by various research groups to develop
the bio-composites for using them instead of conventional composites, due to having
lower production costs and environmental issues. Being into the harsh environ-
ments like hygrothermal situations can influence on the mechanical properties of
these composites. If the relative humidity and temperature of this environment be
moderate, some mechanical properties such as impact strength, failure strain and
shear strength may be improved by plasticizing the matrix or changing the fibrils
angels. But, if the temperature and relative humidity of hygrothermal environment
be high, the bio-composites cannot resist against the aging in this environment, which
resulting to the deterioration of mechanical properties. The effect of water molecules
on the bio-fibers, matrices, and the fibers/matrix interfaces are the main reasons of
these deteriorations. Controlling the diffusion of water molecules can reduce the
hygrothermal aging effects, which can be done by surface treatments of bio-fibers.

10 Future Perspective

Although, the effect of hygrothermal aging in some of the bio-composites has been
investigated by various research groups, but the only flax, hemp and wood based
bio-composites had proper developing trend and the study on the other famous
bio-composites like sisal and jute based bio-composite is too limited. Therefore,
it can be predicted, these bio-composites will develop in the future. Reducing the
destructive effects of hygrothermal aging is the subject, which can be developed by
selecting the proper surface modification of bio-fibers or adding the proper nanopar-
ticles for reducing the hydrophilicity of bio-fibers. Enhancing the strength in the
fibers/matrix interfaces by nanomaterials especially nano callouses crystalline or
whiskers is another way for improving the hygrothermal resistance in bio-composites.
The other developing view point is creating the recovery capability of initial mechan-
ical properties under hygrothermal aging, which can be done by creating self-healing
ability or changing the fibril angels into the bio-composites.



134 H. Ebrahimnezhad-Khaljiri

References

Ahmad MR, Chen B, Haque MA, Shah SFA (2020) Utilization of industrial and hazardous waste
materials to formulate energy-efficient hygrothermal bio-composites. J Clean Prod 250. https://
doi.org/10.1016/j.jclepro.2019.119469

Akampumuza O, Wambua PM, Ahmed A et al (2017) Review of the applications of biocomposites
in the automotive Industry. Polym Compos 38:2553-2569. https://doi.org/10.1002/pc.23847

Alam P, Robert C, Bradaigh (), CM, (2018) Tidal turbine blade composites—a review on the effects
of hygrothermal aging on the properties of CFRP. Compos Part B Eng 149:248-259. https://doi.
org/10.1016/j.compositesb.2018.05.003

Aouat T, Kaci M, Lopez-Cuesta JM, Devaux E (2019) Investigation on the durability of PLA
bionanocomposite fibers under hygrothermal conditions. Front Mater 6:323. https://doi.org/10.
3389/fmats.2019.00323

AzwaZN, Yousif BF (2019) Physical and mechanical properties of bamboo fibre/polyester compos-
ites subjected to moisture and hygrothermal conditions. Proc Inst Mech Eng Part L J Mater Des
Appl 233:1065-1079. https://doi.org/10.1177/1464420717704221

Bigdilou B, M, Eslami-Farsani R, Ebrahimnezhad-Khaljiri H, Mohammadi MA, (2020) Exper-
imental assessment of adding carbon nanotubes on the impact properties of Kevlar-ultrahigh
molecular weight polyethylene fibers hybrid composites. J Ind Text. https://doi.org/10.1177/152
8083720921483

Battegazzore D, Alongi J, Duraccio D, Frache A (2018) All natural high-density fiber- and parti-
cleboards from hemp fibers or rice husk particles. J Polym Environ 26:1652-1660. https://doi.
org/10.1007/s10924-017-1071-9

Beg MDH, Pickering KL (2008a) Reprocessing of wood fibre reinforced polypropylene composites.
Part II: Hygrothermal ageing and its effects. Compos Part A Appl Sci Manuf 39:1565-1571.
https://doi.org/10.1016/j.compositesa.2008.06.002

Beg MDH, Pickering KL (2008b) Mechanical performance of Kraft fibre reinforced polypropylene
composites: Influence of fibre length, fibre beating and hygrothermal ageing. Compos Part A
Appl Sci Manuf 39:1748-1755. https://doi.org/10.1016/j.compositesa.2008.08.003

Belotti LP, Vadivel HS, Emami N (2019) Tribological performance of hygrothermally aged
UHMWPE hybrid composites. Tribol Int 138:150-156. https://doi.org/10.1016/j.triboint.2019.
05.034

Bhagavathi LR, Deshpande AP, Janaki Ram GD, Panigrahi SK (2021) Hygrothermal aging, fatigue
and dynamic mechanical behavior of cellulosic particles reinforced one-component moisture
curable polyurethane adhesive joints. Int J Adhes Adhes 105. https://doi.org/10.1016/j.ijadhadh.
2020.102771

Cadu T, Van Schoors L, Sicot O et al (2019) Cyclic hygrothermal ageing of flax fibers’ bundles
and unidirectional flax/epoxy composite. Are bio-based reinforced composites so sensitive? Ind
Crops Prod 141:111730. https://doi.org/10.1016/j.indcrop.2019.111730

Chavhan GR, Wankhade LN (2020) Improvement of the mechanical properties of hybrid composites
prepared by fibers, fiber-metals, and nano-filler particles—a review. Mater Today Proc 27:72-82.
https://doi.org/10.1016/j.matpr.2019.08.240

Cheng M, Zhong Y, Kureemun U et al (2020) Environmental durability of carbon/flax fiber hybrid
composites. Compos Struct 234. https://doi.org/10.1016/j.compstruct.2019.111719

Chunhong W, Shengkai L, Zhanglong Y (2016) Mechanical, hygrothermal ageing and moisture
absorption properties of bamboo fibers reinforced with polypropylene composites. J Reinf Plast
Compos 35:1062-1074. https://doi.org/10.1177/0731684416637681

Cuinat-Guerraz N, Dumont MJ, Hubert P (2016) Environmental resistance of flax/bio-based epoxy
and flax/polyurethane composites manufactured by resin transfer moulding. Compos Part A Appl
Sci Manuf 88:140-147. https://doi.org/10.1016/j.compositesa.2016.05.018

Del Saz-Orozco B, Alonso MV, Oliet M et al (2015) Lignin particle- and wood flour-reinforced
phenolic foams: Friability, thermal stability and effect of hygrothermal aging on mechanical


https://doi.org/10.1016/j.jclepro.2019.119469
https://doi.org/10.1002/pc.23847
https://doi.org/10.1016/j.compositesb.2018.05.003
https://doi.org/10.3389/fmats.2019.00323
https://doi.org/10.1177/1464420717704221
https://doi.org/10.1177/1528083720921483
https://doi.org/10.1007/s10924-017-1071-9
https://doi.org/10.1016/j.compositesa.2008.06.002
https://doi.org/10.1016/j.compositesa.2008.08.003
https://doi.org/10.1016/j.triboint.2019.05.034
https://doi.org/10.1016/j.ijadhadh.2020.102771
https://doi.org/10.1016/j.indcrop.2019.111730
https://doi.org/10.1016/j.matpr.2019.08.240
https://doi.org/10.1016/j.compstruct.2019.111719
https://doi.org/10.1177/0731684416637681
https://doi.org/10.1016/j.compositesa.2016.05.018

Hygrothermal Aging and Their Influence on Mechanical Properties ... 135

properties and morphology. Compos Part B Eng 80:154-161. https://doi.org/10.1016/j.compos
itesb.2015.05.043

Desai AA, Basbagill J, Nutt SR, Alonso MV (2010) Diffusivity and climatic simulation of hybrid
foams. J Cell Plast 46:461-478. https://doi.org/10.1177/0021955X10373641

Ebrahimnezhad-Khaljiri H, Eslami-Farsani R, Akbarzadeh E (2020a) Effect of interlayer hybridiza-
tion of carbon, Kevlar, and glass fibers with oxidized polyacrylonitrile fibers on the mechanical
behaviors of hybrid composites. Proc Inst Mech Eng Part C J Mech Eng Sci 234:1823-1835.
https://doi.org/10.1177/0954406219897935

Ebrahimnezhad-Khaljiri H, Eslami-Farsani R, Talebi S (2020b) Investigating the high velocity
impact behavior of the laminated composites of aluminum/jute fibers-epoxy containing nanoclay
particles. Fibers Polym 21:2607-2613. https://doi.org/10.1007/s12221-020-1209-6

Fiore V, Scalici T, Badagliacco D et al (2017) Aging resistance of bio-epoxy jute-basalt hybrid
composites as novel multilayer structures for cladding. Compos Struct 160:1319-1328. https://
doi.org/10.1016/j.compstruct.2016.11.025

Hu RH, Sun M, young, Lim JK, (2010) Moisture absorption, tensile strength and microstruc-
ture evolution of short jute fiber/polylactide composite in hygrothermal environment. Mater Des
31:3167-3173. https://doi.org/10.1016/j.matdes.2010.02.030

Huang JK, Bin YW (2019) The mechanical, hygral, and interfacial strength of continuous bamboo
fiber reinforced epoxy composites. Compos Part B Eng 166:272-283. https://doi.org/10.1016/].
compositesb.2018.12.013

Hussain A, Calabria-Holley J, Lawrence M, Jiang Y (2019) Hygrothermal and mechanical character-
isation of novel hemp shiv based thermal insulation composites. Constr Build Mater 212:561-568.
https://doi.org/10.1016/j.conbuildmat.2019.04.029

Islam MS, Pickering KL, Foreman NJ (2010) Influence of hygrothermal ageing on the physico-
mechanical properties of alkali treated industrial hemp fibre reinforced polylactic acid composites.
J Polym Environ 18:696—704. https://doi.org/10.1007/s10924-010-0225-9

Jiang N, Yu T, Li Y et al (2019) Hygrothermal aging and structural damage of a jute/poly (lactic
acid) (PLA) composite observed by X-ray tomography. Compos Sci Technol 173:15-23. https://
doi.org/10.1016/j.compscitech.2019.01.018

Jin P, Wang D, Tan X (2012) Review of hygrothermal effects on carbon fiber-reinforced
composite materials. Adv Mater Res 490-495:3611-3615. https://doi.org/10.4028/www.scient
ific.net/ AMR.490-495.3611

Kamau-Devers K, Kortum Z, Miller SA (2019) Hydrothermal aging of bio-based poly(lactic
acid) (PLA) wood polymer composites: studies on sorption behavior, morphology, and heat
conductance. Constr Build Mater 214:290-302. https://doi.org/10.1016/j.conbuildmat.2019.
04.098

LiY, Xue B (2016) Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy
composites. Polym Degrad Stab 126:144—158. https://doi.org/10.1016/j.polymdegradstab.2016.
02.004

Malmstein M, Chambers AR, Blake JIR (2013) Hygrothermal ageing of plant oil based marine
composites. Compos Struct 101:138-143. https://doi.org/10.1016/j.compstruct.2013.02.003

Mejri M, Toubal L, Cuilliere JC, Frangois V (2018) Hygrothermal aging effects on mechanical and
fatigue behaviors of a short-natural-fiber-reinforced composite. Int J Fatigue 108:96—108. https://
doi.org/10.1016/j.ijfatigue.2017.11.004

Mohd Ishak ZA, Yow BN, NG BL et al (2001) Hygrothermal aging and tensile behavior of injection-
molded rice husk-filled polypropylene composites. J Appl Polym Sci 81:742-753. https://doi.org/
10.1002/app.1491

Mokhothu TH, John MJ (2015) Review on hygroscopic aging of cellulose fibres and their
biocomposites. Carbohydr Polym 131:337-354. https://doi.org/10.1016/j.carbpol.2015.06.027

Mosiewicki MA, Aranguren MI (2013) A short review on novel biocomposites based on plant oil
precursors. Eur Polym J 49:1243-1256. https://doi.org/10.1016/j.eurpolym;j.2013.02.034

Paxton NC, Allenby MC, Lewis PM, Woodruff MA (2019) Biomedical applications of polyethylene.
Eur Polym J 118:412-428. https://doi.org/10.1016/j.eurpolym;j.2019.05.037


https://doi.org/10.1016/j.compositesb.2015.05.043
https://doi.org/10.1177/0021955X10373641
https://doi.org/10.1177/0954406219897935
https://doi.org/10.1007/s12221-020-1209-6
https://doi.org/10.1016/j.compstruct.2016.11.025
https://doi.org/10.1016/j.matdes.2010.02.030
https://doi.org/10.1016/j.compositesb.2018.12.013
https://doi.org/10.1016/j.conbuildmat.2019.04.029
https://doi.org/10.1007/s10924-010-0225-9
https://doi.org/10.1016/j.compscitech.2019.01.018
https://doi.org/10.4028/www.scientific.net/AMR.490-495.3611
https://doi.org/10.1016/j.conbuildmat.2019.04.098
https://doi.org/10.1016/j.polymdegradstab.2016.02.004
https://doi.org/10.1016/j.compstruct.2013.02.003
https://doi.org/10.1016/j.ijfatigue.2017.11.004
https://doi.org/10.1002/app.1491
https://doi.org/10.1016/j.carbpol.2015.06.027
https://doi.org/10.1016/j.eurpolymj.2013.02.034
https://doi.org/10.1016/j.eurpolymj.2019.05.037

136 H. Ebrahimnezhad-Khaljiri

Retegi A, Arbelaiz A, Alvarez P et al (2006) Effects of hygrothermal ageing on mechanical properties
of flax pulps and their polypropylene matrix composites. J Appl Polym Sci 102:3438-3445.
https://doi.org/10.1002/app.24331

Salem A, Bensalah W, Mezlini S (2021) Effect of hygrothermal aging on the tribological behavior
of HDPE composites for bio-implant application. Polym Test 94. https://doi.org/10.1016/j.pol
ymertesting.2020.107050

Sanjay MR, Madhu P, Jawaid M et al (2018) Characterization and properties of natural fiber polymer
composites: A comprehensive review. J Cleaner Prod 172:566-581. https://doi.org/10.1016/j.jcl
epro.2017.10.101

Scida D, Assarar M, Poilane C, Ayad R (2013) Influence of hygrothermal ageing on the damage
mechanisms of flax-fibre reinforced epoxy composite. Compos Part B Eng 48:51-58. https://doi.
org/10.1016/j.compositesb.2012.12.010

Sit M, Ray C (2019) Free vibration characteristics of glass and bamboo epoxy laminates under
hygrothermal effect: a comparative approach. Compos Part B Eng 176. https://doi.org/10.1016/
j-compositesb.2019.107333

Sodoke FK, Toubal L, Laperriere L (2016) Hygrothermal effects on fatigue behavior of quasi-
isotropic flax/epoxy composites using principal component analysis. J Mater Sci 51:10793—
10805. https://doi.org/10.1007/s10853-016-0291-z

Tham WL, Ishak ZAM, Chow WS (2014) Water absorption and hygrothermal aging behaviors of
SEBS-g-MAH toughened poly(lactic acid)/halloysite nanocomposites. Polym Plast Technol Eng
53:472-480. https://doi.org/10.1080/03602559.2013.845208

Thygesen A, Thomsen AB, Daniel G, Lilholt H (2007) Comparison of composites made from fungal
defibrated hemp with composites of traditional hemp yarn. Ind Crops Prod 25:147-159. https://
doi.org/10.1016/j.indcrop.2006.08.002

Tserpes K, Tzatzadakis V, Katsiropoulos C (2019) Effect of hygrothermal ageing on the interlaminar
shear strength of carbon fiber-reinforced rosin-based epoxy bio-composites. Compos Struct 226.
https://doi.org/10.1016/j.compstruct.2019.111211

Wang X, Petrd M (2019) Effect of hygrothermal aging and surface treatment on the dynamic
mechanical behavior of flax fiber reinforced composites. Materials (basel) 12:2376. https://doi.
org/10.3390/mal2152376

Wang A, Xian G, Li H (2019a) Effects of fiber surface grafting with nano-clay on the hydrothermal
ageing behaviors of flax fiber/epoxy composite plates. Polymers (basel) 11:1278. https://doi.org/
10.3390/polym11081278

Wang X, Petri M, Yu H (2019b) The effect of surface treatment on the creep behavior of flax fiber
reinforced composites under hygrothermal aging conditions. Constr Build Mater 208:220-227.
https://doi.org/10.1016/j.conbuildmat.2019.03.001

Wang A, Wang X, Xian G (2020a) Mechanical, low-velocity impact, and hydrothermal aging
properties of flax/carbon hybrid composite plates. Polym Test 90. https://doi.org/10.1016/j.pol
ymertesting.2020.106759

Wang W, Guo X, Zhao D et al (2020b) Water absorption and hygrothermal aging behavior of
wood-polypropylene composites. Polymers (basel) 12:782. https://doi.org/10.3390/POLYM 1204
0782

Xu C, Xing C, Pan HI (2015) Hygrothermal aging properties of wood plastic composites made of
recycled high density polypropylene as affected by Inorganic pigments. Polym Eng Sci 55:2127-
2132. https://doi.org/10.1002/pen.24054

YuT, SunF, LuM, Li Y (2018) Water absorption and hygrothermal aging behavior of short ramie
fiber reinforced poly(lactic acid) composites. Polym Compos 39:1098—1104. https://doi.org/10.
1002/pc.24038

Zhou H, Wang G, Chen L et al (2019) Hydrothermal aging properties of three typical bamboo
engineering composites. Materials (basel) 12:1450. https://doi.org/10.3390/ma12091450


https://doi.org/10.1002/app.24331
https://doi.org/10.1016/j.polymertesting.2020.107050
https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.1016/j.compositesb.2012.12.010
https://doi.org/10.1016/j.compositesb.2019.107333
https://doi.org/10.1007/s10853-016-0291-z
https://doi.org/10.1080/03602559.2013.845208
https://doi.org/10.1016/j.indcrop.2006.08.002
https://doi.org/10.1016/j.compstruct.2019.111211
https://doi.org/10.3390/ma12152376
https://doi.org/10.3390/polym11081278
https://doi.org/10.1016/j.conbuildmat.2019.03.001
https://doi.org/10.1016/j.polymertesting.2020.106759
https://doi.org/10.3390/POLYM12040782
https://doi.org/10.1002/pen.24054
https://doi.org/10.1002/pc.24038
https://doi.org/10.3390/ma12091450

Effects of Natural Weathering )
on Aesthetics, Thermal and Mechanical oosk ko
Properties of the Bio-composites

Tarkan Akderya, Cemal Bilir, and Buket Okutan Baba

Abstract Bio-composite materials, which are a serious alternative to synthetic-
based fibre and matrix materials due to their high characteristics and biodegradability,
cause difficulties and uncertainties for usage conditions due to their high sensitivity
to climatic conditions. Scientific studies have shown that climatic factors such as
temperature, humidity, radiation, UV rays, and acid rain that act synergistically in
natural weathering conditions, cause degradation and changes in the bio-composite
material’s characteristics. Examining the material’s behaviour under natural weath-
ering conditions provides the most realistic and reliable results in terms of deter-
mining the shelf life of the material and knowing its behaviour in the usage envi-
ronment. In this study, changes in thermal, mechanical, and aesthetic properties of
bio-composite materials exposed to natural ventilation conditions were investigated.
It has been observed that natural weathering induces dramatic decreases in thermal
and mechanical properties of bio-composite materials, especially with the effect of
prolonged exposure times, and causes changes in colour, surface deterioration and
changes in shape.
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1 Introduction

Deterioration of the environment’s natural equilibrium, increasing natural disas-
ters, and environmental awareness on governmental and personal basis have led to
increased sustainability awareness. Therefore, the search for environment-friendly
products used in industrial and daily life has been launched. One of the areas where
environment-friendly material applications are used is the field of composite material
production. In this respect, it has begun to search for green composite materials that
can be an alternative to synthetic fibre and synthetic matrix composite materials with
a wide range of use and superior properties.

Within the scope of the search for sustainable materials, it is seen that the
use of biobased plastics and their composites (bio-composites) is on a significant
growth trend. Bio-composites produced from local and renewable sourced materials
contribute to sustainability by increasing ecological efficiency, contributing to the
establishment of green chemistry and green industry, and paving the way to produce
new generation materials, processes and products (Bharath and Basavarajappa 2016).
In reducing the carbon footprint caused by traditional composite materials, bio-
composite materials can be an alternative, and these materials can also help reduce
the strain on the environment (Chang et al. 2020).

Bio-composite materials can be evaluated in two main classes: green composites
or partly eco-friendly composites, depending on the fibres and matrix’s sustainability.
While the matrix and fibres of green composites are entirely obtained from renewable
resources, either the matrix or fibres of partly eco-friendly composites are obtained
from environmentally friendly sustainable sources (Mohanty et al. 2005; Mitra 2014;
Pecas et al. 2018; Akderya et al. 2020).

Natural fibre-reinforced bio-composites are additives that are used as reinforce-
ment elements, obtained from natural sources. When compared with synthetic
fibres, they have superior characteristic properties such as renewability, abundance,
biodegradability, affordability, flexibility during the production process, specific stiff-
ness, low carbon footprint and low density (Nabi Saheb and Jog 1999; Akil et al.
2011; Mukherjee and Kao 2011; Faruk et al. 2012; and Hiremath 2020; Chaud-
hary et al. 2020). The classification of natural fibres is schematised in Fig. 1, and
accordingly, natural fibres can be divided into two main classes, organic and non-
organic. Organic natural fibres can be examined in two different groups, plant-based
and animal-based. As an example of plant-based natural fibres as a reinforcement
element; jute (Rahman et al. 2014), flax (Li et al. 2009), hemp (Popaet al. 2013), kenaf
(Kamal et al. 2014), ramie (Krasowska et al. 2010), banana (Rodriguez et al. 2018),
coir (Sanal 2016), kapok (Sellivam et al. 2016), bamboo (Astadini et al. 2020; del
Pilar Fajardo Cabrera de Lima et al. 2020; Hung et al. 2012; Chaowana and Barbu
2017), rice (Wang et al. 2010; Chen et al. 2015), palm (Abu-Sharkh and Hamid
2004), straw (Yaacab et al. 2016), broom (Nouar et al. 2020) can be given. Human hair
(Verma and Singh 2016), alpaca hair (Fortunati et al. 2015), sheep wool (Aluigi et al.
2014), chicken feather (Akderya et al. 2020) can be used as a reinforcement element
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Fig. 1 Classification of natural fibres and their origins (Riedel and Nickel 2002; John and Thomas
2008; Tridico 2009; Chandramohan and Marimuthu 2011; Akil et al. 2011; Azwa et al. 2013;
Pandey et al. 2015; Bharath and Basavarajappa 2016; Sapuan et al. 2017; Mayandi et al. 2018; and
Hiremath 2020; Hiremath and Sridhar 2020)
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from animal-based fibres. Non-organic mineral-based natural fibres can be evalu-
ated in three groups: asbestos, ceramic fibres, and metal fibres. Chrysotile, amosite,
tremolite, actinolite, crocidolite, and anthophyllite are examples of asbestos class
(Lang et al. 1986; Rinaudo et al. 2005), glass wool, glass quartz, aluminium oxide,
boron carbide, and silicon carbide are in the ceramic fibre class, and in addition to
those, aluminium fibre can be given as an example of metal fibre class (Chandramohan
and Marimuthu 2011; Sapuan et al. 2017).

There has been a noticeable increase in the trend of use of bio-composite materials
inrecent years. In this direction, scientific studies are carried out to detect the changes
in bio-composites’ properties in outdoor conditions to determine their shelf life. There
are harsh environmental conditions that all materials can be exposed to in outdoor
conditions. These conditions include acid rain, variable temperatures, high and low
temperatures, wind, solar radiation, oxygen, biotic factors, and humidity. Natural
weathering environment conditions are illustrated in Fig. 2. External conditions may
cause degradation in the material and leakage of additives in its structure and entry
of additives that are not in its structure. (Yew et al. 2009; Badji et al. 2018a; Liu et al.
2020; Gonzalez-Lopez et al. 2020).

Some researchers focused on the behaviour of natural fibre-reinforced bio-
composite materials in different environmental conditions. Duigou et al. (2011)
conducted a study to determine how to protect the external layers of flax/poly (1-
lactic acid) (PLLA) bio-composite material from seawater ageing. Another study
was carried out by Duigou et al. (2014) to obtain the effects of long-term seawater
ageing on the flax/poly (lactic acid) (PLA) bio-composite. Ogunsona et al. (2017)
investigated the behaviour of biocarbon reinforced nylon bio-composites under accel-
erated hydrothermal ageing conditions. Lila et al. (2019) conducted a study in which

Fig. 2 Natural weathering conditions diagram
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they examined the behaviour of bagasse fibre/PLA bio-composites under accelerated
thermal ageing. The study on the differences between the bio-composite properties
using pineapple leaf and palm fibre as reinforcement elements and polypropylene
as a matrix was carried out by Chollakup et al. (2017). When the results of these
studies were examined, it is seen that bio-composites degraded due to reasons such
as matrix cracking, swelling, hydrolysis, debonding of fibre/matrix, and high-water
uptake as a result of exposure to severe environmental conditions.

2 Natural Weathering Conditions

The high sensitivity of bio-composites to climatic conditions constitutes uncertainty
and obstacle for their usage conditions. A limited number of scientific studies (Badji
et al. 2018a, b, c; Abdullah et al. 2019) have been conducted to gain insight into
bio-composites’ durability and behaviour under natural weathering conditions with
different climatic conditions (Badji et al. 2018d). With natural weathering, more
than one external environmental factors synergistically affect the material at the
same time. In the natural weathering environment, it cannot be precisely known
what factor causes the dramatic changes in the material’s properties (Badji et al.
2018d). The biggest reason for the application of natural weathering technique on
materials is to obtain reliable and realistic results for the behaviour of the material in
real-life conditions (PospiSil et al. 2006; Lv et al. 2015; Gonzalez-Lopez et al. 2020).

The most influential factors that cause degradation of both polymer matrix and
natural fibre in bio-composite materials exposed to natural weathering environment
are high temperatures or oxidative processes caused by free radicals due to ultraviolet
(UV) rays, and degradation phenomena bring about decrease in physicochemical
properties of bio-composites (Stark and Matuana 2004; Fabiyi et al. 2008; Badji
et al. 2018d). The polymer matrix undergoes Norrish type I and II reactions chain
scissions (Parikh et al. 2006) during natural weathering exposure and transforms
into lower molecular weight products (Stark and Matuana 2004; Fabiyi et al. 2008;
Thirmizir et al. 2011; Badji et al. 2018d). In addition to Norrish type reactions,
degradation phenomena cause effects in the matrix, such as absorption of UV rays
by the lignin substance, photo-yellowing effect, and quinoid structure formation.
Moreover, degradation phenomena cause chromophoric groups’ formation in plant-
based natural fibres (Beg and Pickering 2008; Azwa et al. 2013; and Hiremath 2020;
Siakeng et al. 2020).
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3 Results

3.1 Effects on Mechanical Properties

Having knowledge about the mechanical behaviour of materials gives a chance to
intervene with a proactive approach to prevent malfunctions and errors that can
potentially occur in engineering applications. Few scientific studies have been done
to reveal the behavioural changes in bio-composites’ mechanical properties in natural
weathering environments.

Changes in some bio-composites’ mechanical properties after exposure to natural
weathering such as flexural strength, flexural modulus, tensile strength, tensile
modulus, elongation at break, hardness and impact strength are given in Table 1.
According to this table, most of the mechanical properties have decreased with natural
weathering environments. The decrease in hardness values results from polymer
chain scissions due to surface cracks and embrittlement occurring in natural weath-
ering environment (Du et al. 2010). With the extension of the natural weathering
duration, the number of chain scissions increase. Increasing the number of chain
scissions results in the formation of shorter polymer chains and therefore, a decrease
in overall mechanical properties (Fabiyi et al. 2008). Stark and Matuana (Stark et al.
2004; Stark and Matuana 2006) attributed the decrease in flexural strength values the
fact that the crystallinity of composites increases at the beginning of the exposure
period due to UV light and water exposure encountered in the natural weathering
environment and decreases with the prolongation of this period. At the beginning of
the exposure, the shorter and more mobile chains recrystallise. With the prolonga-
tion of the exposure, the chain scissions continue, and thus, the crystal regions are
affected, and the crystallinity decreases.

The decrease in mechanical strength properties has been associated with the
deterioration of the composite material’s structure and properties. Natural weath-
ering environment causes the composite materials to deteriorate, thus weakening
the matrix-filler interfacial bonding. The swelling and shrinkage of natural fibres or
particles with hydrophilic capability by absorbing and desorbing moisture cause the
quality of the matrix-filler interface bonding to decrease (Beg and Pickering 2007,
2008). Stress concentration and chain scissions forming a brittle layer on the matrix
surface, and the degradation of fillers led to an increase in composite materials’
brittleness. Natural fibres deteriorating due to long-term natural weathering causes
chromophoric groups to form in the composite material. These groups increased the
photooxidation of composites. Moreover, thanks to photodegradation, additives with
lignin in their structure have led to the formation of free radicals. Free radicals have
had a detrimental effect on the structure of the matrix material by increasing chain
scissions’ speed (Beg and Pickering 2007; Naumann et al. 2012; Zhou et al. 2016).

The decrease in matrix-fibre interfacial bonding success of naturally weath-
ered and therefore degraded composite materials may be caused by the inability
to distribute the energy generated at the moment of impact through vibration and
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the inability to spread this energy in weak matrix-fibre regions (Oksman et al. 2009;
Rahman et al. 2011).

3.2 Effects on the Thermal Properties

Exposure to natural weathering conditions has caused some changes in the thermal
properties of composite materials. These changes are given in Table 2, as revealed
by some scientific studies. The decrease in the first melting temperature of naturally
weathered composites indicates the degradation of the matrix’s lamellar fold surfaces,
and the decrease in the second melting temperature indicates the effect of decaying
molecules on crystal phase formation. The smaller and more defective molecules
in the crystals formed during the recrystallisation process are the reason for the
decrease in the second melting temperature (Rabello and White 1996, 1997; Butylina
et al. 2012). Under natural weathering conditions, changes occurring on the matrix’s
lamellar structure due to cross-linking with UV rays’ effect may affect the mechanical
properties, while the melting temperatures may remain unchanged if they do not affect
the bulk properties of the matrix. In case of exposure to high energy levels such as
gamma-ray or electron irradiation, chain scissions and cross-linking in the amorphous
phase cause changes in the bulk crystal structure of the composite material, and thus a
decrease in the peak melting temperature is observed (Mitomo et al. 1994; Bergmann
et al. 2007; Wei and McDonald 2016; Chan et al. 2019).

Photodegradation appears to be more predominant in the amorphous phase whose
molecular chain is susceptible to further crystallisation; however, the crystallinity’s
overall decrease indicates that the crystalline phase is generally affected (Stark and
Matuana 2006; Homkhiew et al. 2014; Badji et al. 2018a). One of the reasons for
the decrease in crystallinity may be the impurities caused by factors such as dust and
moisture accumulating in the composite material during exterior natural weathering
exposure or the presence of smaller and more defective molecules in the material
(Butylina et al. 2012; Soccalingame et al. 2016). The increase in the degree of crys-
tallinity under natural weathering conditions may result from the change in molecular
weight due to degradation of the polymer of the composite leading to chain breakage
and subsequent secondary crystallisation (Fabiyi and McDonald 2014).

3.3 Effects on the Aesthetics

Some alterations in lightness and colours have been observed as a result of factors
such as high temperature, UV rays and rain, with the exposure of composite mate-
rials to natural weathering conditions for specific periods. Total colour change is
calculated by taking the lightness, redness and yellowness values of the composite
into consideration. The changes in the visual properties of composites under natural
weathering conditions are given in Table 3. When Rahman et al. (2011) exposed the
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polyethylene reinforced with 30% rice husk powder composite to natural weathering
environment for four months, it caused a colour change in the composite as a result
of photooxidation on the sample surfaces. Rain, which is one of the factors of natural
weathering environment, accelerates the erosion process on the composite material’s
surface and is a source of moisture that can cause dimensional changes. Typical
surface erosion spreads faster in materials such as wood-based materials with low
density, and the surface of the material becomes rougher as a result of this spread.
Surface erosion spread is a slowly progressing process and does not show itself in
short periods (Rahman et al. 2011).

4 Future Perspective

Bio-composite materials are new trend materials that are being used as an alternative
to traditional materials in a wide variety of industrial and engineering applications.
Increased awareness and interest in long-term sustainability and environmental sensi-
tivity, as well as superior properties such as high specific strength, high hardness
values, higher fatigue strength, impact absorption, superior resistance to corrosion,
recyclability, non-toxicity, and low-cost cause bio-composites to be evaluated in the
class of engineering materials, and it is predicted that their frequency of use will
increase in the future. Static and dynamic failures such as matrix cracking, fibre
breakage and layer delamination, high sensitivity to climatic conditions and the
inability to predict the mechanical behaviour of natural fibre reinforced composites
present challenges in predicting the reliable performance of bio-composites. In order
for the components of bio-composite materials to be selected correctly, long-term
reliable performance must be determined. For this purpose, real-time experimental
studies in natural weathering environment and accelerated weathering studies on bio-
composites are mandatory to carry out. There is a need to develop new combined eval-
uation criteria in both macro and nano scale by demonstrating consistency between
these studies.

5 Conclusion

Bio-composites encounter factors such as humidity, high and low temperatures, radi-
ation and UV rays in natural environments. These factors cause deterioration in
the mechanical, and thermal properties and aesthetics of bio-composite materials.
Mechanical properties such as flexural strength, tensile strength, modulus of elas-
ticity, elongation at break, impact resistance change with influences such as chain
scissions and reduction of fibre-matrix interfacial bonding success. Thermal proper-
ties such as crystallinity and melting temperature deteriorate with recrystallisation,
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resulting in the formation of smaller and more defective molecules. Aesthetic prop-
erties such as lightness, surface roughness and shape also change with effects such
as photooxidation, moisture absorption and photodegradation.
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Degradation Effects on the Mechanical )
and Thermal Properties L
of the Bio-Composites Due to Accelerated
Weathering
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and Michele Greque de Morais

Abstract Bio-composites are promising materials to be used as an alternative to
composites. Weathering studies can evaluate the effects of the degradation on bio-
composites properties. By accelerated weathering testing, it is possible to predict
the durability of materials in a short time. Exposure to UV radiation, moisture, and
temperature can cause leading to loss of color and brightness, roughness, and aging
of bio-composites. The chemical characteristics, crystallinity, and molecular weight
of bio-composites are also affected, with the possibility of randomly break down the
polymer chains. The reduction in tensile and flexural strength and thermal properties
are also consequences of the degradation process. In this way, to solve this problem,
the reinforcement of bio-composites has been investigated. Therefore, this chapter
addresses the main environmental factors involved in accelerated weathering and
the degradation effects on morphology, molecular characteristics, and thermal and
mechanical properties of bio-composites caused by this testing. The influence of
nanofillers on the degradation rate of composites are also mentioned.

Keywords Moisture + Nanofillers - Natural fibers + Polymers - Temperature + UV
radiation

1 Introduction

The accelerated growth of the global economy seeks to develop products from
innovative, sustainable, and quality materials. However, some products are often
marketed without proper evaluation of the durability and resistance of these mate-
rials. Various composite materials may show wear in color and physical resistance
after long periods of utilization by the user (Mohseni et al. 2011).

Weathering testing can be used to streamline the product quality validation
process. Accelerated weathering testing makes it possible to predict the durability
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of materials when subjected to adverse environmental conditions. These conditions
simulate what would take years of natural weathering in a short time (Sun et al. 2020).
The main weathering testing use UV radiation, extreme conditions of temperature
and humidity. These parameters can act as a single factor or a combined application
(Grossman 1977).

Coupled with population growth is the increased demand for consumer goods.
With this, researchers have been carrying out studies to meet the needs of the popu-
lation sustainably. Therefore, the use of bio-composites has shown potential for use
in the material sciences, especially in the field of composite, as they are full or partial
degradable, contributing to reduce environmental pollution (Lila et al. 2019). More-
over, bio-composites have been studied and applied in other areas, such as packaging
production (Kiryukhin et al. 2018), paints (Gao et al. 2019; Lankone et al. 2020),
coatings containing biopolymers (Aziz et al. 2016), and incorporation of natural
pigments in polymeric fibers for application in food packaging (Kuntzler et al. 2018;
Moreira et al. 2019; Silva et al. 2019).

Bio-composite material can be used as an alternative to conventional materials
because it presents less risk to the environment. However, they must demonstrate
similarity or superiority in properties and functions. The critical factor associated
with the application and use of bio-composites is their behavior during maintenance
conditions. Thus, weathering studies must be carried out (Lila et al. 2019). In this
sense, research on accelerated weathering provides the effects of the degradation of
composites during the stages of maintenance and use in a short time (Gonzélez-L6pez
et al. 2020).

Reinforcement with natural fibers and nanofillers improves the thermal and
mechanical properties of bio-composites. Besides, they enhance polymer blends’
miscibility and contribute to minimizing the effects generated by degradation due
to weathering (Rivera-Briso and Serrano-Aroca 2018). However, depending on the
bio-composite composition and the conditions of exposure, nanofillers can accelerate
or slow down the materials’ degradation (Antunes et al. 2020a). In this context, this
chapter addresses the main environmental factors involved in accelerated weathering
and the effects of degradation, morphology, molecular characteristics, and thermal
and mechanical properties of bio-composites caused by this technique. The influence
of nanofiller on the degradation rate of composites are also mentioned.

2 Environmental Factors

In the accelerated weathering technique, environmental factors such as solar radi-
ation, temperature, moisture, and microbiota are studied (Pickett 2018). The data
generated in these tests can be related to the durability of materials such as coat-
ings, adhesives, polymers, metals, wood, textiles, and construction materials (Xie
et al. 2020). The main effects of weathering on materials are associated with appear-
ance (color change, loss of shine, turbidity), mechanical properties (weakening, loss
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of strength), morphology (scaling, cracking, bubble formation), and oxidation (Sun
et al. 2020).

2.1 Solar Radiation

Solar radiation is composed of different wavelengths, from ultraviolet (UV) (up to
400 nm), visible (400-800 nm), and infrared (IR) (800-3000 nm). The radiation that
falls on materials on the Earth’s surface ranges from 295 to 3000 nm because the
shorter wavelengths are absorbed by oxygen in the Earth’s upper atmosphere and
ozone in the stratosphere (Pickett 2018). The location also influences the intensity
of the incidence of radiation (ASTM G177 2020).

A fraction corresponding to 5% of UV light from solar energy that strikes the
Earth’s surface is responsible for the degradation of polymeric compounds. The
degradation can be of photochemical origin that happens directly in the polymeric
chemical structure, or it can occur through the absorption of the wavelengths by impu-
rities. Visible radiation causes the material to fade due to the degradation of pigmented
compounds, while infrared radiation influences thermal properties, contributing to
the elevation of the material’s temperature (Grossman 1977; Nichols 2018).

In the accelerated weathering testing, it should be considered the type of lamp used
to simulate the solar radiation since there are different wavelengths for each radiation
source. Moreover, the irradiance provided must be uniform within a wavelength range
similar to sunlight (Gonzalez-Lopez et al. 2020).

2.2 Moisture

The effects of moisture due to accelerated weathering can result in degradation,
cracking, and depigmentation of materials (Michel and Billington 2012). In labo-
ratory weathering testing, degradation can occur by humidifying the chamber air
or by spraying water. Hydrolysis is more related to the immersion of materials,
and photodegradation is accelerated by spraying and condensation (Gonzélez-Lépez
etal. 2020). In condensation and spraying processes, sulfate ions are deposited on the
material surface, increasing acidity, accelerating its degradation (Grossman 1977).
According to ASTM G154 (2016), pure water must contain a maximum of 1 ppm of
total solids and 0.2 ppm of silica.

Despite the chamber conditions simulating natural environmental conditions, rain
and solar radiation are seasonal factors. Therefore, comparing natural weathering to
accelerated weathering can generate results with significant variation (Grossman
1977). According to Pickett (2018), the material surface is opaquer after laboratory
wear, while materials exposed to the open air appear much clearer. These statements
can be related to the controlled conditions, where there is a soft and cloudy spray of
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the water. On the other hand, in the natural environment, the rains tend to be more
aggressive and combined with particulates and winds.

2.3 Temperature and Microbiota

Most polymers have a degradation above 100 °C. Thus, the temperature used in
the weathering process does not directly affect the degradation of these mate-
rials. However, the accelerated weathering’ effect on polymers occurs in a series
of physicochemical reactions that depend on the temperature to occur, leading to
final degradation (Nichols 2018). Elevated temperatures accelerate hydrolysis and
photo-oxidation reactions due to the effects of radiation and moisture, in addition
to increasing degradation rates (Gijsman 2018). In accelerated weathering tests,
temperature cycles are applied, thus causing heating and cooling of the material.
Therefore, mechanical properties, such as stretching and contraction of the material,
are affected, resulting in the weakening of the polymeric structure and promoting
fractures (Gonzélez-Lopez et al. 2020).

The ability of microorganisms to multiply in several environmental conditions
makes them an important factor in degradability tests of bio-composites (Kavitha
etal. 2016). The action of microorganisms may not occur directly on the degradation
of the material. However, they may be responsible for producing compounds that
can act on the materials. The release of acids, for example, can cause corrosion or
weaken the material’s structures (Ghanbarzadeh and Almasi 2013). Algae and fungi
cannot generally metabolize high molecular weight polymers. Nonetheless, these
microorganisms can grow on the surfaces when the polymer is broken down into
smaller molecules or when the physical structure is damaged (Pickett 2018).

3 Accelerated Weathering

The use of laboratory techniques to evaluate the degradation of materials aims to
reproduce in a short time the conditions that would take years to occur naturally. The
tests must have high precision, and the experimental conditions must be appropriate
for each type of material since the behavior will vary (Michel and Billington 2012;
Latos-Brozio and Masek 2020). Techniques used to perform accelerated weathering
seek to cause stress to the material by reproducing environmental conditions (Pickett
2018). Besides, accelerated weathering testing can use different types of lamps,
wavelength ranges, and exposure times considering the standard methods ISO 4892—
1 and ASTM G151 (Gonzélez-Lépez et al. 2020).

The main techniques evaluate the deterioration caused by sunlight, and the xenon
arc test can be used for the weathering process of internal and external solar exposure
of materials. Another testing is related to ultraviolet exposure, which simulates the
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Table1 Standard t,GStS .for Standard test Types of materials | References
accelerated weathering in
different materials AATCC TM186 Textile materials | AATCC 186 (2015)
ASTM D4101 Polypropylene ASTM D4101
materials (2017)
ASTM D4329/1SO | Plastic materials | ASTM D4329
29664 (2013); ISO 29664
(2010)
ASTM D5208 Photodegradable | ASTM D5208
plastic materials | (2014)
ASTM D4811 Non-vulcanized | ASTM D4811
rubber (2016)
ASTM F1164 Transparent ASTM F1164
plastic materials | (2019)
ASTM F1945 Inner lining ASTM F1945
materials (2011)
DIN 75,220 Automotive DIN 75220 (1992)
components
1SO 11507 Paints and ISO 11507 (2007)
varnishes

deterioration of materials in natural sunlight. The carbon arc test verifies the optical
properties’ resistance when the material is exposed to light and heat (Pickett 2018).

Degradation rates are strongly affected by the intensity of visible light. Xenon,
metal-halide, or carbon arc lamps have been used for photo-degradation, exhibiting
strong absorption bands below 250 nm. The rate of photodegradation is faster in:
carbon arc lamps > metal halide lamps > xenon lamps > external exposure (Gonzélez-
Lépez et al. 2020). Carbon arc lamps were developed to prevent the fading of textiles.
The xenon arc light source is surrounded by an internal quartz filter and an external
borosilicate glass filter. This light source can greatly distort the chemical changes
that occur during accelerated weathering compared to outdoor exposure (Nichols
2018).

In addition to the lamps that simulate solar radiation, the QUV and Q-SUN
machines have been used for accelerated weathering tests. With the use of QUV
and Q-SUN equipment, standardization of weather conditions is possible. The main
difference is that the QUV uses UV at wavelengths between 300 and 400 nm, while
the Q-SUN system can use the entire spectrum of sunlight, including UV, visible
light, and IR. Thus, Q-SUN simulates degradation conditions similar to the natural
environment. However, it is important to control irradiance on Q-SUN machines, as
the xenon arc lamp is less spectrally stable. Therefore, calibration radiometers are
installed to maintain the spectrum (Sang et al. 2020).

The choice of method depends on the material and the environmental conditions to
which it will be exposed. In this context, several standard methodologies are available
for different types of materials (Table 1).
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4 Studies of Accelerated Weathering on Degradation
of the Bio-Composites

Composites reinforced with natural fibers have a growing interest in researchers as a
sustainable and biodegradable alternative to conventional polymers. Bio-composites
have advantages over conventional materials, such as lightness, low manufacturing
cost, renewability, and recyclability. Moreover, bio-composites contribute to the
preservation of the ecosystem (Chee et al. 2019). However, polymers or natural
fibers are prone to degradation when exposed to different environmental conditions.
After the weathering periods, bio-composites may change various properties, such as
discoloration, surface roughness, loss of mechanical and thermal stability (Fei et al.
2016). Therefore, accelerated weathering assesses the state and extent of degrada-
tion, exposing bio-composites to simulated conditions that are somehow related to
outdoor exposure (Pickett et al. 2019).

4.1 Morphology and Visual Appearance

The combined effects of ultraviolet solar radiation, humidity, and temperature oscil-
lations can cause weakening and photodegradation of the polymeric matrix (Vascon-
scelos et al. 2020). The free radical reaction mechanism shows that the aging of
polymers is an automatic catalytic process. The products of the reactions involved
can increase the number of reactive species, occurring the auto-acceleration of
photo-oxidative degradation (Celina et al. 2019).

Campo et al. (2020) evaluated the morphology of the bio-composite formed of
poly (lactic acid) (PLA) and agave fibers (Agave tequilana Weber var. Azul). The
accelerated weathering test in the bio-composite was performed using the QUV
machine. The samples were subjected to 2 h of cyclic exposure to UV light (340 nm
fluorescent UV lamp) at 55 °C and 2 h of condensation at 50 °C for 600 h. After
accelerated weathering exposure, the results of micrographs showed that gap between
the polymer and fibers appeared and increased the pull-out effect of fibers in the bio-
composite. These effects are related to the degradation caused by the absorption
of UV radiation and moisture at the bio-composite interface. Furthermore, it was
observed that accelerated weathering affected the color of the samples, mainly the
PLA, which changed from transparent to white.

Sawpan et al. (2019) developed a bio-composite with PLA and hemp fibers and
evaluated the appearance properties of the material after the action of accelerated
weathering. The samples were subjected to cyclic exposures of 8 h of exposure to
UV light (340 nm fluorescent UV lamp) at 60 °C followed by 0.25 h of water spray
without light and 3.75 h of condensation at 50 °C. The results show that the color
fading from brown to white in bio-composites, caused by the UV degradation of
lignin and leaching of impurities from hemp fibers.
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4.2 Molecular Characteristics

The chemical properties, crystallinity, and molecular weight of bio-composites are
also affected by exposure to UV radiation, humidity, and temperature. Moreover,
the results obtained in the weathering process are dependent on the type of material.
Photolysis and hydrolysis mechanisms can occur during the accelerated weathering
process, randomly breaking the polymer chains (Tsuji et al. 2006). The effects of
reducing and increasing molecular weight are also caused by polymeric fission and
crosslinking, respectively (Azwa et al. 2013). The extent and rate of degradation
depend on the initial molecular weight of the polymer. Shorter chains are easily
degraded, while longer chains are more difficult to break (Chdvez-Montes et al.
2015).

The scission of the polymeric chain results in increased crystallinity. The degree of
crystallinity influences the degradation kinetics. The shorter chains produced during
the scission have greater mobility and are easily crystallized, which increases embrit-
tlement and hinders the diffusion of water (Zhou and Xanthos 2008). Crosslinking
does not affect crystallinity and is induced by UV. The scission occurs in the amor-
phous phase of the polymer and is controlled by the diffusion of oxygen (Stark and
Matuana 2004). Lv et al. (2017) observed that the accelerated weathering affected the
crystallinity of the composite formed by starch, PLA, and wood flour. According to
the authors, there may have been greater mobility of the shorter chains obtained from
the polymer fission, indicating that the process destroyed the crystalline structure of
the PLA.

Photodegradation occurs by two mechanisms in the materials, the first and second-
order kinetics. If the molecular weight decreases proportionally to its current value,
the process is described by the first-order degradation kinetics (Chdvez-Montes et al.
2015). However, if the reduction in molecular weight is proportional to the square of
the current molecular weight, the second-order equation of the Norrish II mechanism
describes this process (Zaidi et al. 2010; Santonja-Blasco et al. 2013).

4.3 Mechanical Properties

The accelerated weathering studies on mechanical properties simulate the mechanism
of degradation of composites (Azwa et al. 2013). The mechanical performance after
weathering of bio-composites produced with natural fibers depends on the fiber
volume fraction, aspect ratio, fiber orientation, dispersion level, and the state of
interfacial adhesion (Gonzalez-Lépez et al. 2020). Lila et al. (2019) developed the
PLA bio-composite containing 20% bagasse fibers to assess the effects of accelerated
weathering on mechanical properties. The authors observed an increase of tensile
and flexural strength of the bio-composite up to 8 weeks of exposure to temperature
cycles. Moreover, tensile strength and modulus increased by 5.2% and 4.3% after
4 weeks of exposure time, respectively, while the flexural strength enhanced by 5.1%
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and modulus by 13.4%. A substantial decrease in the tensile and flexural strength of
the bio-composite was observed after 12 weeks.

Exposure of bio-composites to moisture conditions can also influence mechanical
properties. Dayo et al. (2020) developed bio-composites with hemp fibers and poly-
benzoxazine and exposed this material to moisture absorption during accelerated
weathering testing. Besides, the authors analyzed the impact caused on the tensile
strength, flexion, and strength properties. The bio-composite showed low moisture
absorption that varied between 3.8 and 6.0%. Exposure to wet conditions reduced
the tensile strength from 14.2 to 21.8% compared to control samples, which were not
exposed to accelerated weather. The flexion modulus values of the bio-composites
showed 8—13% compared to unconditioned samples. Bio-composites showed a 17%
increase in impact strength compared to the control sample. Moisture absorption
during weathering conditions made the fibers more flexible and resistant, which
improved the impact strength.

4.4 Thermal Properties

The accelerated weathering process is also used to check the effects of temperature,
UV radiation, and humidity on the material aging. The heating and cooling cycles of
weathering can cause cracks and increased crystallinity (Lila et al. 2019). Differential
scanning calorimetry (DSC) analysis may indicate changes in the melting temper-
ature of materials as a function of increased crystal mobility (Yatigala et al. 2018).
Spiridon et al. (2016) evaluated the effects of weathering on the thermal character-
istics of the PLA and cellulose fibers bio-composite. The material was exposed to
artificial light from a mercury lamp (200 < A < 700 nm) at 30 °C, 60% humidity
for 600 h. The results show that the addition of cellulose fibers into the PLA matrix
improved thermal stability and crystallinity, as the glass transition temperature and
crystallinity index increased by 3 °C and 9.6%, respectively. According to the DSC
analysis, the melting temperature of the bio-composites also increased after weath-
ering. Thus, the authors concluded that the combined action of temperature, humidity,
and UV results in the embrittlement of the surface and the increase in the melting
temperature of bio-composites.

Yorseng et al. (2020) used natural kenaf/sisal fibers to produce composites with a
bioepoxy matrix and evaluate thermal stability after the weathering. The material was
exposed to the accelerated weathering test containing two cycles with temperature of
63 °C, UV radiation of 0.35 w/m? and humidity of 30%. The first cycle was exposed
to UV light for 1.42 h, and the second was operated with UV light and water spray
for 0.18 h. The results of the thermogravimetric analysis showed that all composites
are stable at 295 °C after weathering. Through the DSC curves, it was observed
that the melting temperature increased after the accelerated weathering testing. The
authors confirm that these results are due to the reinforcement of natural fibers to the
bioepoxy matrix.
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5 Effects of Nanofillers on Degradation of Composites

The polymer blending is an effective alternative to improve the thermal stability,
printability, barrier, and mechanical properties of several materials. Besides, fillers
and additives can be used to accelerate or slow down the process of polymer degra-
dation (Antunes et al. 2020a). In this sense, nanofillers are increasingly incorporated
into polymeric materials (Han et al. 2018). The addition of titanium oxide nanopar-
ticles, zinc oxide nanoparticles, nano-clays, and carbon nanotubes has been used to
improve polymer properties (Luo et al. 2019). According to Nikolic et al. (2016),
if good dispersion is achieved together with good compatibility with the polymer,
nanoparticles can have a positive effect on the material’s performance in the long
run.

The degradation rate of PLA has limited its applicability (Zhou et al. 2018).
Luo et al. (2019) observed that the biodegradation of PLA under composting condi-
tions could be controlled by titanium oxide (TiO,) nano-fillers addition. The relative
hydrophilicity of the TiO, nanoparticles (TiO,Nps) facilitates the absorption of mois-
ture. Thus, TiO,Nps contribute to the penetration of water in the polymeric matrix.
Therefore, the hydrolytic degradation and photodegradation of PLA are accelerated
(Wu and Wu 2006; Farah et al. 2016). In addition to acting as UV protection agent,
TiO,Nps promote the formation of hydroxyl radicals from the water, triggering the
chain split and accentuating the polymer degradation (Antunes et al. 2020b; Park
et al. 2019). Nano-clays are also able to modify the degradation kinetics of PLA
(Olewnik-Kruszkowska et al. 2015). According to Sajna et al. (2016), the nano-clay
reinforcement creates a labyrinth-like structure, which decreases the rate of water
diffusion and increases resistance to accelerated weathering. In the study developed
by Kaynak and Sar1 (2016), it was found that the intercalated/exfoliated layers of
nano-clay acted as a barrier. Thus, the flexion and traction modules of nano-clay
bio-composites were less affected than the bio-composite without nano-clay.

Nano-clay was also used to develop low-density polyethylene (LDPE) composite
films for food packaging applications. Nano-clay contributed to the stability of LDPE
and improved thermal and barrier properties. However, nano-clays have been found
to accelerate the UV oxidation of LDPE. The surface roughness, the chemilumines-
cence index, and the carbonyl index increased with exposure of the material to UV.
The authors also concluded that the mineral oxide ions constituted in nano-clays
accelerated the photo-oxidation degradation of LDPE (Han et al. 2018).

There is a growing demand for the use of wood plastic composite in outdoor envi-
ronments, where they are subject to degradation caused by UV radiation, temperature,
and humidity. In this context, nano zinc oxide (ZnO) has been studied to contribute to
the resistance to degradation of these composites (Rasouli et al. 2016). Rasouli et al.
(2016) evaluated the effect of using ZnO on the degradation of wood composite with
high-density polyethylene exposed to artificial weathering. The study found that the
number of cracks in the surfaces, loss of tensile strength, and changes in the contact
angle decreased due to the presence of ZnO.
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Epoxy/timber composites have also stood out for applications in outdoor condi-
tions (Zarras et al. 2016). Multi-walled carbon nanotubes in polymers can improve
the performance of epoxy resin material. These nanotubes provide a higher modulus,
less elongation, higher fracture toughness, higher abrasion, and wear resistance of
the material. Moreover, nanotubes can improve the resistance of polymers to weath-
ering due to their high UV absorption potential (Nowack et al. 2013) and their ability
to decrease the moisture and oxygen permeability of materials (Schlagenhauf et al.
2014). In a study by Awad et al. (2018), it was found that the incorporation of
carbon nanotubes with multiple walls in an epoxy resin conferred improvements in
the mechanical properties (56% for tensile strength and 65% for modules) of the
material.

In this way, compared to conventional micro and macro fillers, nanofillers gener-
ally exhibit a superior improvement in the properties of composites. Nanoparticles
are increasingly incorporated into a wide variety of polymeric materials with favor-
able matrix-fill interaction that results in improved physical, chemical, and electrical
properties. Filling of nanoscale also contributes to modifying the morphology of
material and improve the miscibility/compatibility of polymer blending (Scaffaro
and Botta 2014).

6 Conclusions and Future Perspective

Weathering causes the degradation of bio-composites through photo-radiation,
thermal degradation, photo-oxidation, and hydrolysis. These processes, through the
incidence of UV radiation, and temperature and humidity cycles result in molecular
changes, thermal and mechanical properties of bio-composites. Studies of acceler-
ated weathering of bio-composites containing natural fibers show that fibers influ-
ence thermal stability, increase tensile and flexural strength, affect crystallinity and
molecular weight. The fiber content also affects the absorption of UV radiation and
moisture from the composites, which can cause the weakening of the matrix and
color fading.

Reinforcements can attenuate the loss of mechanical properties and is related to
their structural integrity and the state of interfacial adhesion. Carbon nanotubes and
zinc oxide nanoparticles, for example, showed act as a protective barrier during the
weathering attack, retarding the degradation process of polymers. Titanium oxide
nanoparticles can act as UV protection agents but contribute to accentuating the
polymer degradation. Therefore, it is interesting to use nanofillers as reinforcements
in bio-composites because they can accelerate or slow down the degradation process,
depending on the material composition and environmental conditions to which they
are exposed.
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Abstract The emergence of biodegradable plastics as the polymer matrix for natural
fibre composites has been rapid, due to the concerns over the accumulation of
nondegradable plastic waste in the environment. Given the market growth in exterior
applications, there is a need to understand the behaviour of these emerging materials
under natural weathering conditions before these materials can be commercialised.
In this chapter, we have provided an overview of the natural weathering behaviour of
representative completely biodegradable composites. The effects of natural weath-
ering on completely biodegradable composites are no far different from those on
natural fibre composites with conventional non-degradable matrices. Any influence
of biodegradation from the biopolymer matrices was not evident under natural weath-
ering conditions for at least 2 years. Physical and mechanical deteriorations of the
composites were observed after a few months of exposure, the severity depending
predominantly on the fibre content. Overall, the conclusion is that the accessibility
of the natural fibres and the rate of moisture ingress into the bulk matrix controls the
stability of the biodegradable composites upon natural weathering.

1 Introduction

The demand for natural fibre composites has been burgeoning in the past decades,
with applications ranging from packaging material to structural components such as
decking. Petroleum-derived and non-biodegradable polyethylene (PE), polypropy-
lene (PP) and polyvinyl chloride (PVC) are among the most commonly used polymer
matrices in the current natural fibre composites market (Marketsandmarkets 2019).
The use of such non-degradable matrices makes the final composite products non-
degradable and, at the same time, these composites are challenging to recycle in
conventional plastic recycling facilities due to their complex structure and use
of hybrid ingredients. In recent years, there is increasing awareness and concern
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regarding the end-of-life management and environmental impact of these natural
fibre composites. Therefore, the demand for a shift towards the use of renewable and
biodegradable materials as the polymer matrix to yield a new class of completely
biodegradable composites while not losing performance is growing (Faruk et al.
2012; 2014; Gurunathan et al. 2015; Satyanarayana et al. 2009).

2 What Are Biopolymers/Biodegradable Polymers?

Before we can consider the properties of completely biodegradable composites,
we need to understand what constitutes a biodegradable polymer. Biodegradable
polymeric materials or, more simply in this chapter, biopolymers, are polymers
that can be degraded into water, carbon dioxide and residual biomass by living
microorganisms or bacteria through biological activity. According to the most recent
standards, a broad range of polymers can be regarded as biopolymers, including
those which are synthesised into polymers in plants (e.g. thermoplastic starch),
animals (e.g. proteins) and bacteria (e.g. polyhydroxyalkanoate (PHA)), as well as
those from synthetic routes (e.g. polylactic acid (PLA), polycaprolactone (PCL),
poly(butylene adipate-co-terephthalate) (PBAT) and polybutylene succinate (PBS)).
The thermal and mechanical properties of these polymers are summarised in Table 1.
The biopolyesters, including PHA, PLA, PBAT and PBS, have mechanical proper-
ties that are similar to conventional polyolefins such as PP, low-density polyethylene
(LDPE) and high-density polyethylene (HDPE), with PHA and PLA being more
brittle. They are also relatively hydrophobic in nature, which is an attractive prop-
erty for outdoor applications. Thermoplastic starch is the most hydrophilic of the
biopolymers. It is predominantly used in polymer blends to add oxygen and carbon
dioxide barrier properties (Cooper 2013). The most common biopolymers used in
the plastics industry are PLA, poly(3-hydroxybutyrate) (P(3HB), a common PHA
homopolymer), thermoplastic starch and PCL, which have been entering the market
in different sectors ranging from packaging to structural applications (Halley and
Dorgan 2011).

3 Applications of Biopolymers in Natural Fibre Composites

A composite is a hybrid material formed by combining two or more materials to
yield a new class of material with different properties. It takes advantage of the high
modulus fibres to overcome the low modulus and low thermal stability of virgin
plastics. Ceramics and glass fibres have been the fibre of choice. Recently, there
has been a shift to the use of organic fillers, predominantly lignocellulosic fibres to
replace traditional inorganic fillers as they pose advantages including low-cost, light
weight and sustainability being both bio-renewable and biodegradable (Faruk et al.
2012). The use of biopolymers as the polymer matrix is attractive as it takes advantage
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Table 1 Thermal and mechanical properties of common biopolymers and (as reference) commodity
grade nondegradable polyolefins (Brostow 2007; de Matos Costa et al. 2020; Drobny 2012; Gigli
et al. 2016; Jian et al. 2020; Jiménez et al. 2012; Laycock et al. 2014; Van de Velde and Kiekens
2002)

Polymer type Density Melting Glass transition Tensile Tensile
temperature, temperature, Ty strength Young’s
T (°C) (°C) (MPa) modulus

(GPa)

PHA (Laycock 1.18-1.26 | 64-181 —13-18 1.8-51 0.14-8.7

etal. 2014)

PLA (Van de 1.21-1.25 150-162 45-60 21-60 0.35-3.5

Velde and

Kiekens 2002)

PCL (Van de 1.11-1.15 | 58-65 —65 to —60 21-42 0.21-0.44

Velde and

Kiekens 2002)

Starch (Jiménez | 1.26-1.28 | Amorphous 31-98 3.1-30 0.17-1.5

et al. 2012)

PBAT (de Matos | 1.22 115-125 —27to —32 18-23 0.78-0.84

Costa et al. 2020;
Jian et al. 2020)

PBS (Giglietal. |1.24-126 | 111-115 —37t0 —18 31-35 0.34-0.54
2016)

PP (Brostow 0.90-0.91 160-169 —14to0 -6 28-40 1.1-2.0
2007; Drobny
2012)

HDPE (Brostow | 0.95-0.97 130-137 —125to —90 20-40 0.70-1.4
2007; Drobny
2012)

LDPE (Brostow | 0.92-0.93 105-125 —125to =90 7-17 —0.30
2007; Drobny
2012)

of both ingredients being biodegradable, thereby further expanding applications to
relatively short-term uses such as packaging.

Among all the biopolymers, PLA, PHA, thermoplastics starch and PBS have
been predominantly used in natural fibre composite applications, where there is
already a substantial amount of literature on their physical and mechanical prop-
erties of such biocomposites, with a focus on process and property optimisations
(Chan et al. 2018; Gurunathan et al. 2015; Satyanarayana et al. 2009). Given that
the target applications for completely biodegradable composites include both indoor
and outdoor environments, the durability of these materials under representative ‘in-
service’ conditions need to be explicitly assessed. The natural weathering of natural
fibre composites of conventional PP and PE are well-documented (Azwa et al. 2013;
Badji et al. 2017; Fabiyi et al. 2008; Homkhiew et al. 2014), where the deterioration
of both physical and mechanical properties is commonly observed. Observations
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include the discolouration or photo-bleaching of the composite surface from brown
to white (Badji et al. 2017), the development of a higher degree of surface roughness
(Badji et al. 2017), the formation of surface cracking (Fabiyi et al. 2008), and these
when combined lead to a drop in mechanical performance (Homkhiew et al. 2014).
Moisture, UV effects and fungal attack all play a role in determining the weather-
ability of composite materials. Given the increasing demand on the shift towards
the use of biopolymers as the matrix, concerns about their long-term weatherability
and stability are raised. Therefore, this chapter aims to provide an overview of the
effect of natural weathering on the aesthetic, thermal, and mechanical properties
of biopolymer based biocomposites, with data from natural weathering studies on
representative biodegradable composites being presented and the controlling factors
being analysed.

It should be noted that accelerated weathering tests have been the preferred testing
method for biocomposites in the literature, as opposed to natural weathering aging, as
the latter requires time and will encounter the challenge of inconsistency. However,
with the focus of this chapter being on the exposure to real-life outdoor ‘in-service’
conditions, such studies from accelerated weathering are not considered. For a discus-
sion of this topic, a review by Chang, Mohanty and Misra (Chang et al. 2020)
provides a comprehensive summary of the accelerated weathering of completely
biodegradable composites.

4 Natural Weathering of Completely Biodegradable
Composites

4.1 Visual Changes Due to Natural Weathering

The UV light from natural sunlight can induce the photo-oxidative degradation of
both the polymer matrices and the fibre constituents (Matuana et al. 2011). This is
a decomposition process that breaks down the chemical structure of the materials,
and can occur via multiple pathways involving free radical chemistry and oxidative
processes, since the energy from the shortest wavelength of solar radiation is enough
to scission C—C, C-N, C-O and N-H bonds (Kockott 1999). Such bond scission
can result in photobleaching of chromophores as well as eventual degradation of
mechanical properties. Figure 1 illustrates the changes in aesthetic properties of
composites of poly(3-hydroxybutyrate-co3-hydroxyvalerate) (PHBV), a copolymer
of PHA, and wood flour (WF) at 3 different loadings (0, 20 and 50 wt%), and PLA
and wood flour from a natural weathering study of samples placed on an inclined
stainless-steel rack for a duration of 12 months (Chan et al. 2019). Whitening was
observed on the surface exposed to UV sunlight for all composites, independent of
loading.

These colour changes could be quantified using a spectrometer and expressed
using the CIE Lab system, which consists of L*, a* and b* colour coordinates.
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Fig. 1 Visual appearance of PHBV/WF (0, 20 and 50 wt% WF) and PLA/WF (50 wt%) composite
samples when exposed to natural weathering. FRONT (top row): the surface facing the sun; BACK
(bottom row): the surface in the shade. Figure adapted with permission from (Chan et al. 2019) and
modified, Elsevier, copyright 2019

The changes in colour properties (AL*, Aa* and Ab*) of the of PHBV/WF and
PLA/WEF are presented in Fig. 2. L* represents the lightness, such that a positive AL*
means that the specimen is lighter in colour. a* represents the red-green direction,
such that a shift towards red is represented by a positive Aa* and b* represents the
yellow-blue direction such that a shift towards yellow is represented by a positive
Ab*. The aesthetic properties upon natural weathering were also captured in a study
of PBS composites with kenaf bast fibre (KBF) at 5 different loadings (0, 10, 20,
30 and 40 wt%) for a duration of 6 months (Ahmad Thirmizir et al. 2010). All
the composites across the studies showed positive AL* values after the first few
months of exposure (Fig. 2a), and the degree of whitening increased with increasing
fibre loading. This implies that the whitening of the composites is dominated by the
photo-bleaching of the fibre constituents. In terms of yellowness, all PHBV/WF and
PLA/WF samples showed steep decreases in yellowness over the first 3.5 months
of natural weathering and then stabilised (Fig. 2c). The UV-activated reduction of
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Fig. 2 Colour changes in CIE Lab colour parameters of the surface facing the sun of PHBV/WF (0,
20 and 50 wt% WF) and PLA/WF (50 wt%) composite samples when exposed to natural weathering.
Figure adapted with permission from (Chan et al. 2019) and modified, Elsevier, copyright 2019
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paraquinones (the oxidation product of lignin) to hydroquinones has been proposed
to explain the decrease in yellowness (Chan et al. 2019). Unlike PHBV/WF and
PLA/WF composites, the yellowness of PBS/KBF composites first increased in the
first 2 months of natural weathering then decreased (Ahmad Thirmizir et al. 2010).
The formation of paraquinones through the oxidation of lignin can be associated
with the yellowing observed in the early stage of exposure (Muasher and Sain 2006).
Photo-bleaching then dominated, in a similar fashion to PHBV/WF and PLA/WF
composites. The initial increase in yellowness was not shown in those composites
due to the more severe photo-bleaching of the polyesters, as shown by positive AL*
and negative Ab* values from PHBV (Fig. 2).

The aesthetic properties of the composite surface in the shade were also affected
by natural weathering. Black regions associated with mould growth were evidenced
from PHBV/WF and PLA/WF composites within 2 months of natural weathering
(Chan et al. 2019). Apart from UV irradiation, the specimens have also experienced
natural wet-dry cycles through rainfall and sunlight periods. Lignocellulosic mate-
rials are susceptible to moisture absorption due to their hygroscopic nature. The
retained moisture facilitated the growth of filamentous fungal hyphae and spherical
spores, which are commonly seen in decayed wood without appropriate protection
or coating (Hammer et al. 2014; Xu et al. 2015). Overall, fibre loading plays a
dominating role in determining the aesthetic properties of composites upon natural
weathering through exposure to UV irradiation from sunlight and rainfall.

4.2 Effect of Natural Weathering on Thermal Properties

The thermal properties of biopolymers are also affected by natural weathering, espe-
cially the polymer crystallinity of semi-crystalline polymers (Laycock et al. 2017).
In the context of composites, natural fibres act as nucleating agents that promote
the crystal growth of the polymer matrix, resulting in increased crystallisation and
smaller crystal spherulites (Reinsch and Kelley 1997). Such fibres could therefore
influence the effects of the weathering process on thermal properties. However, such
effects have not been commonly assessed in natural weathering studies on biocom-
posites, with only a few natural weathering studies reporting the trends in thermal
properties.

In one such study, the melting temperatures of the neat PHBV and its composites
with WF remained unchanged throughout the 12-month natural weathering period
(Chanetal.2019). Neat PLA also showed constant melting temperature after 60 days
of natural weathering (Zaidi et al. 2010). It is well-established in the literature that
the exposure to UV irradiation led to crosslinking of polymer chains of aromatic
biopolyesters such as PBAT (Mistretta et al. 2020; Stloukal et al. 2012). While for
linear biopolyesters, including PHBV and PLA, photochemical reactions provoked
chain scissions mainly through the photochemical reactions of the carbonyl groups
(C=0) with absorptions bands between 190-280 nm (Sakai and Tsutsumi 2010).
Both PHA (Sadi et al. 2010; Wei and McDonald 2016) and PLA (Ikada 1997; Sakai
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and Tsutsumi 2010) showed molecular weight loss when exposed to UV irradiation
at 280—400 nm wavelength through Norrish Type I and Type Il reactions (free radical
initiation and chain scissioning) (Zaaba and Jaafar 2020). The wavelength spectrum
of sunlight on the ground extends from approximately 280 to 3000 nm and could
initiate photochemical reaction of the C=0 bonds but the intensity may not be enough
to see an effect on the bulk properties of the polymer (Sakai and Tsutsumi 2010).
Therefore, the influence from the exposure to sunlight irradiation was not enough to
alter the bulk lamellar structures of these biopolymer crystals (Wei and McDonald
2016).

The melt crystallisation temperatures of PHBV and PHBV/WF composites
showed a step increase after 1 month of natural weathering and then stayed constant
(Fig. 3b). This means that the polymer chains require less “cooling” energy to form
crystals. As stated above, although limited under natural weathering, exposure to UV
irradiation promotes chain scission reactions of PHBV and still led to a slight loss
in molecular weight (Chan et al. 2019). Higher chain mobility of the short polymer
chains could explain the phenomenon, i.e. when the PHBV is cooling from the melt,
less energy is required for the arrangement of chains to highly ordered crystals.

No clear trends were observed with respect to the enthalpy of melting (AH,,)
values over the 12-month natural weathering of PHBV and PHBV/WF composites
(Fig. 3c). The crystallinity of biopolymers has been shown to be directly proportional
to AH,, such that AH,, values can be used as a good estimation of the bulk crys-
tallinity (Chen and Hwang 1995). The results showed that natural weathering had
limited effect on the bulk crystallinity of the PHBV matrices. On the other hand, the
degree of crystallinity of PLA in PLA/nanoclay composites increased after 30 days
of exposure. According to the literature, the amorphous regions have been shown to
be more sensitive to UV-induced chain scission and chain rearrangement (Kaynak
and Dogu 2016). The increment in crystallinity of PLA could be due to both the rear-
rangement of the amorphous PLA chains to spherulites under UV irradiation and
cold crystallisation to form crystals during the cool periods of the natural weathering
cycles (Ahmad Sawpan et al. 2019). The differences between the two matrices could
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Fig. 3 The (a) peak melting temperature, (b) melt crystallisation temperature and (c) enthalpy
change during melting values of all unaged and weathered PHBV and PHB V/WF composite samples
at different exposure times. Figure adapted with permission from (Chan et al. 2019) and modified,
Elsevier, copyright 2019
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be explained by the lower crystallinity, in other words more amorphous regions, of
the PLA before aging when compared to the PHBV matrix used in the study (at
1 mol% HV content).

4.3 Effect of Natural Weathering on Mechanical Properties

Material performance during outdoor natural weathering is one of the most impor-
tant aspects, given the need to evaluate the durability of completely biodegradable
composites for outdoor applications. In one study, the changes in mechanical prop-
erties of PHBV/WF and PLA/WF composites throughout a 12-month natural weath-
ering period were fully characterised (Chan et al. 2019, 2020). The tensile strength
and modulus, and strain at break trends are presented in Fig. 4a—c, respectively. The
mechanical properties of PHBV were unchanged during the 12 months of natural
weathering exposure. The whitening of PHBV did not lead to the change in mechan-
ical properties, suggesting that the photo-bleaching reaction was not severe enough to
alter the bulk properties of the polymer matrix. On the other hand, the tensile strength
and modulus of PHBV/WF and PLA/WF composites at 50 wt% loading decreased
throughout the exposure period, with PLA composites suffering a more substan-
tial deterioration in mechanical performance when compared to PHBV composites.
Another study showed that the PLA lost 43% of the tensile strength and 21% of
tensile modulus after 8 weeks of exposure to natural weathering conditions (Yew
et al. 2009). The differences can be explained by the contribution from the mechan-
ical deterioration of the polymer matrix through photo-oxidation in a similar way to
other polymers such as polypropylene (Abu-Sharkh and Hamid 2004).

For PLA degradation, the literature coupled the photodegradation with the
hydrolytic degradation which is favoured within the amorphous regions (Zaaba
2020), which could explain the loss in mechanical properties from PLA but not
from PHA under natural weathering.

Same as the aesthetic properties, fibre loading has a significant effect on the
outdoor mechanical stability of composites. The tensile strength and stiffness of
PHBYV composites with 20 wt% WF decreased less substantially over the exposure
period than those containing 50 wt% WF (Chan et al. 2019). These observations align
with the trends reported from a study on PBS/kenaf bast fibre (KBF) composites with
up to 40 wt% fibre content (Ahmad Thirmizir et al. 2010). The losses in mechanical
properties upon natural weathering were more severe than for PBS alone when the
fibre loading was higher than 20 wt%. It is noteworthy that most of the composite
plaques used these studies were uncoated, such that the mechanism of the mechanical
deterioration is similar to that for uncoated wood articles (Reinprecht 2016). Athigher
fibre content, the hygroscopic fibres are not perfectly encapsulated by the polymer
matrix and can be exposed to the atmosphere during the natural weathering period.
Such exposure to rainfall could lead to the swelling of fibres and the growth of fungal
cells, where both could introduce localised defects that caused the early failure under
load in weathered composites.
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Fig. 4 The (a) tensile strength, (b) tensile modulus and (c) tensile strain at break of PHBV/WF (0,
20 and 50 wt% WF) and PLA/WF (50 wt%) composite samples when exposed to natural weathering.
Figure adapted with permission from (Chan et al. 2019) and modified, Elsevier, copyright 2019

4.4 Effect of Natural Weathering on Composite Structure

The surface roughness and bulk macrostructure of the composites upon natural
weathering have been shown to be key in determining the durability of completely
biodegradable composites (Chang et al. 2020). Apart from the surface aesthetic
changes as outlined in Sect. 5, natural weathering exposure severely deteriorated the
surface of completely biodegradable composites across different combinations of
polymer matrices and fibres (Ahmad Thirmizir et al. 2010; Chan et al. 2019; Singh
et al. 2000; Siti Norasmah Surip 2018). Figure 5 captures the gradual changes in
the roughness of PHBV/WF and PLA/WF composite surfaces facing the sun over
time. Exposure to the natural weather created voids and cracks on the surface of
both the PHBV and PLA composites at 50 wt% WF content (row 3 and 4 in Fig. 5).
Six months exposure to natural weather also created voids and blisters across the
surface of the PLA composites with Kenaf bast fibres (KBF) and Kenaf core fibres
(KCF) (Siti Norasmah Surip 2018) (Fig. 6). The blister effect was also seen in neat
PLA after exposure, but it was substantially less severe than for the samples with
fibres. It was clearly shown that the blisters and voids created were concentrated
around the fibres, with subsequent surface deterioration and crack propagating from
these defects around the exposed fibres on the surface. This is mainly caused by
the stress built up from the moisture-induced swelling and shrinkage of the fibres at
the fibre-matrix interface (Chan et al. 2019). As a result, increased amount of fibres
within the matrix were then exposed to the atmosphere. The accumulated effect led
to the formation of a network of cracks and dents across the composite surface, as
clearly observed from the SEM micrograms of PHBV and PLA composites at 50
wt% WF content after 12 months of exposure (Fig. 5). Similar surface roughness
observation was also reported from a study on PBS composites with 30 wt% kenaf
bast fibre (KBF) after 6 months of exposure (Ahmad Thirmizir et al. 2010). The
surface roughness was interpreted to be introduced by the degradation of natural
fibre, potentially through fungal colonization (Ahmad Thirmizir et al. 2010; Chan
et al. 2019).
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Atlower (20 wt%) fibre contents, the encapsulation effects were shown once again
for PHBV/WF composites (Fig. 5 row 2). As can be seen, only a small number of voids
were formed throughout the exposure period of 12 months. The fibres were more
perfectly sealed by the relatively hydrophobic PHBV matrix, and as such the fibre
was protected from moisture absorption. Therefore, less severe surface deterioration
was observed. The neat PHBV plaques, which were free of fibres, were also free of
observable cracks and defects throughout the exposure period. This highlights the
important role of the fibre in determining the natural weathering effects of completely
biodegradable composites.

The bulk macrostructure of the PHA and PLA composites with WF before and
after 12 months of natural weathering was observed by optical microscopy (Chan
et al. 2019). Across all composites, at different WF contents, the effect of natural
weathering on the bulk macrostructure was not significant. Despite the observed
surface deterioration from PHA and PLA composites with 50 wt% WF content, the
bulk structure was mostly maintained throughout the exposure period. Porosity and
cracks penetrated only up to approximately 0.4 mm into the matrix after 12 months
of natural weathering. The composites absorbed moisture from rainfall through
the surface of the composite, predominantly via the hygroscopic fibres. However,
the moisture diffusion rate is very slow through the polymer matrix. The partially
embedded WF in the bulk composite matrix was untouched and free from moisture.
Without the fibre swelling effects, the core of the composite sample maintained an
intact structure upon natural weathering (Fig. 7).

Initial 1 month 3.5 months 6 months 12 months

PHASOW PHAZOW PHAOW

PLASOW

Fig. 5 SEM images of the surface facing the sun of PHBV/WF (0, 20 and 50 wt% WF) and PLA/WF
(50 wt%) composite samples when exposed to natural weathering. Figure adapted with permission
from Chan et al. (2019) and modified, Elsevier, copyright 2019
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(d)

Exposed fibre

Fig. 6 SEM images of the surface facing the sun of composite samples before aging (left column)
and after 6 months under natural weathering conditions (right column): (a), (b) PLA before and
after aging; (c), (d): PLA/kenaf bast fibre (2 wt% KBF); (e), (f): PLA/kenaf core fibre (2 wt% KCF).
Figure adapted with permission from (Siti Norasmah Surip 2018) and modified, IJTech, copyright
2018

5 Controlling Factors in Natural Weathering

So far, we have presented the properties trends of representative completely
biodegradable composites under natural weathering. The next step is to identify
the controlling factors, so as to be able to understand the durability of these mate-
rials in outdoor applications, under the exposure to natural rainfall and UV radiation.
Data showed that the influence of biodegradation of the biopolymer matrices was not
evident over the very extended period of weathering, suggesting that the common
biopolymers in composite matrices are otherwise stable when they are not exposed
to microbial activities and/or substantial amounts of moisture. Likewise, there was
no evidence of biodegradation for the PHBV, PLA and PBS composites influencing
the natural weathering processes for a substantial period of time.

On the other hand, it is obvious across all data that fibre loading had massive
effects on the durability of the composites upon natural weathering. This is attributed
to the hygroscopic nature of the natural fibres and the degree of exposure of these
fibres to the atmosphere, especially rainfall. The deterioration process upon natural
weathering appears to be primarily governed by the mechanism of moisture ingress
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Fig. 7 Optical microscopy
images of the cross-section Before natural Natural weathered
of PHBV/WF (0, 20 and 50 weathering for 12 months
wt% WF) and PLA/WF (50 R R

wt%) composite samples
before aging (left column)
and after 12 months under
natural weathering
conditions (right column).
Figure adapted with
permission from (Chan et al.
2019) and modified,
Elsevier, copyright 2019

PHA20W PHAOWF

PHAS0WF

PLASOWF

into the composite matrix, as it is for nondegradable polymer/biofibre composites
(Azwa et al. 2013), with biopolymer matrices being mostly hydrophobic, unlike the
hydrophilic natural fibres, causing these two materials to swell at different degrees
on moisture uptake.

The prolonged presence of moisture also promoted mould growth. Both of these
mechanisms thus led to the introduction of defects along the fibre-polymer interface.
Such defects could act as initiation points for crack propagation through into the
bulk, leading to physical and mechanical deteriorations during the natural weathering
period. Figure 8 provides a schematic illustrating the likely controlling factors that
contribute to the natural weathering of natural fibre composites (Chan et al. 2019).
The encapsulation of natural fibres plays a vital role in determining the natural
weathering behaviour of biocomposites. At lower fibre contents, there is a higher
chance of fibre shielding from the processing of the composite. Their durability
under natural weathering is therefore higher.
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Fig. 8 Schematic diagram illustrating the controlling factors contributing to the natural weath-
ering of PHBV/WF composites. Figure adapted with permission from (Chan et al. 2019), Elsevier,
copyright 2019

6 Summary

The accumulation of nondegradable plastics, which are the polymers of choice in
traditional natural fibre composites, in the environment is an important issue of our
time, and the magnitude of this issue is projected to increase exponentially given
the current burgeoning production rate. Moreover, these composite products are,
at the same time, challenging to recycle in conventional plastic recycling facilities
due to their complex structure and use of hybrid ingredients. Therefore, there has
been a growing demand for the use of biodegradable polymer matrices in natural
fibre composites including exterior applications. It is thus imperative that we need
to consider their performance under ‘in-service’ conditions.

In this chapter, we have provided an overview of the natural weathering behaviour
of representative completely biodegradable composites. They experienced physical
and mechanical deteriorations after a few months of exposure in a similar fashion to
the traditional natural fibre composites with conventional non-degradable matrices.
Their natural behaviour is controlled by the accessibility of the hygroscopic natural
fibres and the rate of moisture ingress into the bulk composite matrix. The biodegra-
dation of the biopolymer matrices was not evident under natural weathering condi-
tions without the presence of an active microbial community such as those found in
soil. Strategies to improve the stability of natural fibre biocomposites without losing
the unique advantage of complete biodegradability include but are not limited to
the application of hydrophobic biopolymer-based coating to seal the natural fibre
from the atmosphere, and the use of compatibilisation techniques to functionalise
the hydrophilic surface of the natural fibre and/or strengthen the biopolymer-fibre
interface to limit the rate of moisture ingress.
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on Mechanical Properties of Natural L
Fiber Composites

Ajitanshu Vedrtnam, Dheeraj Gunwant, Harsha Verma, and Kishor Kalauni

Abstract The natural fiber-reinforced composites (NFCs) are used to make sustain-
able eco-friendly products with properties comparable to synthetic materials.
However, NFCs are susceptible to aging-induced degradation in environmental
conditions such as moisture and ultra violet (UV) exposure. Therefore, it is imper-
ative to understand the aging phenomenon of NFCs and the mechanical properties
degradation due to aging and UV exposure. This chapter provides an insight into
the effects of aging and UV exposure on the mechanical properties of NFCs. The
chapter consists of a comprehensive literature review, simplified procedure for aging
and UV exposure tests, a case study and a finite element method (FEM) based model
for studying the effect of aging and UV exposure on NFCs. It was evident that with an
increase in UV exposure time, the mechanical properties deteriorate significantly as
aresult of matrix erosion, cracking, and photo-degradation. A further insight into the
previous work of one of the authors was provided to understand aging in wood-plastic
composites (WPCs). The wood-plastic composites (WPCs) experience a noticeable
reduction in the tensile strength (TS), bending strength (BS) and wear resistance after
weathering for 13 weeks. In the present work, the sugarcane dry leaves composites
(SDLRPCs) also showed a reduction in the TS, BS, and Mode I plane strain fracture
toughness (K ¢) after 80 h of UV exposure. The FEM-based micromechanical model
was constituted to visualize the state of stress within the NFCs. It predicted that after
UV exposure, the NFCs such as SDLRPCs have a higher tendency to undergo matrix
shear yielding near the crack tip.
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Abbreviations

NFs Natural fibers

NFCs Natural fiber-reinforced composites
WPCs Wood-plastic composites
SDLRPCs  Sugarcane dry leaves composites
PVA Polyvinyl alcohol

PP Polypropylene

FEM Finite element method

FE Finite element

TS Tensile strength

BS Bending strength

IS Impact strength

T, Glass-transition temperature

Kic Mode I plane strain fracture toughness
Gic Fracture energy

1 Introduction

The demand for sustainable bio-based materials is constantly fuelled by the circular
economy motivations and stringent environmental regulations worldwide (Mohanty
et al. 2000, 2002; Netravali and Chabba 2003; Avérous and Pollet 2012). Composite
materials form an important class of materials that offer a unique blend of properties
that are not available naturally. The composites are viable alternatives to conven-
tional materials due to light weight, high strength and energy-saving in the applica-
tions ranging from musical instruments to highly sophisticated artificial prosthetics
(Mohanty et al. 2000; Li et al. 2020). Bio-composites are the materials derived from
NFs viz. hemp, flax, animal hair fibers, and petroleum-based non-biodegradable
or biodegradable polymer matrix. Materials derived from the combination of a
biodegradable polymer matrix and synthetic fibers such as glass, carbon, etc. are
also considered as bio-composite. NFs are derived from three basic sources: ligno-
cellulose based materials, minerals, and animals (Saxena et al. 2011). Fibers derived
from lignocellulose based materials are categorized into wood and non-wood fibers.
Although wood fibers are abundantly available in nature, non-wood fibers obtained
from bast/stem, leaf, fruits, and stalk are also gaining popularity. Out of these, bast
fibers obtained from the phloem of plants present in their stem are the stiffest (Majeed
et al. 2013). Therefore, it can be asserted that composites derived from recyclable
and biodegradable biological matter that are commercially viable can be considered
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sustainable biocomposites. Additionally, bio-composites are environment friendly as
they do not increase the net environmental CO, upon decomposition. Sincere efforts
for obtaining optimal blend have been reported in the literature. The utilization of NF
reinforced composites in the automobile industry was explained in detail by (Hassan
et al. 2017). NFs are finding applications mainly in door cladding, linings, and floor
panels as well as soundproofing and automotive tires. The influence of fiber content
and treatments on mechanical properties has been reported in the literature for kenaf
(Ochi 2008; Akil et al. 2011; El-Shekeil et al. 2012), hemp (Lu and Oza 2013; Sepe
etal. 2018; Sair et al. 2018), ramie (Li et al. 2012; Kumar and Anand 2019), and corn
(Liu et al. 2019) and rice (Ghofrani et al. 2015). However, mechanical properties of
NFCs depend on moisture, fiber physical properties, defects, internal structure, and
microfibrillar geometry and fiber/matrix interfacial properties (Campilho 2015).

The fiber/matrix interfacial adhesion plays a vital role in deciding the overall
physico mechanical properties of the biocomposite. The matrix plays an important
role in holding the fibers together and protecting them from harsh environmental
conditions. It also facilitates the load transfer among fibers by providing them connec-
tivity (Saheb and Jog 1999; Gowda et al. 2018). The main prerequisite for effective
load transfer between fiber and matrix is the intimate contact between them. This
leads to the challenge of selecting proper matrix material compatible with the natural
fiber. Generally, metals, ceramics, and polymers can be used as matrix materials for
composites. However, in the case of NF-based composites, petroleum-based poly-
mers are extensively studied in the literature (Campilho 2015; Gowda et al. 2018).
The polymeric matrices are a natural choice for matrix materials due to their low
density, low thermal and electrical conductivity, high corrosion resistance, and good
aesthetic appeal. At the same time, they also suffer from drawbacks such as poor
transverse strength and lower operating temperature range (Verma 2012). Numerous
efforts have been directed towards incorporating NFs into biodegradable and non-
biodegradable polymeric matrices (Yu et al. 2009; Zhong et al. 2011; Bajpai et al.
2013b; Asgher et al. 2017; Mancini et al. 2019; Naeem et al. 2020). The NF rein-
forcement in biodegradable matrices such as PLA (Yu et al. 2009; Zhong et al.
2011; Bajpai et al. 2013b), cellulose (Naeem et al. 2020), PVA (Asgher et al. 2017;
Mancini et al. 2019), and non-biodegradable matrices such as PP (Zampaloni et al.
2007; Sullins et al. 2017) and epoxy (Reddy et al. 2015; Premnath 2018; Sood and
Dwivedi 2018) have been reported in the literature.

Although fascinating theoretically, in practice the use of NFs for the development
of polymeric composites is limited by various challenges including Polymer-NF
incompatibility, agglomeration tendency, high moisture absorption, poor fire, and
UV resistance, and unavailability of established manufacturing processes. Due to
this, the use of NFCs in sunlight, changing weather, static/dynamic loads, moisture,
and gases can lead to their degradation. Therefore, these challenges must be acknowl-
edged dexterously to achieve high-performance of NFCs for engineering applica-
tions. The polar groups present in the NFs favour moisture absorption lowering the
interfacial strength. The composites subjected to moisture absorption are suscep-
tible to a weak interface between hydrophobic matrix and hydrophilic NFs leading
to failure through fiber swelling and delamination (Aradjo et al. 2008; Dittenber
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and GangaRao 2012). The aromatic groups present in the polymeric matrix when
subjected to UV rays, undergo bond rupture and superficial micro-cracks leading to
degradation of properties.

Despite the low-cost of NFCs, a variety of costly processes are sometimes neces-
sary to alleviate the issues associated with their practical applications. It is therefore
necessary to understand the effects of factors viz. environmental aging and UV expo-
sure on the mechanical properties of NFCs. This chapter explores the effects of aging
and UV exposure on the mechanical properties of NFCs. The mechanism of degra-
dation associated with these two factors is probed and correlated with their effect on
the mechanical properties of composites. The effects of weathering and UV exposure
on the mechanical properties of WPCs and SDLRPCs have been presented. Finally,
the use of a FE modeling approach for analyzing the effect of UV exposure on the
SDLRPC is presented. This chapter will be beneficial for the scientific and technical
community who intend to work on the development of high-performance durable
NFC products.

2 NFCs and Aging Phenomenon

Plant-based NFs are naturally available composites consisting of cellulose fibrils
ingrained within the lignin matrix (see Fig. 1). Each fiber possesses a layered structure
with one primary and three secondary walls. The mechanical properties of the fiber are
governed by the thickness of the middle layer of the secondary wall. Other ingredients
of NFs include oils and waxes, pectin, and lumen, giving them the typical hollow
structure (John and Thomas 2008; Liu et al. 2012). Table 1 shows the chemical
composition of selected NFs.

Fig. 1 The inner structure of
natural fiber (Mamtaz et al.
2016)

Hemicellulose

Cellulose
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Table 1 Chemical composition of some of the NFs (Lalit et al. 2018)
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S. No. Natural fiber | Cellulose (%) Hemicellulose (%) | Lignin (%) Pectin (%)
1 Banana 48-60 10.2-15.9 14.4-21.6 2.1-4.1
2 Bamboo 48.2-73.8 12.5-73.3 10.2-21.4 0.37

3 Flax 64.1 16.7 2 1.8

4 Jute 64.4 12 0.2 11.8

5 Ramie 68.6 13.1 0.6 1.9

6 Pineapple 57.5-74.3 80.7 4.4-10.1 1.1

7 Sisal 65.8 12 9.9 0.8

8 Kenaf 37-49 18-24 15-21 8.9

9 Hemp 55-80.2 12-22.4 2.6-13 0.9-3.0
10 Coir 19.9-36.7 11.9-15.4 32.7-53.3 4.7-7.0

The change in properties of polymer composites over time is referred to as the
aging process. Aging can be broadly categorized into physical aging, chemical aging,
and mechanical aging. Physical aging occurs during the dispersal of material towards
thermodynamic equilibrium after the rapid cooling of the polymer below its T,. The
physical aging directly affects the properties of polymers such as moduli, strength,
and ductility within the glassy range (Hutchinson 1995). The durability of polymeric
composites is compromised as most polymeric composites remain mainly in their
glassy range during their lifetime.

Chemical aging involves the combination of thermo-oxidative, hydrolytic, and
thermal aging. It activates cross-linking and chain scission in the polymeric matrix.
While oxidation and cross-linking are the prominent chemical aging mechanisms
within the operating range of composites, at the higher temperature, thermo-oxidation
also becomes active. Chemical aging is also likely to cause higher cross-linking
density and hence unwarranted densification of material resulting in higher T,. These
changes are undesirable from the polymeric composites to satisfy specific structural
requirements (Martin 2008).

Mechanical aging is an irreversible phenomenon that is manifested in composites
as matrix cracking, interfacial degradation, fracture of fiber, and plastic deforma-
tion. The mechanical properties are significantly affected by the mechanical aging
phenomenon. Mechanical aging depends upon factors such as moisture, temperature,
critical degradation mechanisms (physical, chemical, and mechanical processes), and
accelerated aging mechanisms (Lévéque et al. 2005; Martin 2008).

3 Effect of Aging on Mechanical Properties of NFCs

The degradation of NFCs due to aging has been reported abundantly in the literature.
The effect of aging on mechanical properties of Prosopis juliflora fiber-reinforced
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palm seed powder-filled polymer composites was reported (Sakthi Balan et al. 2020).
A decrease in TS and hardness has been reported with an increase in aging time.
Kenaf/sisal fabric reinforced bio-epoxy composites subjected to accelerated weath-
ering tests displayed a significant reduction in TS, elongation at break as well as
impact properties (Yorseng et al. 2020). The main reason for the lowering of mechan-
ical properties is bio-epoxy degradation. The TS of unweathered neat epoxy was
53.49 MPa which was reduced by 52.12% to 25.61 MPa for weathered neat epoxy.
The accelerated weathering had a severe negative effect on the impact property of
bio-epoxy. The impact strength (kJ/m?) of neat epoxy was 17.90 which was reduced
to 5.30 (areduction of 70%) after weathering. Although the weathering showed little
effect on the water absorption behavior of composites, the main issue noticed was
the inconsistent water absorption behavior. The effect of aging on the mechanical
properties of flax reinforced PLA composites was investigated by (Regazzi et al.
2016). The dynamic elastic modulus decreased up to 38.60% at 50 °C after 144 h
of aging. Both water absorption and high temperature lead to increased polymer
chain mobility paving way for the deeper penetration of moisture into the matrix.
Hygro-thermal aging affects lignocellulosic composites by moisture diffusion, fiber
swelling followed by microcrack formation, leaching of hydrophilic substances and
finally fiber/matrix debonding upon drying. The moisture absorption can be signif-
icantly reduced through proper surface treatment such as alkalization, acetylation,
silanization, and alkali-silanization. The moisture absorption and weight increment
percentage of flax fiber-reinforced polymer composites were reduced up to 45.80
and 42.20% respectively by suitable treatment (Wang and Petrti 2019). Chemically
treated composites displayed improved storage modulus throughout the temperature
range. The storage modulus of treated composites improved up to 49.40% over the
control sample after 16 days of hygrothermal aging at 30 °C. Similarly, the storage
modulus at 100 °C was enhanced up to 197.10% after identical aging conditions. The
chemical treatment helps by discouraging the moisture uptake and simultaneously
improving the fiber/matrix interfacial bonding.

X-ray tomography was employed for visualizing the effect of hygrothermal aging
on jute fiber reinforced PLA composites (Jiang et al. 2019). The cracking of the
matrix was invisible till stage III (28-56 days) and there was a small effect on the
TS and modulus of the samples. As the sample passed stage III, moisture uptake was
significantly enhanced due to macro-crack formation. Figure 2 shows the presence
of a large number of cracks in a high-resolution tomography image of composite
samples after 42 days of hygrothermal aging. The TS decreased by >12% in 0-7 days
and the tensile modulus reduced by >25% after 28 days of aging. The increase in
porosity due to matrix hydrolysis followed by internal cracking and embrittlement
was mainly attributed to the loss of mechanical properties.

The effects of factors such as soil, river water, sub-zero temperature, and sunlight
on nettle fiber-mat reinforced PP composites have been reported (Bajpai et al. 2013a).
The neat PP matrix displayed TS of 32.56 MPa which is reduced by 20.06, 17.07,
12.64, 2.89, and 21.09% after exposure to river water, diesel oil,—8 °C temperature,
soil, and sunlight for 512 h. The sample exposed to river water exposure reported a
5.67% increase in weight as compared to unexposed samples after 512 h of exposure.
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Fig. 2 High-resolution tomography image of jute/poly (lactic) acid composite sample after 42 days
of hygrothermal aging (with image segmentation) (Jiang et al. 2019)

On the other hand, soil exposed samples were least affected both in terms of TS and
weight gain.

The detrimental effects of water and alkali solution (KOH, NaOH and Ca(OH),
pH = 13.5) have been reported on jute/basalt/epoxy composites (Ma et al. 2018). The
jute fabric was NaOH and silane (SiHy) treated to enhance the fiber/matrix interfacial
strength by removing the hydrophilic cellulose hydroxyl group from fibers. The water
uptake behaviour was according to the classic Fick’s law with the rapid uptake in
the first two weeks and then levelling off. The higher temperature was observed to
be more detrimental to the TS of the composites. A 45 days immersion in solution
at 40 °C led to a 22.50 and 16.30% reduction in the TS of alkali-treated and silane
treated composites. At 40 °C temperature both water as well as alkali solutions
reduced Young’s modulus of jute/epoxy composites slightly. Similarly, basalt/epoxy
composites reported up to a 39 and 38% decrease in TS at temperatures of 20 and
40 °C respectively. The jute/epoxy composites immersed in 5% NaOH solution have
been reported to undergo weight gain of up to 17.20% after 3 months (Lilaetal. 2018).
Within the same period and identical solution, the TS decreased by up to 28.80%. This
is attributed to the dissolution of hemicellulose into the NaOH solution resulting in
cavity formation and thinning of fibers leading to subsequent fracture. The composite
samples immersed in petrol and peanut oil showed similar behaviour mainly due to
the absorption of organic solvents into the voids. Accelerated aging leads to the fading
of the texture of NFCs due to the decomposition of lignin into simpler water-soluble
components (Beckert and Lauke 1998; Hon and Shiraishi 2000). The differential
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swelling and shrinkage cause matrix cracking and the formation of milky patches in
the case of hemp fiber PLA composites (Islam et al. 2010). A drastic reduction in
tensile and flexural strengths from 61 and 115 MPa for unexposed to 8 and 13 MPa for
exposed samples respectively was reported. Similarly, Young’s modulus and flexural
modulus were reduced from 8 and 6 GPa for unexposed to 1 and 2 GPa for exposed
samples. The K¢ value of untreated fiber composites was reduced drastically from
3.2 MPa /m to just 0.6 MPa /m (Islam et al. 2010). The reduction in mechanical
properties of composites is attributed to the development of swelling stress due to
differential expansion of fiber and the matrix.

4 Effect of UV Exposure on NFCs

The NFC used in the automobile industry is generally affected by photo-degradation
when exposed to UV radiation. The UV exposure can break down cellulose, lignin,
and hemicellulose content of the NFs, affecting the fiber/matrix interfacial bonding.
The weak interfacial bonding results in lower mechanical properties and eventu-
ally reduces the efficiency of the NFCs. The effect of UV radiation on the tensile
behaviour of nettle fiber reinforced PP composites w.r.t. time (64, 128, 256, and
512 h) was reported (Bajpai et al. 2013a). The nettle fiber mat reinforced PP matrix
composites were prepared by the compression moulding process. It was reported
that the increase in UV exposure time was inversely related to the TS of compos-
ites. The weight and TS of samples were decreased by 21.02 and 0.14% respec-
tively after 512 h of exposure. The photo-oxidation induced polymer chain splitting
phenomenon in UV exposed samples was primarily responsible for the deterioration
of the mechanical properties of composites. A similar phenomenon and subsequent
property degradation were observed in mercerized and bleached sugarcane bagasse
reinforced high impact polystyrene composites (Beninia et al. 2011). The accel-
erated weathering effect was produced by irradiating samples using a fluorescent
bulb UVB-13 with an irradiance of 0.76 W/m?. The samples were exposed for 8 h
at 60 °C temperature followed by water condensation for 4 h at 50 °C. The SEM
analysis confirmed that the fibers were degraded due to accelerated weathering with
negligible effect on the fiber-matrix interface. The TS of exposed composites was
reduced accompanied by a proportionate increase in the tensile modulus. The pres-
ence of lignin in mercerized fiber composites rendered them more susceptible to
accelerated weathering as compared to the bleached fiber composites. The effect of
UV radiation on the mechanical properties of treated sisal fiber reinforced PP compos-
ites fabricated via a solution mixing technique was studied (Joseph et al. 2002). The
decrease in TS after 2—12 weeks of exposure is attributed to the UV radiation-induced
chain-scission phenomenon. The degradation phenomenon is mainly located on the
surface of composites as the oxygen is used up before it can diffuse into the polymer.
Due to high molecular weight, complete crystallization of PP is impossible and
which favours the photo-oxidation in the non-crystalline or amorphous region. The
wood flour and kenaf fiber-reinforced high-density polyethylene (HDPE) composites



Effect of Aging and UV Exposure on Mechanical Properties ... 197

displayed a significant decrease in bending stiffness and strength after sunlight and
rain exposure (Lundin et al. 2002). The bending stiffness and strength decrease by
42 and 24% respectively due to exposure for 2000 h. For the same exposure time and
conditions, the bending stiffness and strength of wood floor reinforced composites
was decreased by 33 and 20% respectively. Flax fabric reinforced epoxy compos-
ites showed up to 29.90, 34.90, 10, and 10.20% decrease in TS, modulus, flexural
strength, and modulus respectively (Yan et al. 2015). The composites displayed signs
of degraded fiber-matrix adhesion in SEM analysis. Severe physical degradation signs
were such as discoloration, matrix erosion and cracking were visible after 1500 h of
exposure.

Effects of four iron oxide pigments on the mechanical properties of the compos-
ites after weathering were studied (Zhang et al. 2010). The pigmented wood fiber
reinforced HDPE composite samples were subjected to UV accelerated weathering
for 2000 h. The mechanical properties of the composites decreased after accelerated
weathering. In some cases, UV exposure may promote the crosslinking reaction in
the polymer matrix. Studies on the mechanical properties of natural flour reinforced
HDPE composites (Lopez et al. 2006). Short as well as long term laboratory tests
and natural conditions were conducted to determine the effect of UV and moisture
on the mechanical properties. The TS of composites improved under both UVA and
UVB radiation. The TS of NFC was improved by 6% after 4000 h of exposure to
UVA radiation. After 2000 h of exposure, the TS of wood was improved by 46.02%
due to the positive effect of UV radiation on the lignin.

5 Testing Procedure for UV Exposure and Aging

Authors have utilised different procedures for UV exposure and aging tests along with
the standard tests. This section gives an overview of simplified testing procedures
for UV degradation and the aging tests of NFCs.

5.1 UV Degradation in Weathering Chambers

A fluorescent UV apparatus is used in an artificial UV test post confirming that its
spectral power distribution qualifies the standard practices (Vedrtnam et al. 2019).
The NFC specimens prepared for the testing should be sized to fit specimen holders
and racks of exposure apparatus. It should be ensured that the holder should support
the minimum specimen area, and the unexposed area should not be used as a part
of the test area. The device should be programmed to follow the recommended
exposure cycles specified for fluorescent UV exposures. A periodic evaluation of the
test specimen should be done in order to determine the variation in magnitude and
change of property in accordance with exposure time and radiant exposure. Finally,
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the exposed specimens should be compared with unexposed specimens to evaluate
the difference in properties.

5.2 UV Degradation in Outdoor Weathering Conditions

In outdoor conditions, the results of tests conducted for less than 12 months depend
on the season of the year. The initial steps include selecting the test site, angle of
the exposure rack, and holder type. The precautions must be taken that the fasteners
used to attach specimens to the test rack should be secure as well as allow the spec-
imens to have expansion or contraction with respect to thermal changes, moisture
absorption, moisture desorption, or plasticizer loss. Radiometers should be mounted
at identical tilt and azimuth angles to test specimens. Before starting the experiment,
initial appearance and physical-property of the specimen should be recorded. The
specimens should be mounted on racks for the prescribed time, solar radiant energy,
or total UV radiant energy following the standards (Vedrtnam et al. 2019). While
taking periodic data of samples, a standard procedure of cleaning, visual examina-
tion, conditioning, and testing of the specimens should be followed. For a visual
comparison of exposed specimens at various exposure levels, specimens should be
compared with unexposed file specimens.

5.3 Thermal Aging of Specimen

The first and foremost requirement for thermal aging involves a controlled horizontal
or vertical airflow oven, having forced-draft circulation with substantial constant
fresh air intake. The specimens are conditioned before testing in accordance with
the requirements of the test method for evaluating the required properties. For each
particular test and temperature, it is recommended that all materials must be exposed
at the same time in the same oven. Before carrying out the aging process, the exposure
time, temperature should be selected as per the recommended standards. Periodic
evaluation of data should be done to find the change in properties of the specimen at
various levels of exposure.

5.4 Water Aging of Specimen

Like thermal aging, water aging also requires specimens’ conditioning before testing.
Initially, the specimen’s initial weight and dimensions before exposure should
be recorded. The specimen should be placed inside and immersed into a closed
container of distilled water. For boiling-water immersion, specimens should be
entirely immersed in a container of boiling distilled water. The specimens should
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be timely removed at a fixed interval from the water, wiped free of surface mois-
ture with a dry cloth, weighed, and dimensions measured for collecting the data.
After recording the data, the specimens should be immediately placed inside their
respective container. When the specimens reach their saturation level, they should
be removed from the container. The difference between the saturated weight and the
dry weight will be considered as the water absorbed by the specimen. At saturation
condition, a graph of the increase in weight as a function of the square root of each
immersion time should be prepared. Any observations regarding warping, cracking,
or change in the appearance of the specimens should also be reported.

6 Effect of Aging and UV Exposure: Case Study and FE
Modelling

This section includes a case study along with a previous study of one of the authors
demonstrating the effect of aging and UV exposure on the mechanical properties of
NFCs. The effect of aging on WPCs was significantly studied by researchers (Kokta
etal. 1983; Yang et al. 2015). The degradation of mechanical properties of WPCs due
to aging and UV exposure is widely reported in the literature (Tamrakar and Lopez-
Anido 2011; Peng et al. 2015; Friedrich and Luible 2016; Turku et al. 2017). In the
previous work of one of the authors, the varying concentrations (10, 15, and 20%)
of Babool, Mango, Sheesham, and Mahogany dust were used as reinforcements in
the PP matrix for preparing WPC samples (Fig. 3) via injection molding technique
(Vedrtnam et al. 2019). The mixture of wood dust and the PP matrix was put into
the nozzle and passed through the plunger of the injection molding machine at 200—
240 °C. Subsequently, the mixture was poured into the mold to occupy the mold
structure. Five samples were prepared for each testing i.e., TS, BS, impact strength
(IS), and wear of WPCs. The prepared samples were exposed to natural weather for
thirteen weeks between July and September as per ASTM D 1435-99. The average
values of these mechanical properties with the effect of aging are given in Table 2.

Fig.3 WPC samples and set up for weathering and aging test
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It is clear from the results that the TS, BS, IS as well as wear resistance of the
WPCs were decreased significantly after aging. The TS of 10, 15, and 20% Babool
wood dust reinforced composites was decreased by 11.67, 20.98, and 23.51%. For
the same concentration, the BS and IS decreased by 9.32, 16.63, and 24.79% and
8.15, 18.18, and 26.53% respectively. After aging, the highest wear degradation of
59.17% was noticed for 20% Babool wood dust reinforced composites. The Mango
wood dust reinforced PP composites displayed a wider range of variation in TS.
The minimum and maximum reductions were 4.51% for 10% and 25.89% for 20%
Mango wood dust reinforced composites. The largest reduction of 26.16% in BS
was noticed at 20% Mango wood dust concentration which is the highest for all
four types of woods. The IS of Mango wood dust reinforced composites reduced by
9.69, 20.75, and 24.62% at Mango wood dust concentrations of 10, 15, and 20%. On
the other hand, 10% Mango wood dust reinforced composites displayed a minimum
wear degradation of 1.52% as compared to all four types of woods. This implies that
at this concentration, the Mango wood dust can be considered the best reinforcement
as far as wear resistance is considered. The Sheesham wood dust reinforced compos-
ites displayed an 8.71, 16.79, and 19.77% decrease at concentrations of 10, 15, and
20% respectively after aging. For the same concentration, the BS and IS of Shee-
sham wood dust reinforced composites decreased by 7.67, 21.24, 24.11%, and 9.55,
16.34, 25.79%. The composites containing 10% Sheesham wood dust displayed
better wear resistance with just a 2.2% decrease in mass after aging. This is next
only to Mango wood dust reinforced composites. The Mahogany wood reinforced
composites displayed 14.95, 14.4, and 12.18% reduction in the TS at 10, 15, and
20% concentration. The IS and BS were reduced by 10.89, 22.60, 25.99%, and 7.85,
18.94, 24.26% at 10, 15, and 20% Mahogany wood concentration respectively. The
wear degradation was noticed to be 12.94, 15.86, and 19.54% at 10, 15, and 20%
Mahogany wood concentration.

The TS, BS as well as IS reduced significantly after aging and this reduction
increases with wood dust concentration. Similar results are observed for the wear
resistance of the composites. All the composites registered a reduction in wear resis-
tance due to aging. Overall, the composites with 10% of Mango and Mahogany wood
powders have experienced lesser wear as compared to others. This is attributed to
the change in crystallinity of PP matrix, oxidation on composite surfaces, and the
mechanism of wood powder mixing in the matrix (Peng et al. 2015; Migneault et al.
2015; Friedrich and Luible 2016; Turku et al. 2017; Vedrtnam et al. 2019). It has been
observed that the composites with 10% wood powder display a smaller reduction in
TS, BS, and IS, irrespective of the type of wood powder. The reason behind this is the
PP matrix has completely encapsulated the wood powder to protect it from UV and
humidity. These results are in line with the earlier reported results (Ren et al. 2015;
Peng et al. 2015; Migneault et al. 2015; Catto et al. 2016). Furthermore, Fig. 4a,
b show the SEM micrographs of WPC samples with and without aging. It can be
seen that the wood particles are evenly dispersed in the PP matrix. The presence
of void at the fiber/matrix interface is visible due to as a result of wood powder
pull out. This is attributed to the hydrophilic nature of powder and the hydrophobic
nature of PP which leads to property mismatch at interfacial locations. After aging,



202 A. Vedrtnam et al.

Fig. 4 SEM micrographs WPC samples with 20% Sheesham wood flour a without b with aging

the deterioration of the matrix of WPC samples due to aging is visible in the SEM
micrographs.

The completely damaged and removed interface can be seen from the SEM micro-
graph of WPCs after aging. Aging induced decomposition of the matrix due to
severely damaged interface is the main reason for the reduction in mechanical prop-
erties (Ren et al. 2015). Figure 5 shows the SEM micrographs WPC samples post
UV exposure using an artificial source. The process of UV exposure is described
in (Vedrtnam et al. 2019). The deterioration of the matrix material is visible in the
micrograph which is responsible for the inferior mechanical properties of the WPCs.

Extensive superficial roughening is visible on the exposed surface of WPC samples
after 13 weeks of natural aging. The rough surface generated indicating deterioration
of the matrix as a result of UV exposure is evident from the micrographs. The reduc-
tion in mechanical properties is attributed to the fiber/matrix interface degradation
following UV aging (Martin 2008).

6.1 Case Study: Aging and UV Exposure on Mechanical
Properties of SDLRPCs

India is an agricultural country and every year more than 18 million tonnes of sugar-
cane leaves are produced (Jutakanoke et al. 2012). In general, these waste sugarcane
dry leaves (SDLs) are usually left and burnt in an open atmosphere, emitting a volu-
minous amount of hazardous gases. The SDLRPCs are prepared from these waste
sugarcane dry leaves and the effects of aging on various properties were evaluated. A
part of the experimental results of this case study is reported in previous work of the
authors (Ji Yadav et al. 2020). In addition to those results, new experimental results
and a FE model is constituted for having an insight into the behavior of SDLRPCs
subjected to aging and UV exposure.
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Fig. 5 SEM micrographs of WPC samples post UV exposure using an artificial source

The SDLRPCs containing 2—8 vol.% of sugarcane dry leaves (SDLs) were fabri-
cated by the method described in (Ji Yadav et al. 2020). The pristine epoxy, as well as
SDLRPCs, was exposed to UV rays under a controlled environment for 80 h before
testing. Figure 6a shows the variation of tensile properties with SDL concentration
for unexposed as well as exposed samples. There was a continuous enhancement in
Young’s modulus of SDLRPCs with SDL concentration. The neat UV unexposed
samples displayed Young’s modulus of 3500 MPa. This value improved by 4.40,
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Fig. 6 Variation of a Young’s modulus and b TS of unexposed as well as exposed SDLRPC samples
with SDL concentration

6.31, 9.69, and 15% as the SDL concentration varied from 0, 2, 4, 6, and 8 vol.%
respectively. On the other hand, UV exposed neat epoxy displayed Young’s modulus
of 2850 MPa which is 18.85% lower than unexposed samples. This value improved up
to4.03, 8.84, 15.36 and 23.83% at SDL concentrations ranging 0—8 vol.%. Figure 6b
shows the variation of TSs of unexposed as well as exposed SDLRPC samples. SDL
addition improved the TS up to 6 vol.% due to effective stress transfer between the
matrix and reinforcement. The maximum TS of the unexposed sample is observed
to be 29.65 MPa at 6 vol.% SDL concentration. On the other hand, the maximum
TS of the unexposed sample are observed 25.66 MPa (about 13.50% lower than
the unexposed sample). As expected, the TS of exposed samples is lower than the
unexposed samples at all SDL concentrations.

The lower tensile properties of exposed samples are attributed to the UV rays-
induced photo-degradation of polymer-based matrix (Jutakanoke et al. 2012). The
aromatic groups present in epoxy-based polymers are prone to breaking under UV
rays of wavelength 2300 nm. The high energy UV rays break the C-O, C-C, and
O-0 bonds leading to chain scission forming free radicals. These free radicals lead to
the accelerated degradation of epoxy and hence a significant reduction in mechanical
properties (Woo et al. 2007; Nikafshar et al. 2017).

The K¢ and G values of composites, as well as pristine epoxy samples, were
determined using the SENB fracture test. The samples with a single edge notch were
subjected to three-point bending loading as per ASTM D-5045 standard using the
Tinius Olsen make UTM. The K¢ value was calculated using the Eq. (1):

F
ch=< l>f(x) (1)
BW>

where ‘F’ is the maximum applied load, ‘B’ is the thickness of the specimen, ‘W’
is the width of the specimen, ‘a’ is the pre-crack length, and ‘f(x)’ is the geometry
factor which is calculated using the Eq. (2):
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Figure 7 shows the variation of K;c with SDL proportion on unexposed and
exposed samples.

The addition of SDL into epoxy has a positive effect on the K¢ of both unex-
posed and exposed samples. A gradual enhancement in K;¢ can be noticed in both
cases. Unexposed pristine epoxy shows a K¢ value of 0.95 MPa,/m. This improved
gradually up to 31.6% to a value of 1.25 MPa,/m at 6 vol.% SDL in proportion.
Enhancement in the K¢ value of SDLRPCs is attributed to various toughening mech-
anisms such as pull-out, fiber breakage, etc. (Wang et al. 2007). Similar results have
been reported for fracture toughness polyester-based hemp and jute fiber composites
(Hughes etal. 2002). On the other hand, an exposed pristine epoxy sample displayed a
KI1C value of just 0.75 MPa,/m. The SDLRPC samples displayed modest improve-
ment in K1C value with SDL concentration. The value was improved by 4, 9.33,
and 14.66% at 2, 4, and 6 vol.% SDL proportion respectively. On further increase
in SDL proportion, the K;¢ value of composites dropped by 17.33% below pristine
epoxy. The modest increase in K¢ is attributed to the photo-degradation of the epoxy
matrix due to UV exposure. The UV exposure being a surface phenomenon, results
in the decomposition of the surface without the direct decomposition of fibers. This
degradation is often visualized as superficial micro-cracks present in the composite
post-exposure (Woo et al. 2007).

The thermogravimetric characteristics of pristine epoxy and unexposed as well
as exposed SDLRPC samples (6 vol.%) were evaluated. The analysis was conducted
using the EXSTAR TG/DTA 6300 instrument under a nitrogen environment.
Figure 8a and b show the results of the thermogravimetric analysis of pristine epoxy,
unexposed, and exposed SDLRPC (6 vol.% proportion) samples. Table 3 summa-
rizes the thermal behavior of pristine epoxy as well as SDLRPC samples. The Ts,
Tso, and Tgg refer to the temperatures at 5, 50, and 80% degradation respectively.
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Fig. 8 a Percentage mass remaining and b DTG curve for pristine epoxy and SDLRPC at 6 vol.%
SDL proportion under different conditions

Table 3 Data of thermogravimetric analysis

S. | Sample Ts (°C) | Ts0 (°C) | Tso (°C) | Rmax (hg/min) | T1 (°C) | T (°C) | R7go (°C)
No.

1 Pristine 176.28 |400.18 |528.12 |521.34 284.56 | 532.44 0.26
epoxy

2 | Unexposed | 177.07 |403.36 |525.49 |484.62 284.93 | 531.07 | —0.36
Exposed 17496 |398.20 |516.14 |482.69 282.29 |524.52 | —-0.14

Riax refers to the maximum rate of degradation, Ty and Ty refer to the temperatures
at the two DTG peaks and Ry refers to the char residue at 700 °C.

It is evident that pristine epoxy and composites decomposed in two steps. The first
2.5% of degradation is attributed primarily to the loss of adsorbed water. The pristine
epoxy displayed 5% decomposition at a temperature of 176.28 °C which dropped
slightly to 177.07 and 174.96 °C in case of unexposed and exposed composites
respectively. The 50% decomposition temperature of pristine epoxy was 400.18 °C
which slightly increased to 403.36 °C in case of unexposed sample and dropped
again to 398.20 °C in case of exposed samples. The 80% decomposition temperature
of pristine epoxy was 528.12 °C which dropped to 525.19 °C for unexposed and
516.14 °C for the exposed sample. As far as Ry, is considered, the pristine epoxy
displayed the highest value of 521.34 pg/min which was reduced to 484.62 and
482.69 pg/min respectively for unexposed and exposed samples. Thermal decom-
position of pristine epoxy produced a char residue (R;g9) of 0.26%. On the other
hand, the unexposed and exposed sample displayed an Ryoy of —0.36 and —0.14%
respectively. It can be inferred from the DTG curve that the exposed samples display
a higher decomposition rate particularly in the second step of decomposition. Never-
theless, it can be adjudged from the results of the thermal analysis that the developed
composites are thermally stable in both unexposed as well as the exposed state.

The structure of pristine epoxy unexposed as well as exposed composites was
determined via powder X-Ray diffraction (XRD) technique. XRD was performed
on a Rigaku make diffractometer using CuKa radiation having A = 1.541 A. The
test setup was operated at 40 kV and 20 mA with a scanning range of 5°~100° and
a scanning rate of 0.5°/min. Figure 9 shows the XRD patterns for pristine epoxy
and well as unexposed and exposed SDLRPC samples at 6 vol.% SDL proportion.
Both pristine, as well as unexposed composites, display a prominent peak at 18.16°
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corresponding to the epoxy. This implies that SDLs dispersed in epoxy via this
processing technique have a negligible effect on the amorphous structure of epoxy.
On the other hand, the exposed composite sample displayed a significantly different
structure characterized by two peaks. This might be due to the accumulation of
moisture and decomposition of SDLs within the epoxy matrix.

6.2 FE Modelling

FE models were constituted to determine the effect of UV exposure on the mechanical
behaviour of SDLRPCs. The properties of unexposed as well as exposed epoxies were
determined experimentally and properties of SDLs were determined as explained in
(Ji Yadav et al. 2020). The properties of constituents used in FE modeling are shown
in Table 4.

A FE model considering the periodic distribution of SDLs in the epoxy matrix
was used for understanding the effect of matrix degradation on the concentration of
von Mises stress. Figure 10 shows the FE model and boundary conditions used for
stress analysis. Solid 186 elements available in the ANSY'S library were used for the
discretization of the model.

Figures 11a, b and 12a, b show the concentration of von Mises stress in the FE
model under uniaxial and hydrostatic stress conditions respectively. The hydrostatic
state of stress is present in the vicinity of the crack tip. Whereas, the uniaxial stress
state is present away from the crack tip (Gunwant et al. 2018). Under uniaxial loading,
the epoxy matrix is under lower stress for unexposed samples. The epoxy matrix in
the case of the unexposed sample was subjected to 137.76 MPa which increased

Table 4 Material properties of various constituents used in the FE analysis (Ji Yadav et al. 2020)

S. No. Constituent Status Young’s modulus (MPa) Poisson’s ratio
Epoxy Unexposed 3500 0.35

2 Epoxy Exposed 2850 0.35
SDLs - 9650.14 0.33
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Fig. 11 von Mises stress contours in the epoxy matrix under uniaxial pressure of 100 MPa for a
unexposed and b exposed SDLRPCs

by 6.36% to 146.533 MPa for exposed samples. Similarly, maximum von Mises
stress in epoxy was 51.88 MPa for unexposed samples under hydrostatic loading.
This increased by 20.41% to 62.47 MPa for exposed SDLRPC samples implying an
increased tendency of matrix shear yielding in the vicinity of crack-tip after exposure.
The increase in stress concentration post UV exposure is attributed to the lowering
of Young’s modulus of epoxy due to photo-degradation. Alternatively, the stress
raising effect of SDLs is enhanced under crack-tip stress when the modulus of the
epoxy is reduced i.e. after matrix degradation. Another noticeable point is that under
uniaxial loading, the bulk of the epoxy matrix is under significantly higher stress
concentration. The highest stress concentration occurs at the SDL-epoxy interface in
aplane normal to the loading direction. On the other hand, under hydrostatic loading,



Effect of Aging and UV Exposure on Mechanical Properties ... 209

(a) )

Fig. 12 von Mises stress contours in the epoxy matrix under hydrostatic pressure of 100 MPa for
a unexposed and b exposed SDLRPCs

the stress concentration takes place at the SDL-epoxy interface while the bulk of the
matrix is under smaller stress.

Figure 13a, b shows the simulation results for an unexposed and exposed SDLRPC
sample (6 vol.%) obtained after subjecting the model to failure load under three-point
bending. Corresponding values are presented in Table 5. The loading and boundary
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Fig. 13 a Stress distribution in flexural test and b experimental and predicted stress—strain curves
under flexural loading

Table 5 Experimental and simulation results of flexural tests

S. | Status Flexural stress (MPa) % Flexural strain (mm/mm) | %
No. Difference Difference

Experimental | Simulation Experimental | Simulation
1 | Unexposed | 40.60 40.72 0.3 0.0112 0.0116 3.57

2 | Exposed 30.11 33.26 10.46 0.011 0.0118 727
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Fig. 14 a Distribution of SDLs within the epoxy matrix, b corresponding FE simulation model for
SDLRPC showing paths

conditions for simulation were kept similar to the actual loading scenario to maintain
coherence among experimental and simulation results.

The simulated and experimental stress—strain curves are in good agreement with
each other. The percentage difference between experimental and simulation results
is also within admissible limits establishing that flexural behavior of SDLRPCs can
be predicted using FEM.

To visualize the development of the plastic zone in UV exposed samples, another
two-dimensional model is proposed. The SDLs were considered to be uniformly
distributed within the epoxy matrix. A square domain of dimensions L x L mm? was
chosen as the representative area element as shown in Fig. 14a. Figure 14b shows
the meshed FE model consisting of SDLs embedded in the epoxy matrix developed
in ANSYS. The experimental tensile stress—strain curve for pristine epoxy was input
into the program through the inbuilt multi linear elasto plastic material model. The
SDLs were modelled as a linearly elastic material.

The right edge of the model was subjected to a uniform displacement of 0.55 mm
to develop plastic strain in the matrix and capture the shear yielding phenomenon.
For a better understanding of the yielding phenomenon, the von Mises stresses within
the matrix as well as SDLs were mapped onto paths AB and CD respectively. The
mapped results are presented graphically as the function of distance along with paths
AB and CD. The mechanical properties of the constituents are given in Table 2.

Upon solving the model under given boundary conditions and loads, the solution
converged after 22 sub steps. Figure 15a—f show the process of matrix yielding in
gradual stages. The increase in the size of high von Mises stress locations corresponds
to a progressive increase in the yield region size with the applied load. The matrix
yielding pattern is altered due to the presence of rigid SDL inclusions. In the matrix,
the von Mises stress is concentrated in front of the leading edge of SDL. It can be seen
that due to the symmetry of the model and the identical size of SDLs, the damage
initiation zones are uniformly located. Figure 9b, ¢ shows the systematic formation
of shear bands originating due to interaction between nearby SDLs. The process of
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(a) Substep 1 (time=0.02) (b) Substep 3 (time=0.07)

(e) Substep 15 (time=0.655) (f) Substep 22 (time=1)

Fig. 15 Contour plots for von Mises stress distribution at different substeps
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Fig. 16 Variation of von Mises stress along with the path a AB and b CD

shear banding between two neighboring SDLs can be visualized from Fig. 12d where
the high-stress zones of adjacent SDLs coalesce into a single damage initiation zone.
As shown in Fig. 12e—f this shear damage initiation zone finally culminates into an
X-shaped shear band as the matrix reaches its failure point. On the other hand, the
region of the matrix just above the longer edge of SDL was shielded from an increase
in von Mises stress and thus safeguarded against yielding.

Figure 16 shows the variation of von Mises stress along with path AB (matrix)
and CD (particle) at times 0.02 and 1 (substeps 1 and 22). Originally, the varia-
tion of stress resembled a bathtub indicating high stress at the SDL-epoxy interface
and comparatively smaller stress in the matrix (Fig. 16a). This is in line with the
contour plots of von Mises stress developed at the interface just ahead of the SDL
(Fig. 15a—f). As the solution is completed, the maximum stress in the matrix reached
is 33.615 MPa. On the other hand, along the same path AB, the curve resembles a
straight line as the solution is completed. This indicates that under uniaxial loading,
the matrix will gradually start yielding and reach its ultimate point. Figure 16b shows
the variation of von Mises stress within SDL for t = 0.02 and 1. The von Mises stress
in SDL is substantially higher than that in the matrix. Considering the complex inter-
action between SDL with the epoxy matrix as well as neighboring SDLs, the stress
distribution within SDL plays a vital role in particle fracture. Depending upon inter-
facial bonding, particle size, orientation, and stress applied the failure of SDL may
initiate when stress reaches a critical value. The maximum stress induced within the
SDL is approximately 80 MPa which is more than double the stress-induced in the
epoxy matrix. In the presence of a large number of SDLs (higher volume fraction),
the plastic zone size is expected to be limited due to plastic strain developed near
adjacent particles. These conditions might facilitate the fracture of SDL depending
upon their strength and SDL/epoxy interaction.
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7 Conclusions

The use of NFs in composite fabrication is being promoted as an alternative to
synthetic fibers. This chapter has provided an overview of the effects of UV radia-
tion and aging on the mechanical properties of NFCs. The aging phenomenon can
be characterized by physical, chemical, and mechanical aging processes. The aging
phenomenon adversely affects the mechanical properties of NFCs mainly due to
matrix degradation but the degradation depends on the constituents of the NFCs. For
instance, up to 52 and 70% reduction in TS and IS respectively have been reported
in kenaf/epoxy composites. The hemp/PLA composites displayed 86.88, 88.70, and
81.25% reduction in the tensile and flexural strengths and K¢ values respectively.
The wood flour composites underwent a 33 and 20% reduction in bending stiffness
and strength after 2000 h of UV exposure. The loss in properties can be partially
avoided via the suitable chemical treatment of fibers before composite fabrication.
The chemical treatments such as NaOH and SiHy improve the moisture resistance
along with improved fiber/matrix adhesion. As far as WPCs are considered, the TS,
TS, and impact strength are reduced, and wear erosion increased significantly after
the aging process. WPCs fabricated with 10% of Mango and Mahogany wood dust
showed better wear resistance and mechanical properties as compared to other wood
dust. This is due to adequate encapsulation of wood dust by PP matrix leading to
proper wetting of wood dust at this concentration. The SDLRPCs fabricated via
mixing 2—8 vol.% SDLs into epoxy matrix displayed a similar reduction in mechan-
ical properties after UV exposure for 80 h. The photo-degradation of matrix upon
UV exposure and matrix cracking is mainly responsible for such behavior. However,
both and unexposed as well as exposed SDLRPC samples showed similar decom-
position behavior in the thermogravimetric analysis. The FE model constituted for
stress analysis showed the stress concentration within the epoxy matrix for unex-
posed as well as exposed samples. Under hydrostatic loading, the von Mises stress
within the epoxy matrix increased by 20.41% after UV exposure as compared to
unexposed samples. This implies that in the vicinity of crack-tip the tendency of the
epoxy matrix to undergo shear yielding increases after exposure. Another FE model
constituted for determining the bending properties of SDLRPC containing 6 vol.%
SDLs showed good agreement between experimental and simulation results. Finally,
a two-dimensional elasto-plastic FE model has shown the formation of shear bands
due to aging/UV exposure the NFCs.
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Fatigue Life Prediction of Bio-composites | M)
Subjected to Environmental Aging L

G. Jeevi, R. Karthikeyan, Nalini Ranganathan, M. Abdul Kader,
and Sanjay K. Nayak

Abstract In last few decades, the manufacturing and application of natural fiber
reinforced polymeric composites have remarkable achievements to replace the non-
bidegradable petroleum based materials. The demand for natural composites is dras-
tically increasing, and became a notable material to use for extensive range of appli-
cations such as automotive, aviation, consumer products, and civil engineering, etc.
Many investigations and studies have been reported to expand the mechanical and
durability performance of biocomposites to compete with conventional composites.
Comparatively enormous number of failure mechanisms occurs in fibre reinforced
composite arises, and the fatigue life distributions of composites at various constant
stress levels are determined using various models. In this chapter, the different
methodologies adapted to determine the fatigue life of biocomposites were discussed.
The fatigue behavior of biocomposites when subjected to different aging mecha-
nisms under various service conditions and environments were reviewed. Further the
chapter also detailed the long-term durability of biocomposites in different dynamic
and static stresses under various environments namely corrosive stresses, mechanical
stresses, electric stress, thermal stress and photo stress.

Keywords Fatigue life -+ Biocomposites + Environmental aging + Mechanical
properties + Stress cycle

1 Introduction

In recent years, natural polymer composites have been involved in various structural
applications and have superior mechanical properties. In general, biocomposites are
composed of two or more distinct constituent of materials namely reinforcement and
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matrix, one being a naturally derived material (Mohammed et al. 2015). The natural
fiber reinforcements may be cotton, sisal, hemp, flax, jute, viscose, kenaf and wood
etc.; and organic matrices are corn zein, gelatin, chitosan, gluten, collagen, synthetic
polymers are esters based polymer and polyvinyl alcohol (PVA) (Kozlowski and
Wiadyka-Przybylak 2004; Dhaliwal 2019). Bio-composites have advantages of more
renewability, biodegradability and sustainability in nature; and have created much
more interest in research and industrial areas (Mohanty et al. 2002). Furthermore,
these composites are being widely used in structural application because of their
good mechanical performance and lower cost (Gurunathan et al. 2015; Shesan et al.
2019). However, the exposure of composites to harsh environments such as UV
light, elevated temperature, moisture, saline or sea water etc., tends to affect the
mechanical performance of the composites, particularly while used in long term
load bearing applications (Liu et al. 2020; Mahato et al. 2014).

The interdependent action such as high temperature, moisture penetration, frozen-
in residual stresses and other combative agents will strongly affect the morphological
behavior of the composites and its bonding interfaces between the fiber and matrix
(Apicella et al. 1983). Bio-composites can be used productively in more industrial
and mechanical applications such as higher production of products with short life
span of 1-2 years (non-durable) or products with short-term and long-term indoor
applications (GhaffarianHoseini et al. 2013; Netravali and Chabba 2003). The study
of Maudood et al. (2019) stated that bio-composites are primarily used for applica-
tions due to their low durability, and immediate degradation in the hard and humid
environment, which is a major drawback of biocomposites for outdoor usage. Bazli
et al., study reported that the degradation of mechanical performance in composites
under aggressive sea water environmental conditions (Bazli et al. 2019). The loss of
fiber confinement due to matrix cracking and wear is the principal mechanism for the
degradation of matrix influential properties (Nakamura et al. 2006). The wear and
fatigue failure ultimately results in lowering the life-cycle of the composites. There-
fore, the study on fatigue behavior of the composites is very important, particularly
for bio-composites when subjected to long-term load bearing applications.

The modes of fatigue failures in composite have more complexity due to inho-
mogenous and anisotropic nature of composites. In fatigue test, the number of cycles
to fail depends on stress variables, stress rate, fatigue cycling mode, environmental
conditions and material compositions. In polymer composites, the fatigue tests are
conducted for the suggestions of load level, frequency setup, allowable stress, ampli-
tude and factor of safety to predict the service life of structure or components
(Degrieck and Van Paepegem 2001).

In this chapter, fatigue failure of bio-composites are reviewed and reported with
measure of reload application, such as total life cycle or number of cycles to failure
or the crack growth life approach correlate with the environmental parameters such
as solvents, mechanical load, temperature, UV radiation and electric charges etc.
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2 Overview of Biocomposites

Biocomposites are by different kind of natural polymers such as bio-based polymers
and petro-based polymers reinforced with matrices and inexpensive biofillers namely
flour, biomass, or biosourced carbon, etc. However, the sustainable biocomposites
are not only developed using plant fibers but also using agro-waste (Sadh et al.
2018; Mohanty et al. 2018). Both thermoplastic and thermoset polymers are often
utilized with various bio-based fibres (biofibre), bio fillers or reinforcements to shape
biocomposites. It is classified into three major groups (Chang et al. 2020) as described
in Fig. 1:

(a) Non-degradable composites,
(b) Biodegradable composites, and
(c) Non-biodegradable composites.

In automotive applications, the usage of bio-fibers are used in manufacturing
various components such as dashboards, door panels, seat cushions, interior parts
and other exterior body parts (Koronis et al. 2013; Huda et al. 2008). Due to several
environmental considerations, the automobile sector focused to adapt bio-based
composites in manufacturing the components instead of traditional composites. Bio-
based composites has more beneficial than synthetic composites in terms of energy
consumption, life cycle assesment (LCA), and environmental impacts (Yates and
Barlow 2013).

Reinforcement

* Biofibers (Silk/Wool, Flax, Kenaf,
Bamboo Chitosan, Hemp, Jute, Sisal)

» Biosorced Carbon

*  Nanocellulose

»  Synthetic fibers: (Glass fiber, Carbon
fiber, Kevlar fiber, Basalt fiber, etc.)

PLA, (Polylactic acid)

PBS (Polybutylene succinate)

TPS (Thermoplastic starch)

PHBV (Poly 3-hydroxybutyrate-co-3-hydroxyvalerate)
PBAT (Poly butylene adipate-co-terephthalate)

PP (Polypropylene)

PE (Polyethylene)

Biocomposites

= Biofiber reinforced bicbased-polymers (Bio-degradable)
Examples: Sisal/PLA, Hemp/PBS, Biofiber/Starch

* Biofiber reinforced petrobased polymers (Non-degradable)
Examples: Jute/PP, Kenaf/iPE

*  Synthetic fibers reinforced biobsed polymers (Non-biodegradable)
Examples: Carbon/PBS, Glass/PLA, Kevlar/PLA

Fig. 1 Three major groups of bio-composites and their examples
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Table 1 Types of aging due to different environmental attacks

Types of aging Attribution

Natural Aging occurs by environmental conditions

Thermo-oxidative | Aging of plastics at higher temperature in oxygen rich environment

Biological Aging through the action of living organisms (bacteria/fungus)

Mechanical Aging due to constant dynamic and static loads (fatigue load)

Ozone Aging due to ozone

Photo-oxidative Aging through the effect of visible and UV light spectrum in oxygen rich
environment

Chemical Aging by chemical substances

Artificial Aging in artificially modified conditions

Thermal Aging through heat/temperature

Miller (2018) reported that PHBV natural composites has lower carbon foot prints,
hence became an attractive component to replace the synthetic composites in auto-
motive sectors. Further, these composites found advantages in acoustic properties
(Hassan et al. 2020; Tang and Yan 2017), non-abrasiveness and biodegradable prop-
erties, etc. Biocomposites reduces the environmental pollution by degrading under
appropriate composite condition. Thereby, it became an undesirable material to use
in loang term load bearing applications. The types of aging factors that attributes to
different environmental attacks are enumerated in Table 1.

The components of biofibers namely the Lignin and hemicellulose are prone to
UV degradation moisture degradation respectively (Beg and Pickering 2008). The
different types of polymers exhibit dissimilar degradation behavior based on molec-
ular breakdown with respect to rate of oxidation. The composite degradation occurs
either in mechanical or chemical form, the factor to the degradation directly depends
on temperature, acid contact, environmental oxidation, ultra violet radiation etc. The
degradation of composites under various scenarios reduces the material performance,
which in turn the reliability and its durability (Brebu 2020). The prolonged exposure
of composites to these environments reduces the endurance limit of the material.

3 Prediction of Fatigue Strength on Bio-composites

Fatigue is a dynamic phenomenon, which tends to initiate as a micro-crack on the
materials or products and on repeated loading and unloading, the micro-crack prop-
agates into a macro-cracks. If these cracks are not detected, then the component or
product leads to catastrophic failure. In other words, the catastrophic failure that
occurs in a component when exposed to fatigue stresses for an extended period.
Generally the crack formed on the surface is then developed in the component will
be in the perpendicular direction to the center tensile axis.
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The concepts of mechanism of fatigue fracture have been developed to determine
the safety of product or components containing cracks. One of the initial damage
mechanisms of structural components was identified as fatigue cracking (Ritchie
1999). The fatigue life has indicated as the number of cycles required to initiate a
crack and to propagating the crack to critical size (Ranganathan et al. 2016). Three
stages of fatigue failures occur in the components i.e. (i) crack initiation, (ii) stable
and continuous crack growth and (iii) rapid fracture (Mallick 1997). In composite,
the failure structure is associated with crack initiation and propagation, fiber damages
and breakage, delamination/debonding at the fiber matrix interface, and pullout fiber
(Santecchia et al. 2016).

In case of bio-composites, fatigue behavior and mechanical properties depend on
both modulus of fibre and ductility of the matrix interface (Mitra 2014). The extent
of stress transfer between the fiber and matrix interfaces plays a prominent role in
determining the fatigue failure.

In general, the fatigue loads are classified as shown in Fig. 2, based on the applied
loading modes, commonly three different modes of cyclic loading as shown in Fig. 3,
are being provided as detailed below,

1. Tension-Tension/Tension—compression fatigue tests: To evaluate the fatigue

strength
Fatigue loads
‘ Constant Amplitude ‘ Variable Amplitude
Low cycle High cycle Giga cycle Deterministic Random
Fig. 2 Classification of fatigue loads
N (B T g
e i 7
N 7\
Load $ St } Smin Load | \ Load
Ny’ N Ny’
nsion -Tensi / il
TcR=o.nTu 05 \‘x/ B \\ s
R= ‘;'“_"‘ Tension - Compression R=- | -
Spuax (-)ve Compression-Compression

R=25

Fig. 3 Three different modes of cyclic loading; a Tension—tension; b Tension—compression; ¢
Compression—compression
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e High Cycle fatigue Test: Frequencies ranging approximately from 1 to
5000 Hz

e Low Cycle fatigue test: Frequencies of less than about 10 Hz

e Giga-cycle fatigue test: 1 x 10° cycles or more applied in a short time

2. Plane bending fatigue testing machine
3. Torsional fatigue testing machine.

The static and dynamic loads exerted on composites over a long term cause
catastrophic damage at different service periods. The structural durability of bio-
composites can sustain deformation under constant cyclic stresses. The fatigue prop-
erties are determined by the application of continuous and repetitive loads, these
loads are applied in different waveforms namely sine, triangular, square, saw tooth
and random with their R-value (Movahedi-Rad et al. 2018, 2019; Burhan and Kim
2018). The R-value is the ratio of minimum and maximum stress applied during
fatigue test shown in Eq. (1).

R = Umin/amax (1)

The indications of different modes of fatigue loads and stress ratio (R-values)
such as static load (R = 1), tension—tension load (0 < R < 1), tension—compression
load (—1 < R < 0), reversed tension—compression (R = —1), tension-unload (R =
0) respectively. The fatigue performance results are plotted as S—N curve from the
obtained values of fatigue stresses and number of cycles to failure. The maximum
stress that a material withstands without any failure for infinite number of cycles is
termed as endurance limit (Hwang and Han 1986; Wicaksono and Chai 2013; Zhou
and Wu 2019). The fatigue life cycle is normally plotted with S-N curves, where S
defines fatigue stress, and N defines number of cycle and the endurance determined
from the exerted results (Manjunatha et al. 2010; Evans et al. 1996; Schijve 2001).

In S—N curve the value of stress is plotted as alternating stress, maximum stress or
minimum stress Versus Number of cycles. Based on fatigue damage formulation the
S—N curve models were derived. The S-N curves models directly characterizes the
fatigue damage when a material or components were subjected to constant ampli-
tude of loading at a constant stress ratio (R). S-N curve model had been intuitively
formulated based on the Basquin Model, as shown in Eq. (2).

Omax = 07(Np) B )

where the fatigue strength coefficient (FSC), omax = applied peak stress, B =
mfatigue strength exponent (FSE) and Ny = number of cycle at failure.

In a linear order, the number of cycles increases with decreasing their fatigue
stress. The fatigue behavior is represented as two types of curves one as Wohler
curve for constant amplitude loading and other one is Gassner curve for variable
amplitude loading, as shown in Fig. 4.
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Fig. 4 Schematic
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Dissimilar polymer exhibits different kind of fatigue life (Schijve 2001). Gener-
ally, the test variables influence the fatigue strength of polymeric material containing
number of cycles, thermal effects, stress concentration and other environmental
conditions and aging etc. There is only limited studies available related to fatigue
and creep on bio-based polymers and bio-based composites.

Katogi et al. (2012) studied the fatigue performance of jute fiber reinforced PLA
composites. Their study described that due to brittle nature of PLA, the composites
exhibited limited fatigue properties. To enhance the fatigue life of natural fiber rein-
forced PLA composites, the ductile biopolymer namely the Polybutylene succinate
(PBS) were reinforced. In the previous study, the author determined the fatigue life
of impact modified jute reinforced thermoplastic composites. Table 2 summarizes
the fatigue performance of different biocomposites.

Liber-Knec et al. (2015) experimentally investigated the fatigue performance of
flax fiber thermoplastic starch (TPS) and poly