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The advancement of polymer nano-composites has been motivated by the need for materials with a specific combination

of mechanical properties beyond those achieved from only one material. Integration of reinforcement into polymers at

www.rsc.org/

nanoscale can provide a significant increase in numerous physical and mechanical properties of polymer nano-composit

However, in applications where contact with liquid media is unavoidable, the mechanical properties of polymer nan~

composites suffer degradation which is a commonly observed phenomenon. Non aggressive liquid such as water is capable

of lowering the mechanical properties of polymer nano-composites by acting as plasticizer while moderate and severe

aggressive liquid when combine with residual stresses can cause unexpected brittle failure or known as ESC. To date, only

few studies are reported discussing the ability of nano-fillers to resist degradation of mechanical properties in polymer

nano-composites when exposed to

liquid media. In this review, various factors responsible for mechanical properties

degradation caused by liquid media in polymer nano-composites and their remedies are studied.

1. Introduction

Integration of reinforcement into polymers at nanoscale can
and
The
high strength to weight ratio of polymer nano-composites and
ability of exhibiting the flexibility by manipulating their
mechanical properties are the main reasons to attract the

provide a significant increase in numerous physical

. . . 1-5
mechanical properties of polymer nano-composites.

interest of researchers and extensive research has been
dedicated to this field in the past couple of decades.®” The
mechanical properties of polymers can be modified by using
numerous fibres and particulates and the small-sized nano-
fillers have surpassed the large-sized reinforcements.>™°

There are many applications in which polymer nano-
composites are either directly or indirectly exposed to certain
liquid media conditions. The main drawback of polymeric
materials is the loss of inherent mechanical properties caused
by exposure to liquid media, such as marine environments,
where the properties of polymers are strongly influenced by
the seawater having a medley of various salts.”*™

Similarly, organic liquids can cause cracking at very low
stress levels in semi-crystalline, amorphous, and high cross-
linking polymers.lsf17 In the last few years, the effect of water
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or chemical medium on the mechanical properties ol
thermosets were studied particularly in the field of piping,
marine, medical, coating and automotive industries.”®*** Foi
example, unsaturated polyesters are brittle due to their high
cross-linking level and vulnerable to stress cracking failure ana
degradation in mechanical properties in applications where
contact with liquid is unavoidable.”

Immersion or direct contact with fluid medium as in case of
bottles, vessels, and pipes are the common sources of flui.
that
properties.24’26 Depending on their applications and type of

contact can cause degradation in mechanical
fluids involved, primary source of fluid contact will definitely
accelerate the stress cracking failure of polymers. In some
cases, there is also source of secondary fluid contact, usually
through detergents, lubricants, paints and coatings.27

Although various review articles are available on
mechanical properties of polymer nano-composites, however,
no article is yet published to the best of our knowledge where
mechanical properties of polymer nano-composites are
correlated with the liquid media and their influence on stress-
cracking properties of polymer nano-composites. Therefore,
this review article discusses in detail about how the polym--
nano-composites behave in the presence of liquid media anc

rationale behind their peculiar behaviour.

2.0 Liquid media and polymer degradation

The in-service degradation of mechanical properties f
polymers is an important aspect which limits the applications
of these versatile materials.”® Polymer degradation is t e
deterioration in the properties caused by environments anu
service conditions, and normally limits service lifetime.?®
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Polymer degradation and failure caused by liquid medium can
cause life threatening accidents. In 1996, a baby was fed via a
Hickman line and suffered an infection, when new connectors
were used by a hospital.** The reason behind this infection was
the cracking and erosion of the pipes from the inner side due
to contact with liquid media. It was reported that the baby
suffered from brain damage and later the mother decided to
file a legal case of medical negligence (usage of inappropriate
medical device) in 2002.*" Fig. 1 shows Hickman IV Line fitted
with  polycarbonate (PC) connector composed of
polycarbonate which undergoes brittle failure. This type of
brittle failure caused by environmental stress cracking (ESC)
can be life threatening to patients vulnerable to infections. As
alternative, poly (methyl methacrylate) (PMMA) is also used
when transparency is required. Both PC and PMMA are prone
to ESC failure due to their molecular chain structure that can
be easily disentangled when subjected to stress and liquid
media. Since the applications in medical devices are vital, any
crack or damage will be life threatening to users. Error!
Reference source not found.> It can be observed that the
cracks exist in male luer of connector as a result of stress
cracking failure after exposure to liquid media in the hospital.
Although in certain cases the secondary fluid contact is less
severe than that with primary fluid contact, however, both can
lead to catastrophic failure and degradation of the polymer
properties. For instance, moulded polystyrene eyes for teddy
bears became ‘milky’ as the subject underwent cataracts.”” In
another example, failure of polyethylene after exposure to
liquid media has been identified and reported in several
publications.az_34 There are various automotive components
made of polymers which undergo degradation when exposed
to liquid media such as mirror housing, headlight lens, latch
handle and ignition module.” Fig. 3 and Fig. 4 show the
cracked mirror housing and headlight lens. Fig. 5 shows an
SEM image of the headlight lens with an intersecting network
of cracks which indicates that the lens underwent brittle
fracture.
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Fig. 2. Macrograph of brittle cracks from gate in male luer of connector. 3

Fig. 1.Hickman IV Line with fitted with polycarbonate connector. 3

2| J. Name., 2012, 00, 1-3

Fig. 5. SEM image of intersecting network of cracks on the headlight lens. z
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3.0 Fibre and particle reinforcement

Fibre and particulate reinforcements are commonly used to
. . . 35-39
improve the mechanical properties of polymers. It has
been shown that fibrous reinforcement shows a greater ability
to resist crack propagation than particulate reinforcement.*®™*
3.1 Polymers reinforced with conventional and natural fibres

Conventional fibres or synthetic fibres such as carbon fibre,
glass fibre, Aramid and Kevlar are widely used in various
engineering applications."‘r’_51 High stiffness and excellent
strength properties are two important factors that make the
applications of these fibres favourable. Natural fibres with
their long history of serving mankind are very important in a
wide range of applications, and they compete and co-exist in
the twenty-first century with man-made fibres, especially as
far as quality, sustainability and economy of production are
concerned. The applications, advantages, and drawbacks of
both types of fibres are illustrated in Fig. 6. Carbon fibre, glass
fibre, Aramid and Kevlar are high strength fibres and have
found many applications such as aerospace, construction,
automotive, sports, marine and pipes.52 Carbon fibres which
were developed in the United Kingdom in 1960s are widely
used as reinforcement in polymer nano-composites53 and are
recognized for their high strength (3.5GPa). However, they
show a high degree of brittleness having Young’s modulus
around 143GPa and when they are used as reinforcement in
polymers, the properties of composite system are highly
propitious and currently carbon fibre-polymer composite
systems are extensively used in automotive, aerospace,
sporting goods and textiles.>>° Glass fibre is another fibrous
reinforcement which is extensively used to produce polymer
composite materials. One of the factors which led to
widespread application of glass fibre was the invention of
proper heating and cooling technology which allowed its mass
production.so‘61 The fibre sizing is the most important
component in the manufacturing process of a glass fibre.®* It is
the most common type of reinforcement in polymers due to its
low cost and superior mechanical properties.ss’64 Recently,
graphene has fascinated academic and industrial interest since
it can produce a remarkable improvement in properties at very
low content.®>®® Graphene has found applications in
electronics devices, energy storage, sensors, and biomedical
applications.m_72 Graphene may be preferred over other
conventional fillers owing to its high surface area, tensile
strength  (TS), thermal conductivity and electrical
conductivity.73_78 In the past, carbon nanotubes (CNTs) gained
much attention due to their superior mechanical, thermal, and
electrical properties.79_83 Moreover, CNTs have been broadly
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used in a range of applications such as biomedical, structural,
electrical circuits, actuators, hydrogen storage and many
more.®* ¥ The dispersion state of CNTs and interfacia’
interactions are most important parameters in CNTs-polymet
nano-composites.®**

It is widely believed that using nanofillers, such as CNTs;,
graphene, properties of
polymers can be improved to extreme values. However, the
reported values reflect the expected
improvement which can be attributed to poor dispersion stat-

and nanoclay, the mechanical

do not level

of the filler, agglomerates which act as stress raisers, and weak
interfacial interactions. Schaefer and Justice have studied in
detail the polymer nanocomposites and reported the presence
of large-scale disorder that is common in nanocomposites
regardless of the level of dispersion, leading to substantia.
reduction in mechanical properties.95 They further reporter
that even in nanocomposites,
present which significantly
properties of nanocomposites.

microscale structures are

influence the mechanical

Over the last two decades, natural fibres are evolving as
better option to replace the conventional fibres in many
applications.96 Natural fibres are produced by using traditional
manufacturing techniques such as resin transfer moulding,
vacuum infusion, injection moulding and many more.’® Natural
fibres such as hemp,‘cﬂ’98 sugar palm,%_102
jutelO?’_105 have attracted researchers to extend their usage in

.. . . . . 106-112
civil engineering applications.

coir, sisal ar-

3.2 Particulates reinforced polymers

The in particulate reinforced polymer
composites has significantly increased and first particulate

interest nano-
reinforced polymers used mineral particles as fillers.>® Some of
the earliest work on inorganic toughening was achieved in
1987 at Toyota.m'_115 The particulate reinforcements can
improve the stiffness, creep resistance and fracture toughness
116,117
of polymers.
properties of polymer nano-composites are influenced by

Evidently, it was observed that mechanica!

several factors such as shape, size, aspect ratio and the

118-125 .
The minera.

dispersion quality of reinforcing particles.
particles were first used as cheap fillers and additives since
conventional polymers were first created. For example, talc
and mica from with layer-tyr

structures were used in the form of thin platelets.53 The nano-

silicate-based minerals

composites produced using mineral particles are easy to
process and allow higher filler content and cause significa ¢
In ti »
development of polymer nano-composites, the incorporaticn

increase in stiffness and strength of polymers.53

of nano-particles has been widely investigated employi ¢
. 126-1z0
numerous experimental setups and research methods.

Other materials used in nano-reinforcement of polymers a e

J. Name., 2013, 00, 1-3 | 3
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layered silicates and ceramic nano-particles such as SiO,, TiO, that the Young’s modulus of nano-composites escalated five
133

and CaCO3.129_131 Addition of layered silicate to natural rubber times with the silicate based reinforcements.
and polyurethane were found to improve stiffness and Table 3 shows prominent studies that have been carried
strength.132 Apart from that, it has conclusively been shown out using various types of fillers to improve mechanical

properties of polymer based nano-composite ;.

= Conventional Fibres

camyes JRC oo Q= croroes o Dimioroges

Carbon fibre Aerospace High stiffness High initial cost
Glass fibre Construction High strength-to-mass ratio Non-biodegradable
Aramid Automotive Water and corrosion resistant
Kevlar Sporting goods Durable
Marine
Pipes

= Disadvantages

Hemp Aerospace Comparable mechanical properties Incompatability with polym ¢
Sugar palm Construction Low cost Absorbs water and moisture
Kenaf Automotive Low energy consumption

Jute Sporting goods Biodegradable

Sisal Packaging Low density

Figure 6. Characteristics of conventional fibres and natural fibres from literatures
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4.0 Effects of liquid media on mechanical
properties of polymer nano-composites

The following section discusses the effect of liquid exposure on
mechanical properties of polymer nano-composites. In
general, the liquid media can be classified into three
categories; non-aggressive, moderate, and aggressive media.
The polymers are more vulnerable to liquids with hydrogen
bonding and are classified as aggressive media.

4.1 Water

Water has neutral pH, due to its inherent hydrogen bonding;
water can lower the mechanical properties of the composite
by plasticizing the matrix and reducing the interfacial strength
of the matrix and reinforcing additive. In real application,
thermosets based polymers such as epoxy and unsaturated
polyester also suffer mechanical properties degradation when
exposed to water as in marine and automotive industries.’®*
134 The water may penetrate into the polymers and polymer
nano-composites by capillary action and may significantly
affect the polymer chains and interphase.135

Table 1 shows some of the prominent researches that have
been carried out to study the effect of water on mechanical
properties of polymer composites. There is consensus in the
reported literature that water can significantly degrade the
properties of polymers and polymer nano-composites.
Normally, the absorption rate increases with longer immersion
time. The reaction between water molecules and polymer
matrix causes deterioration of interphase which has a
detrimental effect on the mechanical properties.

The primary reasons for the lower mechanical properties
are, matrix swelling, interphase debonding, physical damage of
the interphase, and hydrolysis of the material by water.™
Garcia-Espinel et al.’*® have associated the reduction in tensile
strength and flexural strength of epoxy/glass fibre with the
water absorption and reaction between water and composite

material. This finding was supported by other researchers as
e”.137—139

Rull et al.**® were able to reduce the water absorption and

increase the mechanical properties such as tensile and flexural
strength of glass fibre-polyester through uniformly dispersed
clay in the nano-composites. A small fraction of nano-clay was
used to provide resistance towards humidity and liquid. If
nano-clay is used more than 1wt% it tends to agglomerate and
consequently increases the water absorption and reduces
mechanical properties.18 Table 2 shows the tensile strength of
the nano-composites after certain period of immersion in
water. It can be seen that the breaking strength and tensile
stress significantly reduced as the nano-composites suffer
physical damage.

Huang and Sun, % in their study demonstrated that water
was found to cause delamination between fibre and matrix
after water immersion. They found that the tensile strength of
glass/polyester composites was decreased as a result of
hydrolysis of the material and physical damage of interphase.
This was caused by polymer debonding between matrix and
glass fibre. Fig. 7 and 8 show the SEM images of broken
samples before and after water immersion. It was examined

This journal is © The Royal Society of Chemistry 20xx
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that delamination between the fibre and matrix occurred
in tensile strength of th-
. 14
glass/polyester nano-composites.
Ishak et al.'® studied Arenga Pinnata (sugar palm) fibre

which explains the reduction

resistance to seawater. It was shown that natural fibre frc n
sugar palm reinforced polymers showed improved mechanicar
. . . . 101
properties and high resistance against seawater.” ~ Sugar palm
trunk recorded absorption (0.39%).10‘
Nonetheless, this material (Arenga Pinnata) remains unknown
by many people due to limited information available. Since this
material is biodegradable, it is compelling to investigate

lowest seawater

whether it has the capabilities to be used as an environmental
stress cracking resistor in polymers.

Joseph et al.* have shown that sisal fibre reinforced
polypropylene nano-composites when exposed to water
underwent interfacial failure that can be attributed to
plasticisation caused by water which degraded the fibre-mat. ..
interfacial interactions. Zainuddin et al.*** have shown th -
mechanical properties of nano-clay filled epoxy nano-
composites degraded when exposed to water with a dire~*
relationship to exposure time and temperature. It was founc
that 2wt% nano-clay reinforcement showed optimum
mechanical properties compared to neat epoxy. This finding is
in agreement with other researchers. %

Dhakal et al.*® produced hemp-polyester nano-composites
and studied the effect of water on the mechanical properties
of produced nano-composites. They observed that water
uptake increased with increasing volume fraction of the fibres.
Fig. 9 shows the tensile stress of for hemp fibre-polyester. The
tensile stress increased 22% for 2 layer hemp fibre after water
immersion. The tensile stress was decreases 38% and 15% foi
3 and 4 layer reinforced hemp. For 5 layer hemp, the tensile
stress was found higher than specimens tested in air. The gr .
between fibre and polymer probably filled by the water
therefore lead to the improvement of tensile properties as also
reported in other literature. 149 Fig. 10 shows the flexura'
strength of the composites. Water absorption caused weak
fibre-matrix interface interface which can be associated with
the decrease in flexural stress.

Alamri and Low™° produced nano-clay-epoxy and studiec
the swelling behaviour in water with time as shown in Fig. 10.
They observed that weight gain decreases with increasing
nano-clay content. Ollier et al.*® also reported a decrease in
weight gain with increasing content of bentonite clay in
polyester resin. The nano-clay acts as physical barrier ana
stops water molecules to penetrate through.wl’152

In another major study by Athijayamani et al. 133 found that
water decreased the tensile and flexural strength of roselle
reinforced polyester.

In comparison with unexposed composites, 7% tensile
strength reduction was observed in case of 10wt% roselle
reinforcement. In case of 30wt% of roselle reinforcement, tF .
tensile strength was decreased to 11.7%. Flexural strength f
the composites also decreased when exposed to water. In case
of 10wt% of roselle, 5.7% of flexural strength reduction w 1s
observed. About 8.6% strength was also found
decreased with the water uptake by 30wt% roselle/polyest 'r

flexural

J. Name., 2013, 00, 1-3 | 5
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composites. In this particular study, it can be observed that
water reduced the tensile and flexural strength of the

composites.
Table 1. Some prominent literature on the effect of water on the properties of polymer nano-composite
Polymer Filler Finding Author Year
Epoxy Glass fibre -After 30 days the degradation of Garcia-Espinel et al. 2015™°
mechanical properties slope decrease
and become stabilized
Polyester Glass -Chemical treatment improved clay Rull et al. 2015
fibre/clay dispersion, reduced water absorption
and increase nano-composites
properties
Epoxy Flax -Reduction in flexural and tensile Yan et al. 2015"
properties
Polyester Hyacinth -High moisture absorption of chemically ~ Abral et al. 2015
treated nano-composites
-Reduction in tensile and flexural
strength
Polyester Jute/glass - Reduction in both strength and Akil et al. 2014"°
fibre modulus was observed
PMMA No filler -Reduction of tensile strength Moghbelli et al. 2014™*
-Water act as plasticizer weakening the
mechanical properties
Polyester Bentonite -Clay fraction with more than 1% Ollier et al. 2013
increased water absorption
Epoxy Nano-clay -Flexural strength and modulus of all Alamriand Low 2012™°
nano-composites reduced due to
Halloysite plasticization effect
nanotube
-Fracture  toughness and impact
Nano silicon  strength improved caused by water
carbide absorption
Polyester Sisal and -Tensile strength and flexural strength  Athijayamani et al. 2009™3
roselle decreased after water immersion
Polyester Glass fibre -Reduction of tensile strength Huang and Sun 2007*
-Matrix swelling, interphase
“debonding” caused by water diffusion
6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Table 2. Tensile strength of glass/polyester at different water immersion period. 1

Immersion Breaking  Tensile Elongation

time (Day) strength Stress  at break (%)
(N) (MPa)

0 3246.77 192 3.11

7 3098.26 181 3.07

14 3002.96 176 3.27

21 2754.11 162 3.15

Fig. 8. Broken section of glass/polyester composite after 21-day immersion in water x

This journal is © The Royal Society of Chemistry 20xx

Tensile stress (MPa)

O Stress for samples wathoul motsture absorplion

B Stress for samples with moisture absorption

[IN &} 0,21 0,26 UPE
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Fig. 9. The tensile stress of hemp fibre reinforced unsaturated polyester o8

Tlexural stress (MPa)

1410 4

120)

100
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i) o

401 4

20 4

O Dry sample B'Water imimersed sample

UPE

0.1 015 0.21 0,26
Fibre volume fraction

Fig. 10. The flexural stress of hemp fibre reinforced unsaturated polyester %

Fig. 11. Crack developments under ESC condition 155
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4.2 Aggressive liquids

In some applications, the contact with aggressive liquid media
is inevitable such as automotive applications where the
components are exposed to industrial chemicals (gasoline,
windshield liquid and brake fluid)."®® Residual stresses are
generated during injection moulding process to produce
polymer components. These residual stresses when combine
with aggressive liquid media can cause unexpected brittle
failure.™ ! This phenomenon is known as environmental
stress cracking (ESC) or sometimes described as environmental
assisted cracking.m_164 It is defined by premature initiation of
cracking and embrittlement of plastics as a result of
concurrent action of stress and strain in contact with certain
fluids.”** In simpler terms, it is a slow crack growth.164_168 As it
involves liquids, therefore, it is also called as stress corrosion
of polymer in solvents.”®° For a given polymer, certain liquid
media can cause ESC soon after they come in contact. Such
liquid media are called as ESC agents for those polymers. In
general, the liquid media with hydrogen bonding show a
higher tendency to cause ESC in polymers and therefore care
must be taken to avoid the contact with such liquid media.”>?’

Table 3 shows the research conducted to study the
influence of liquid media on the degradation phenomenon of
polymer nano-composites. In general the work carried out can
be divided into two main categories;

a) The effect of

properties of polymer nano-composites
b) The influence of particles and fibres to resist stress
cracking failure

liquid media on the engineering

Based on literatures, it can be seen that many works have
been carried out to study the effect of liquid media on
environmental stress cracking failure of  polymer
nanocomposites.
4.3 Mechanism of ESC
The ESC typically takes place in amorphous polymers
because of their loose structure which enables the fluids to
permeate into the polymer.27’171 The amorphous
thermoplastics have also shown high sensitivity to ESC. The
locally dissolved aggressive liquid can cause crazing, cracking,
and plasticization.172 Crazes are extended areas gathered by
highly drawn fibrils which link the micro-cracks and stop their
movement and combination.”®® Gent'’? proposed that
hypothetical mechanism of crazing is associated with the
stress-activated devitrification of a small amount of material at
the tip of a flaw to a softer rubbery state. This mechanism is
similar to what has been reported by Knight.174 The following
points can be drawn from the existing reported research on
the mechanism of ESC.
a) The application of hydrostatic pressure can stop the
craze development.173
b) Temperature influences the crazing stress. Increasing
the temperature up to T, will reduce the craze and
then level off.”’
c) The tensile stress at which crazes form is much lower

in the presence of certain active liquids and vapours.

8| J. Name., 2012, 00, 1-3

d) Crazes do not develop in materials with prominent
molecular orientation of the tension but develop whe -
it is perpendicular to the tension.””*

Hansen pointed out that the solubility parameters have
three categories of interconnected forces; dispersive, poli
and hydrogen bonding.27’175 The presence of hydrocarbon
liquid can significantly influence the viscoelastic properties of
biodegradable polymers. Widiastuti et al.t’® reported that
there is consistent decrease in modulus with an increase in
hydrocarbon liquid content even at 40°C. In some cases, non-
aggressive chemicals can also accelerate brittle failure.””” I
was shown that the porosity in unsaturated polyester creates
space between matrix and fibre. The porosity allows the liquic
media to diffuse into the nano-composites which can create
large internal stresses before failure takes place.%’m’m’179

The ESC in polymers and nano-composites has also been
studied for biomedical applications such as surgic..,
respiratory, drug delivery and IV access.”® 8 The glas -
polymers such as polycarbonate and PMMA are extensively
used for biomedical applications. Wright27 has shown th-*
residual stresses during injection moulding process are
responsible for causing ESC in polymers. The residual thermal
stresses are also found in polymers arising from temperature
gradients during the fabrication process.156 Isayev184 hc-
revealed that the residual thermal stress is of parabolic shape
with compression mode on the surface which shifts to tension
mode in the core. A number of molecular mechanisms have
been proposed responsible for ESC such as “interlamellar
failure” . 185186
4.3.1 Organic solvents

The main characteristic of stress cracking agent is
essentially identified by liquid diffusion through the craze fibril
183 Once the liquid penetrates to the craze tip, it the .
starts to plasticise the polymer and permits the craze to
develop. The degree of absorption of a liquid media into
polymer is a function of solubility parameters of the liquid ancd
the polymer.175
deteriorate the mechanical properties of polymers. From the
tensile tests performed, Alimi et al.”®¥ have reported that
elastic modulus of high density polyethylene (HDPE) decreasea
up to 64% when exposed to toluene and methanol for seven
days. The tolouene-methanol mixture was significantly
reduced the structural integrity of the specimens. Moreover
they also suggested that crystallinity gradients responsible for
the poor mechanical properties. Dashtizadeh et al.*® observea
the surface hardness, stress cracking resistance and glossiness
of acrylic resin nano-composites under severe environmenta)
conditions. They observed that mechanical properties
significantly deteriorated when the samples were exposed t~
acetone and toluene as a result of liquid penetration into the
matrix.

4.3.2 Detergent

Detergent like Igepal has been used in many studi s
involving environmental stress cracking. This liquid has been
used widely to test the products durability in packaging a d
pipe application.189 This liquid has two significant effects:

structure.

The organic solvents can significantly

This journal is © The Royal Society of Chemistry 20xx
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a) Accelerates crazing by plasticizing the amorphous
region of the bulk polymer166

b) Accelerates fracture of the craze by plasticizing the
crystalline region of the fibrils*®?

Exposure of polyethylene (PE) to stress cracking agents
such as detergents will cause brittle fracture of PE under
external Ioading.163’189 The crack development under ESC
environment is shown in Fig. 11 where micro-cracks are first
initiated which coalesce and cause brittle fracture under the
influence of applied stress.”®® I thermoplastic polymers, the
molecular chains are bonded via weak van der Waals forces or
hydrogen bonding and exhibit high mobility hence easily
disentangled when subjected to stress. This phenomenon is
characterized by multiple cracks, smooth morphology, craze
remnants, stretched fibrils, and alternating bands.”> When an
amorphous, semi-crystalline, and unsaturated polyester based
product is in contact with a fluid, it can crack instantly or even
break at low stress. Chen** investigated the effect of Igepal CA
630 solution on HDPE/EVA (Ethylene-vinyl acetate) and
LDPE/EVA blends by using Bell Telephone test. The solution
caused the detachment of EVA phase from the matrix. Stress
concentration gives rise to cracking and formation of micro-
pores inside the blend which produced higher stress
concentration between the particles. The micro-porosity may
hamper crack propagation as tip of the cracks is blunted when
they come in contact with pores as shown in Fig. 12.

4.3.3 Acid medium

In most recent study by Farias et al, poly(3-
hydroxbutyrate) (PHB) was immersed in sodium hydroxide
(NaOH) environment followed by tensile testing. The exposure
of the sodium hydroxide did not significantly reduce the
Young’s modulus. Plasticization which normally softens the

192

polymer structure did not occur as it can be seen to polymers
exposed to water. However the significant effect of sodium
hydroxide was observed on the tensile strength and strain at
break. Compared to unexposed samples, 30% of tensile
strength and 40% of strain were found decreased as a result of
the sodium hydroxide exposure. In addition, when the samples
tested in slower crosshead speed, the tensile strength reduced
to 60% and the strain at break was reduced 70%. The duration
of liquid media exposure and stress facilitate crazes, cracking
and disentangle molecular structure. 193 Although ESC can
occur in air, however, it is significantly increased in the
presence of media. Farias et al.**? evidently shown that NaOH
solution caused a significant deterioration in the mechanical
properties of poly(3-hydroxybutyrate). Muhammad et al. 9% in
their study on mechanical properties of hybrid glass/kenaf
fibre-reinforced epoxy. Their analysis showed that acid
medium and base medium exposure towards epoxy/glass
composites reduced the flexural and impact strength. This also
accords with earlier observations by Bonnia et al® which
discovered the effect of acid medium on rubber reinforced
polyester/kenaf composites. They reported on the comparison
of the stress values of composites over time to failure between
dry and immersed specimens in acid medium. In general they
agreed that when the polymer composites exposed to acid
medium, the stress required to break the specimens was

This journal is © The Royal Society of Chemistry 20xx
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reduced compared to those tested in air. Ruban et al. have
reported that unsaturated polyester (without reinforcemern*’
showed higher resistance to liquid media (acetic acid, nitric
acid, and sodium hydroxide) than when it was reinforced with
nano—clay.195 The expanded clay caused polymer swelling ‘'r
nitric acid and aqueous ammonia. From their chemica:
resistance investigations, the increased of clay content
increased the liquid absorption. Fig. 13 depicts the crack
growth under tensile stress in glass/polyester in dilute HCI
acid. Akdemir et al.*® showed that crack proceeds along fiber-
matrix interface causing delamination. The dimensions of the
samples change significantly because of liquid media, applied
stress, crack growth and delamination.'®® The physical effect
of the environment on the glass/polyester nano-composites is
indicated by liquid and gas absorption followed by the
development of swelling at certain rate. Fibre/matrix
debonding takes place due to swelling which subsequen.,

increases internal stresses and results in loss of structui
14,134,141,197

integrity. Compared to polymer matrix, the polymer-
glass interface and the glass fibre reinforcement a--
considered to be more vulnerable to environmenta

degradation.40 ESC becomes feasible when the aggressive
liquid diffuses through the polymer matrix via micro-cracks.
4.3.4 Sunflower oil and butter

Khodabandelou et al.*®® studied the phenomenon of ESC in
sunflower oil of HIPS/PE blends. The ESC resistant were
analysed in tensile creep tests. Polyethylene (PE) was used to
reinforce the composites. The first major finding indicates that
the ESC resistant decreased with the addition of PE as a result
of incompatibility between these two polymers. Another major
finding which was observed from the morphological analysis
suggested that, polymer matrix and PE particles were easily
disentangled as a consequence of the weak bonding. Ander .
et al. v reported on the high impact polystyrene (HIPS)
bending properties exposed to sunflower oil. Before the
bending test take place, all specimens were immersed in the
The time of crack
initiation and propagation was significantly reduced when the
polymers in contact with the environment (sunflower oil). The
fracture resistance also lower compared to HIPS samples
tested in air. Grassi et al."?° studied the influence of rubber
particles of high impact polystyrene (HIPS) in the sunflower oi!
and oleic mixture. Between these two liquid media, sunflower
oil was found to be more aggressive ESC agent. Interestingly,
small rubber particles reinforcement reduced the effect of ESC.
It was found that HIPS samples with a lower fraction of small
particles exhibited better resistance to sunflower oil. ~
number of studies have been carried out to enhance ESC
resistance of numerous styrenic based polymeric materialc
Incorporation of rubber particles into polystyrene was founu
to be an efficient method to improve toughness. 199,200
However further research needs to be carried out to study tF :
effectiveness of rubber particles in reducing stress cracki. =
failure caused by environment. Kjellander et al.”’ exposed
polycarbonate to butter and performed 3 point bend E C
testing. Non absorbing chemical like butter can cause ESC to
polycarbonates. Butter was found to increase the amount f

sunflower oil for minimum one hour.
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ARTICLE Journal Name

energetically favoured trans-trans conformation at the
polycarbonate surface.

Table 3. Polymer and nano-composites exposed to different chemical environments

Polymer type Medium Remarks Author Year
PHB Sodium hydroxide NaOH is severe stress cracking agent  Farias et al. 2015'%
for PHB
Epoxy Acid and Base medium Liquid natural rubber improves the Muhammad et al. 2015'%
stability of the sample but decrease
over time due to detachment of the
rubber particles.
Acetic acid, nitric acid and
Polyester sodium hydroxide Neat unsaturated polyester exert better ~ Ruban et al. 2015'%
chemical resistant than the nano-
composites
Polyethylene IGEPAL solution (detergent) Homogenous dispersion provides good  Chen et al. 2014
interfacial adhesion and resistance to
stress cracking.
Polycarbonate Toluene Toluene found to be promoting stress Alperstein et al. 2014 2
cracking failure of polycarbonate
Rubber toughened Sodium hydroxide Acid medium affected nano- Bonnia et al. 2012 22
Polyester-clay composites more than base medium
Hydrochloride acid
Polystyrene Sunflower oil Sunflower oil proved to be an Grassi et al. 2011 %
aggressive chemical agent
Polyester-Kenaf Acid medium Acid medium weakened the nano- Bonnia et al. 2010 %
composites rapidly more than base
Base medium medium
HIPS/PE Blend Sunflower oil There is a close correlation between Khodabandelou et 2009 "
the morphology and fracture behaviour  al.
of HIPS, uncompatibilized and
compatibilized HIPS/PE blends.
Polycarbonate Butter Non absorbing chemical can also Kjellander et al. 2008 77
cause ESC
Polyethylene IGEPAL solution Morphological features influenced the Borisova and 2003 "2

stress cracking failure behaviour

Kressler
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LDPE/EVA

Prevent crack propagation

Effective stress transfer

Fracture of sample

HDPE/EVA

Fig. 12. The failure mechanisms of LDPE/EVA and HDPE/EVA blends

191

Figure 13. Fractograph of stress corrosion crack growth of surface crack: (I. Starter
notch; Il. Stress corrosion crack growth; and Ill. Cracking in air brush like regic»n)169

5.0 Conclusions

Undoubtedly, exposure to liquid media causes severe
degradation of mechanical properties of polymers and
polymer nano-composites. The lowered mechanical properties
and ESC are a major concern in the applications of polymers
and polymer nano-composites in various applications such as
medical, marine, automotive and coating industries. Non
aggressive liquid such as water can act as a plasticizer if
exposed to polymers for a certain period of time and also
responsible for reduction in strength.

This journal is © The Royal Society of Chemistry 20xx

Swelling, plasticization, and detachment of fibre ana
particulate reinforcement from the matrix are commonly
observed phenomena in polymer nano-composites when
exposed to liquid media. Diffusion of liquid via micro-cracks
leads to stress cracking which can be avoided by fibre and
particulate reinforcement. It is interesting to study the stre _
cracking resistance of polymer nano-composites under
external stresses because of complex phenomena happening
simultaneously.168

The existing information is definitely inadequate and the
lack of sufficient data makes it hard to predict the stres:
cracking failure of nano-particle reinforced polymers in the
presence of liquid media. In that respect, research can be
carried out by reinforcing polymer matrix with different fibres
and particulates to determine the resistance of polymer nano-
composites toward ESC. The understanding of these
mechanisms will contribute to the betterment of existing
mechanical properties of polymers, particularly for application
that are exposed to liquid media.

The nanocomposites have not fulfilled the expectations
due to several factors such as poor dispersion and interfacial
load transfer, deficiencies during processing, poor alignment
poor load transfer to the interior of filler bundles and the
fractal nature of filler clusters. Therefore when the
nanocomposites are exposed to liquid media, the degradatic .
of mechanical properties is unavoidable unless the abov -
stated factors are otherwise.
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