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Abstract

The environmental stress cracking resistance of halloysite nanoclay-polyester
nanocomposites was investigated using fracture mechanics approach. The in-
corporation of halloysite nanoclay was found to improve the environmental
stress cracking resistance of the nano-composites. The storage modulus of
nano-composites measured by dynamic mechanical analysis increased re-
markably as a function of halloysite nanoclay content. At 0.7 wt% nanoclay,
the 7, improved from 72°C to 76°C. The fracture toughness increased up to
33% and time to failure improved 155% with the addition of 0.7 wt% of hallo-
ysite nanoclay. The maximum microhardness was found 119% higher for the
same nano-filler concentration compared to monolithic polyester. The rein-
forcement with 1 wt% showed lower fracture toughness due to agglomerations
of nanoclay which act as flaws. The presence of agglomerates weakened the
bond between nano-particles and matrix hence reduces the environmental
stress cracking resistance by halloysite nanoclay reinforcement.
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1. Introduction

Nano-composite materials were typically used in various components and con-
structions of wind turbine blades, aircraft, automobile, sporting goods and ma-
rine structures [1] [2] [3]. However, the disadvantage of using polymer based
materials is the deterioration mechanical properties triggered by aggressive lig-
uid contact such as methanol, isopropanol and acetone [4] [5]. Environmental
stress cracking failure can occur on polyester based products far below the frac-

ture strength since most composites subjected to external stress are vulnerable to

2017


http://www.scirp.org/journal/wjet
https://doi.org/10.4236/wjet.2017.53033
http://www.scirp.org
https://doi.org/10.4236/wjet.2017.53033
http://creativecommons.org/licenses/by/4.0/

M. S. Saharudin et al.

aggressive liquid exposure [6] [7]. Bottles, vessels, and pipes are normally in
contact with liquid media which leads to deterioration in mechanical properties
[8] [9]. In certain applications of polymer nano-composites, the interaction with
liquid environment is inevitable and could lead to failure. The liquid exposure
causes the environmental stress cracking failure and degradation to the polymer
matrix. The degree of liquid absorption and polymer degradation can be reduced
by using nano-fillers such as nanoclay. Alamri and Low in their research re-
ported that halloysite nanoclays were able to reduce water absorption and in-
crease the mechanical properties of epoxy through uniform dispersion [10] [11].

Halloysite nanoclay is in form of tubular structure produced from natural de-
posits in countries such as China, America, Brazil and France [12] [13]. The use
of nano-particles with polymers could enhance fracture toughness without
compromising properties such as strength, modulus, thermal stability, flame re-
tardancy and glass transition temperature [14] [15]. In nature, halloysite nano-
clay is nontoxic and has tuneable release rates which make them suitable in bio-
medical applications [16]. Another advantage of clay/polymer nanocomposites
mentioned by other researcher is that, the optical clarity of the polymer is not
significantly reduced [17]. The tubular structure, low percolation and good as-
pect ratio make nanoclay a potential reinforcement for unsaturated polyester
resin. The unique properties make them as excellent candidate for drug delivery,
water purification and polymer composites applications [18]. Halloysite nano-
clay, either as it is or after modification, is recognized as one of the materials of
the 21* century because it is abundant, relatively cheap and environmentally safe
[19]. For thermoplastic based polymers, the cracking agent does not cause a
chemical degradation of the polymer, instead penetrates slowly into the polymer
matrices under tension and causes hydrostatic pressure which speed up the
cracking propagation and produces catastrophic failure of plastic components
[20] [21] [22]. Hojo et al in their publication revealed that the degradation of
polyester resin belonged to penetration type [23]. Our previous studies showed
that the incorporation of halloysite nanoclay significantly improved flexural
strength, tensile strength, microhardness and glass transition temperature of
polyester [15] [17] [24] [25] [26].

This study is aimed to improve knowledge of the environmental stress crack-
ing resistance of halloysite nanoclay-polyester nanocomposites exposed to ag-
gressive environment. Various research publications have discussed the engi-
neering properties of polymer nano-composites exposed to water [10] [27].
However, there is no publication where halloysite nanoclay-polyester nano-
composites subjected to methanol and simultaneous constant loading. The frac-
ture mechanics approach were previously used by Moskala [28] and Friedrich
[7], both of them have never used the fracture mechanics approach to obtain
fracture toughness (K,.) without the presence of liquid medium. This is simply
because the environmental stress cracking failure only occurred when there is
interaction of chemical reaction and stress field at crack tip. In the past, the ap-

plication of fracture mechanics approach to study Environmental Stress Crack-
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ing resistance has been carried out only on thermoplastics polymers. This can be
attributed to their brittle property due to the high crosslinking level [29]. We de-
cided to use polyester (thermoset based polymer) to study the effect of direct
methanol exposure on mechanical properties of halloysite nanoclay polyester
nanocomposites. The high speed digital camera (EOS 600D), capable to capture
60 frame per second (FPS), which allow images to be captured during the frac-
ture. FPS (frame per second) is a measurement for number of unique consecu-
tive images a camera can handle each second. The final image before fracture
gave the highest deformation and was measured using ImageJ software. In this
research the polyester resins was used since it is one of the most commonly used
thermosetting polymers because of their low cost and versatility [30] [31] [32]
[33]. On the other hand, methanol is always a desirable choice as a transportation
fuel due to its efficient combustion, ease of availability and distribution [24]
[34]. The contact between polyester and methanol is likely to occur in automotive
industry. Based on this possible interaction, the selection of polyester and metha-
nol was selected to study the effect of halloysite reinforcement on the environ-

mental stress cracking resistance.

2. Experimental Sections
2.1. Materials

Halloysite nanoclay with tubular structure was used as filler and bought from
Sigma Aldrich, UK. The halloysite nanoclay diameter is between 30 - 70 nm with
length of 1 - 4 um (Figure 1). The density of nanoclay is 2.53 g/cm’ with surface
area of 64 m’/g. The unsaturated polyester resin (NORSODYNE O 12335 AL)
was bought from East Coast Fibreglass, UK. The resin density is 1.2 g/cm’.
Methyl ethyl ketone peroxide solution in dimethyl phthalate was used as catalyst
also acquired from East Coast Fibreglass, UK. To produce monolithic polyester
samples, the resin (Norsodyne O 12335 Al) was mixed with catalyst (Butanox
M-50) in a polyester: catalyst ratio of 98:2.

Figure 1. SEM image of halloysite nanoclay.

R
03"
"t:o

Scientific Research Publishing

391



M. S. Saharudin et al.

2.2. Samples Production

By using bath sonicator, the fillers were homogenously dispersed in unsaturated
polyester resin for 30 minutes. Following thorough hand mixing for 5 minutes,
the mixture of resin and catalyst then transferred into moulds for 24 h curing
process at room temperature followed by post curing at 60°C for another 2 h.
Four different weight fractions of nanoclay (0.1 wt%, 0.3 wt%, 0.7 wt% and 1.0
wt%) were used to reinforce the polyester. Dynamic Mechanical Analyzer (DMA
8000, Perkin-Elmer) was used to determine dynamic storage modulus (E’) and
loss modulus (E”) of the samples. The loss factor tan d was calculated as the ratio
(E”/E’). The glass transition temperature (7;) was taken as the temperature value
at the peak of tan ¢ curves. Rectangular test specimens of dimensions 20 x 6 x 3
mm were cut from failed compact tension (CT) samples and tested with a single
cantilever clamp. Temperature sweep method was applied (temperature ramp
from 30°C to 130°C at 5°C/min™") at a constant frequency of 1 Hz. The densifi-
cation of samples was carried out according to ASTM standard D792. The den-
sity of polyester, catalyst and water were, 1.1, 1.2 and 0.9975 g/cm’ respectively.
Equation (1) and Equation (2) were used to obtain the densification percentage.

Weight in air

Experimental density = —— ——
Weight in air —weight in water

x Density of water (1)

Experimental density

Densification (%) = Theoretical density

(2)

2.3. Characterisation

To study the fracture toughness of nanocomposites, a compact tension (CT)
examination according to ASTM D5045-99 was performed at room temperature.
CT samples were produced according to the dimension shown in Figure 2. The
time to failure was also recorded to investigate the difference of each nano-
composites. A schematic illustration of the experimental work of the fracture
mechanics test is shown in Figure 3. The crack length was monitored and all
images were saved using Canon EOS 600D and fracture toughness analysis. All
tests were performed at room temperature 22°C + 1°C and constant load of 12N

was applied. The pre-crack was surrounded by the stress cracking agent during
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Figure 2. Dimensions of sample used for fracture toughness test in mm.
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Clamps Compact tension sample

Methanol Loads

Figure 3. Schematic of test set up (not drawn to scale).

the testing. The stress cracking agent used in all tests was methanol (CAS-No.
67-56-1:).

After the images were captured and saved in the computer, the crack length
was measured using Image] software for fracture toughness (K,;) calculation.
Image] is an image processing program created by NIH Image. The software
could obtain length, area and pixel value statistics of user-defined selections. A
standard line (10 mm) was drawn on the sample as a reference before the ex-
periment started. In the Image]J software this line can be used as a scale and use-
ful for measuring the final deformation of sample. The pre-crack was obtained
by slightly tapping a razor blade into the bottom of the saw slot in the samples.
The pre-crack length a,, was made in between 0.45 < a,/W < 0.55. The spe-
cific fracture toughness K. was obtained from the equation 3, where B (3 mm)
and W (36 mm) characterize the specimen dimensions. The fractured surfaces of
failed specimen were examined by using SEM FEI Quanta 200. The fractured
samples which exposed to the aggressive environment (methanol) were cut and a
layer of gold was applied using Emscope sputter coater model SC500A. The
Vickers microhardness test was performed by using Buehler Micromet II (Spec-
trographic, Bradford, UK) to evaluate the hardness values of all specimens. For
this experiment, the load selected was 200 g for the duration of 10 s. The surface
roughness measurement was performed using Alicona Infinite Focus optical
microscope. The focus-follow technique encompasses the usage of a moving lens
that retains a spot of light focused at the sample surface [35]. An electric motor

controls the upright movement and interacts to the sample surface [36] [37].

a F
Kie = f(woj B 3)
BW 2

The macro crack length is a, Fis load and f (a/W) is the calibration factor for

CT samples, which is as follows:

f(v%j: (“v?/j 1--25 | [ 0866+ 4.64(a/W)-13.32(a/W )’ +14.72(a/W )’ ~56(a/ W)' |. (4)
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3. Results and Discussion

The increase of pre-crack length before failure is a very important information
to obtain the K| values. The crack initiation and its propagation can be seen in
Figure 4(a). The final image of 0.7 wt% nanocomposite is shown in Figure 4(a).
The sample broke into two pieces A (fixed end) and B (direction of applied
force). The image was found moved on the sided of applied load. Images in grey
scales are presented in Figure 4(b). It can be observed that the difference be-
tween pre-crack length (t = 0 s) and final length (t = 2103 s) is small but meas-
urable. At t = 2104 s the sample broke to two pieces as shown below. Another
interesting observation, the damage area was found to grow in size as well as the
crack opening displacement.

The dynamic mechanical properties of the nano-composites are presented in
Figure 5 and Figure 6. The tan Jis presented in Figure 5. The tangent of the loss
angle (tan J) for the nano-composites decreased with increasing volume fraction
of halloysite nanoclay. This is consistent with the established trend of increasing
storage modulus. The maximum tan J was observed in case of monolithic poly-
ester (1.14) and the minimum tan J was found in case of 0.7 wt% of halloysite
nanoclay reinforcement (0.96). The storage moduli are shown in Figure 6. The
storage moduli increased with increasing clay loading as is usually obtained in
other polymer-clay system. [38] [39] [40] [41] A shift in storage moduli can be
observed in all cases of reinforcement which can be attributed to the stiff nature
of the clay fillers and also due to the combined effect of the high aspect ratio and
fine dispersion of halloysite nanoclay [14] [42]. A shift in storage moduli can be
observed in all cases of reinforcement which can be attributed to the stiff nature
of the clay fillers and due to the combined effect of the high aspect ratio and fine
dispersion of halloysite nanoclay. The minimum storage modulus increment was
observed in case of 1 wt% reinforcement (3.76 GPa to 22.14 GPa). This is an

v _—_
PA “ B
10 mm (a) y 4
t=0s t=2103s t=2104s
‘\vf A\ Vg “
Pre-crack
5mm (b)

Figure 4. Development of crack propagation as a function of times: (a) original image
before fracture (b) images in grey scale after processing with Image] software.
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Figure 5. Tan delta of polyester-nanocomposites.
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Figure 6. Storage modulus of polyester and its nano-composites.

indication that nanoclay clusters may act as flaws hence lowering the storage
modulus from what was expected. However, the storage modulus was much
higher than monolithic polyester. The glass transition temperature is presented
in Figure 7. It can be seen that the 7; improvement due to the restriction of the
segmental motion of the polymers chain located near the halloysite nanoclay
surface [43]. The maximum 7, increased from 71.9°C to 75.9°C in case of 0.7
wt% reinforcement.

The densification of samples is shown in Figure 8(a). In general the decrease
in densification for samples can be linked to the presence of air bubbles within
the samples and agglomeration of nano-filler particles [44] [45] [46]. The densi-
fication of samples at 1 wt% reinforcement is about 98.3%, which is the lowest
value compared to other composites. It is almost impossible to prevent forma-

tion of micro pores in samples fabrication, especially at higher filler content
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Figure 7. Glass transition temperature of nanocomposites.

when the viscosity increased. [47] As a result, some mechanical properties were
not enhanced as anticipated particularly in case of 1 wt% halloysite nanoclay re-
inforcement. Apart from that, a drop in densification at 1 wt% reinforcement
indicate that halloysite nanoclay did not fill in pores and may prevented the es-
cape of volatiles [37]. The variation in mode-I fracture toughness (X,c) is shown
in Figure 8(b). The minimum increase in K was from 1.51 MPa.m"? to 1.77
MPa.m'"? (17.2% increase) in case of 0.1 wt% halloysite nanoclay. The maximum
increase was observed in case of 0.7 wt% with increment to 2 MPa.m'? (32.5%
increase). The incorporation of halloysite nanoclay improved the fracture
toughness of the nano-composites. The catastrophic time to failure graph is also
shown in Figure 8(d). When samples subjected to constant load and liquid me-
dia exposure, monolithic polyester recorded the quickest time to failure com-
pared to other nano-composites with just 867 seconds. It is also noted that the
time to failure improved steadily with the increasing halloysite nanoclay. The
minimum improvement was recorded at 0.1 wt% halloysite nanoclay (60.7%
improvement). At 0.7 wt% reinforcement, the time to failure increased to 2208
seconds (155% increase).

The variation in Vickers microhardness is shown in Figure 8(d). The mini-
mum improvement of Vickers microhardness was from 43.3 HV to 56.2 HV
(29.8%). The Vickers microhardness improved gradually with the addition of
halloysite nanoclay and reached the maximum value of 94.8 HV in case of 0.7
wt% reinforcement (119% increase). When the tip of indenter placed on the
surface of the nano-composites, good resistance was observed and high value of
hardness is obtained. This is because halloysite nanoclays tend to fill in any ex-
isting micropores, hence restrict the movement of polymer chain, thus the mi-
crohardness values was improved. The microhardness value dropped from 94.8
HYV to 65.5 HV (30.9% decrease) in case of 1 wt% compared to 0.7 wt% rein-
forcement.

During microhardness test, the indenter sits on soft surface and plasticized
surface of the monolithic polyester. The indenter did not encounter resistance
because it was hitting at the location of vacancies within the sample. Besides

that, the softening of polymer matrix occurred because of methanol exposure.
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Figure 8. (a) Densification of samples (b) fracture toughness, K. (c) time to failure (d)
Vickers microhardness (e) R, (average surface roughness)(f) R, (root mean square value).

The softening of polymer matrix predominantly occurred to monolithic po-
lyester samples. In contrast, samples reinforced with halloysite nanoclay showed
less softening effect caused by methanol exposure. For higher microhardness
values, the indenter hits perfectly on halloysite nanoclay tubes and the nano-filler
can provide excellent resistant toward indentation because of its high surface ra-
tio [35]. Previous research also revealed that methanol could have the highest
diffusion rate and greatest degree of swelling on monolithic polyester [48].
When mixed together, the liquid barrier properties of unsaturated polyester re-
sin were improved by the reinforcement of the halloysite which was well-suited
with the polymer when mixed together. This was achieved by reducing the void

and increasing the penetration route of liquid [49]. Inorganic filler particles such

o
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as halloysite at nano-size can be used as reinforcement in the epoxy to produce
nanocomposite. Nanoparticles dispersion into unsaturated polyester resins could
be the best way in improving the integrity and sturdiness of coatings because the
fillers shall eliminate micro voids and provide crack bridging. Moreover, dis-
persed nanoparticles can also prevent unsaturated polyester from forming ag-
gregates especially during curing process. As a result, more homogenous coating
can be produced. This is because nano-fillers can reduce micro-pores formation
because of shrinkage during curing and act as a connection that joining more
molecules together. Therefore, total free volume can be reduced and crosslink
density increased. Unsaturated polyester resins comprising nanoparticles addi-
tion provide excellent corrosion protection and reduce the formation of cluster
or blister. The variation in surface of roughness (R,) measurement is shown in
Figure 8(e). This measurement frequently used roughness amplitude parameter
as it measures the roughness of samples surfaces [36]. The minimum increase of
R, was obtained at 0.1 wt% reinforcement from 0.382 um to 0.396 pm (3.7% in-
crease). The highest improvement was recorded for 1 wt% reinforcement vary-
ing from 0.382 pym to 1.095 pm (187% increase). The maximum root mean
square R, (Figure 8(f)) value was also obtained in case of 1 wt% reinforcement
from 0.48 pm to 1.59 pm (231.3% increase). Significant increment in surface
coarseness is an evident of crack deflection mechanism, which increase absorbed
energy of fracture by increasing the crack length during deformation [10]. Mi-
croscale surface roughness likely produces enhanced mechanical interlocking
with the polymer chains and better adhesion [50]. On the other hand, coarser
topography profile of nanocomposites can be attributed to two factors; the
presence of nano-particles and plasticization effect. Exfoliated halloysite particles
tend to increase micro layers. Plasticization effect increase the crack zone size

and peak height of nanocomposites exposed to methanol.

SEM Images

The methanol effect on the surface of monolithic polyester is shown in Figure
9(a). It can be observed that methanol penetrated through numbers of micro-
voids. In contrast, exfoliated halloysite nanoclay reinforcement offers environ-
mental stress cracking resistance due to increase of tortuosity path. Exfoliated
clay particles obtained from homogenous dispersion in polyester lead to the im-
provement in barrier properties. The exfoliated morphology proved to be better
in increasing the path length due to high aspect ratio. The formation of large
number of microcracks and the increase in the fracture surface area due to crack
deflection are the major toughening mechanisms. Samples with 0.7 wt% rein-
forcement have good nano-filler dispersion. Moreover, significant micro cracks
layer were observed from halloysite nanoclay reinforcement (Figure 9(d)). The
formation of large number of micro-cracks responsible to higher resistance of
crack advancement. The adhesion between halloysite nanoclay and the polyester
matrix was very strong. For 1 wt% halloysite nanoclay-polyester, stress concen-

tration was increased by agglomerates particles that lead to premature fracture.
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Figure 9. SEM Images of fractured surface.

The agglomeration of halloysite nanoclay act as stress concentrator as shown in
Figure 9(e). This was the main factor that affecting the final properties of the 1
wt% halloysite nanoclay-polyester nano-composites.

4. Conclusion

In this research work, the environmental stress cracking resistance of polyester
and its nano-composites in methanol was investigated under the constant load-
ing by using fracture mechanics approach. This study has shown that the envi-
ronmental stress cracking effect can be reduced with the reinforcement of hallo-
ysite nanoclay. The monolithic polyester was severely affected from the direct
contact with methanol compared to halloysite nanoclay-polyester nanocompo-
sites. The maximum K- was observed at 0.7 wt% reinforcement with 33% im-
provement. The maximum time to failure and microhardness were also signifi-
cantly improved by 155% and 119% (at 0.7 wt% nanoclay reinforcement) com-
pared to monolithic polyester. This research extends our knowledge of the envi-
ronmental stress cracking resistance of polyester-halloysite nanoclay. The in-
corporation of halloysite nanoclay into the polyester was able to reduce the effect

of methanol exposure but further studies are required. It would be interesting to

0.:3‘ Scientific Research Publishing 399
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assess the effects of different clay based particles on the environmental stress

cracking resistance of polyester using the similar fracture mechanics approach.
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