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ABSTRACT
The current research is part of a wider experimental program on creep modeling of glass
mat reinforced polypropylene composites which are increasingly being used in molding
automotive parts. This specific study is focused on the dimensional and thermal stability
of chopped fibre mat and long fibre mat composites. The objective of the study is twofold. First, to characterize in-situ the micro-failure mechanisms associated with damage
accumulation during creep at room temperature and at service temperature (80°C) for
stresses up to 67% of the ultimate tensile strength. Second, to characterize the effects of
prolonged exposure at elevated temperature on the crystallinity and chemical degradation
of the polypropylene matrix.
In the first part of the investigation, micro-failure mechanisms including fibre-matrix
interface, matrix yielding and cracking during the creep process have been captured insitu using reflection microscopy. Specimens with 12 mm gauge length were mounted
onto a Minimat tensile tester. The applied stress levels of interest were 33% and 67% of
the ultimate tensile strength (UTS) at room temperature (RT) and high temperature (HT),
respectively.

It was found that the deformation mechanisms do not change with

temperature but creep in the chopped fibre material is substantially higher than that in the
long-fibre. Creep deformation is typically associated with multiple transverse crack
initiation at the fibre-matrix interface, crack crazing and rapid coalescence of the small
cracks leading to abrupt fracture. Debonding of the fibres is usually detected at the
loading stage of the test but fibre breakage is minimal even at high temperature. The
change in creep strain at room temperature is similar for both composites but creep
strains are highly sensitive to the fibre-mat type at higher temperature. Long-fibre mat
structures offer greater creep resistance. Micro-indentations on the matrix-rich regions
showed elongation along the loading direction but shear yielding (distortion of
indentations) was not noticeable. Using scanning electron microscopy (SEM), the fibre
pullout was observed to be pronounced thus suggesting poor adhesion at the fibre-matrix
interface.
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In the second part of this study, the effects of elevated temperature aging on the
microstructural changes of isotactic polypropylene matrix in a composite have been
studied using wide-angle X-ray scattering (WAXS) and Fourier-transform infrared
spectroscopy (FTIR). The objective was to quantify small and slow changes in
crystallinity due to thermal aging. To minimize sample variability, polypropylene resin
was extracted from the molded composite plaque. Changes in crystallinity level and
crystalline form were detected using WAXS after prolonged aging at 90 and 140 °C.
FTIR was utilized to monitor in-situ crystallinity changes and to detect oxidation
products due to thermal decomposition. The level of crystallinity was monitored by
changes in the absorbance ratio of A997/A973 and A841/A973; the former ratio was found to
be more sensitive for detecting crystallinity changes. Aging at 140°C resulted in
oxidation. The kinetics of secondary crystallization for the aging conditions studied was
characterized using Avrami plots.
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1.0 Introduction
1.1 Glass-mat Thermoplastics
The development of lower cost, lightweight materials with excellent performance
capabilities is a key factor in advancing manufacturing technologies. Metallic materials
have traditionally been used in mainstream engineering applications but they are
increasingly being substituted with plastics. Glass mat reinforced thermoplastic (GMT)
has increasingly been used over the past decade due to its well known high strength-toweight ratio and cost-effectiveness as compared to metallic materials. The mechanical
properties of the engineering plastics are further improved by relatively low cost fibre
reinforcements. The technical accomplishments of this type of polymer matrix composite
(PMC) material are primarily involved in interdisciplinary combination of plastics
engineering, materials science and engineering mechanics.
There are two processing methods to fabricate the commercially used GMT materials:
melt impregnation and slurry deposition. The two methods result in different fibre
architectures, thus significantly affecting mechanical properties. Melt impregnation is the
dominating method of fabricating semi-finished GMT sheets.

Glass fibre mat are

prepared ahead of time with a separate process, as the needling operation of the glass
fibre strands strongly influences the flow characteristics of the material. The glass fibre
mat will then be transferred to the laminator where the thermoplastic film overlay, molten
extrudate and the preformed glass fibre mat will be sandwiched together. The outer layer
of the thermoplastic film will melt in the oven with applied pressure to improve the
wetting of the fibres. The GMT is then cooled and cut to size according to customers’
specification [1].
The other type of fabrication process is the slurry deposition process. Based on papermaking technology, chopped fibres are mixed with polymeric powder and water to form
the slurry. The slurry will then pass through the vacuum filter to remove most of the
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water, and then dried and consolidated in a double belt press, similar to the heating stage
of the melt impregnation process.
The processing time of the GMT materials is rapid through stamping or high speed
compression molding, depending on the types of polymer being used. Blanks are cut
from the preformed semi-finished GMT sheets from the supplier, where they are heated
individually, and stacked up to the proper geometry of final part to form the charge. The
charge is then transferred to the mold and pressed to the final shape. The component is
removed from the mold as soon as it has solidified enough to be removed. Compared to
injection molding, the cycle time is relatively short, thus increasing the production rate,
which is favourable for mass production environments such as in the automotive
industry.
The properties of GMT material are also strongly affected by its composition and
processing. Material compositions differ mainly in terms of fibre architecture such as
random short fibres or swirled fibre mats, as well as the weight percentage of the fibres.
The heating/cooling conditions, pressure, flow rate and flow length are among the
processing variables that will affect the microstructure of GMT material, thus affecting
the mechanical properties [1].
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1.2 Applications and General Properties
With its lighter weight compared to common metallic materials such as steel or
aluminum, GMT materials have successfully become the preferable alternatives of the
semi-structural components, where there are constant loads applied to the part and the
surface finish is not critical. The most popular automotive applications include front
ends, seat frames, door modules, battery trays, under body shields, instrument panel
structure and inner structure of tailgate. Due to the geometry complexity, compressive
molding with GMT materials can be performed in one forming operation, which is
theoretically not possible with sheet metal structure. The cost of the production will be
reduced due to fewer process steps required. Depending on the applications, other types
of thermoplastics can be used as the matrices of the GMT such as styrene acrylonitrile
(SAN), polyvinylchloride (PVC), polybutylene terephthalate (PBT), high density
polyethylene (HDPE) and nylon-6 [2]. Polypropylene (PP) accounts for most of the
products that are commercially available due to its cost and operating conditions that is
suitable for automotive applications. For demanding applications such as aerospace
engineering, other types of thermoplastic with better thermal, chemical resistant and
higher service temperature should be used. Other applications of GMT include pallets,
shipping containers, blower housings, helmets and door skins [1].
Compared to metallic materials, components made from GMT materials are not subjected
to high constant mechanical load due to its viscoelastic behaviour which is strongly
dependent on the operating time and temperature. The interaction between the glass fibre
mat and the matrix provides high energy absorption during failure, thus improving the
impact strength. For commercial type of GMT, based on polypropylene matrix and glass
fibre reinforcements, the tensile modulus is 4 – 8 GPa and tensile strength is 40 – 100
MPa [1].

The reported values are governed by structural parameters such as fibre

content, distribution, orientation, length, matrix crystallinity and molecular orientation.
Also, due to the viscoelastic behaviour of the polymer materials, time and temperature
effect will also play important roles when characterizing the properties of the GMT
materials. A challenge in property characterization is the large scatter in data due to the
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randomness of glass fibre distribution orientation and inhomogeneous microstructure of
the GMT material.
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1.3 Motivation of Research Work
Although GMT material has been largely utilized in the automotive industry in semistructural applications, their long-term mechanical behaviour and dimensional stability
such as creep at elevated temperature have yet to be properly characterized. When a
vehicle is stationary under the direct sunlight, the temperature of the vehicle components
will rise to over 80°C, where the GMT material experiences thermal aging, greatly
affecting the material’s performance.
An extensive research program aimed at experimental characterization and constitutive
modeling of creep in GMT materials reinforced with chopped fibre and long fibre mat is
currently in progress. This specific study is only part of the program and is focused on
two main areas. First, to characterize in-situ matrix and interfacial deformation and
failure during creep using optical microscopy. Miniature size polypropylene/glass fibre
GMT specimens are loaded in a microtensile instrument at elevated temperature. While
most of the creep deformation is viscoelastic, creep-related cracking mechanisms are
permanent/plastic as the propagated cracks do not recover when the load is released.
Images on microstructural changes during progressive creep deformation will help
explain the long term creep response of the two different GMT composites with different
fibre lengths and mat structure. The results of this work will enhance our understanding
of micro-scale failure mechanisms responsible for changes in the creep strain rate and
eventual failure.
The other focus of research work is capturing the changes in polypropylene crystallinity
and stability due to thermal aging. The changes between the amorphous and crystalline
fraction of a semi-crystalline polymer, isotactic PP in this case, induced by accelerated
aging at temperatures about 80°C, will alter the mechanical properties of the material [3].
Fourier transform-infrared (FTIR) spectroscopy and differential scanning calorimetry
(DSC) were used to detect the crystallinity changes of the PP matrix, while other
technique such as wide angle X-ray scattering (WAXS) was also applied to complement
our observations. FTIR spectroscopy measures the vibrational energy levels of molecules
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and under appropriate circumstance it is capable of indicating when the polymer material
changes the morphology from the amorphous to the crystalline phase during aging [4].
With the online scanning ability, the changes in the crystallinity index, determined from
the intensity of FTIR absorbance spectra provide the insight of how crystallinity changes
at different time frames, in order to predict the stability of the GMT materials [5].
Correlated with the DSC analysis, the heat of fusion is measured with respect to the
100% crystalline material to determine the overall crystallinity index between the sample
before and after aging [6]. Melting point detected from DSC will also help confirm if
there are any changes on the lamellar thickness or spherulite structure [7].
The experimental studies in this work will provide greater insight into the physical and
chemical changes during long-term creep in random mat composites at elevated
temperature. The results will improve our general understanding of the relationship
between changes in physical and chemical structure and durability of these polymericbased materials under increasingly higher loading stress loading. The developed
constitutive models can then be utilized with more confidence when the model users
desire to push the design envelope for thinner components that can sustain higher service
temperatures.
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1.4 Objectives of Research Study
This work is part of a larger experimental program aimed at characterizing the creep
response of random glass-mat thermoplastic composites (GMT). GMT materials, which
have polypropylene matrices, are increasingly being used to manufacture semi-structural
components for automotive applications. The service temperature for such components
can reach as high as 80°C. An inherent difficulty in characterizing GMT materials is the
large data scatter due to the random distribution of the glass-fibre reinforcements.
Therefore, relatively large changes in the mechanical properties of the polypropylene
matrix due to long-term thermal exposure may not be detectable. In order to gain greater
confidence in designing with these new materials, it is necessary to determine if the
material is significantly affected by creep loading and thermal aging during its service
life.
The current work has two main objectives:
o To investigate the deformation mechanisms under creep loading; and
o To characterize the effects of thermal aging on the crystallinity level and

chemical degradation of polypropylene matrix at different temperature levels.
To achieve the first objective, a miniature tensile tester mounted inside a heating chamber
is used to perform creep testing at different temperatures. During creep loading, a
microscope with camera attachments is used to capture in-situ, images of micro-failure
mechanisms as the specimen elongates. SEM is used to verify the detail of deformations
at a higher magnification. To study chemical degradation due to thermal aging, the
WAXS technique is used to determine crystal type transformation while FTIR is used to
detect chemical changes in crystallinity or in oxidative breakdown. DSC is also used to
measure crystallinity level, as well as the properties such as melting and glass transition
temperature.
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1.5 Scope of Work
There are two main parts in this research study:
•

To measure microscopic level creep deformation of composite due to combined
stresses and temperatures:
o In-situ imaging of creep deformation
o Identify the deformation mechanism causing progressive failure (at the

matrix interface or fibre components)
o To correspond changes in creep strain with progressive failure behaviour
•

To characterize the effects of thermal aging (long-term exposure) on the isotactic
polypropylene matrix phase of a GMT:
o Crystallinity changes, secondary crystallization
o Degradation, formation of oxidation products

A number of assumptions have been made in this study. First, the properties of the mat
materials are isotropic, due to random orientation of the fibre-glass [8]. Second, the size
effects of the specimen, such as the thickness of the as-received composite plaques, are
negligible since the deformation analysis is focused on one planar surface. Hence, as the
images of micro-failure are captured, they are assumed to be typical and representative of
the overall progressive failure mode for the GMT. This assumption is verified by
randomly examining other regions of the specimen surface.
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1.6 Structure of the Thesis
The structure of this thesis consists of five chapters. The first chapter will introduce the
characteristics of glass-matted thermoplastic (GMT) with polypropylene matrix, its usage
and sectors in the world of different materials; the motivation, objective and scope of this
research will also be given.

The second chapter will provide some background

information about the different aspects such as aging, crystallinity and creep, with
different characterization techniques and a literature review on related works that were
done by other investigators. The third chapter will focus on the sample preparation
procedures, experimental details, as well as methods and equipments that were used in
this study. The fourth chapter will discuss the results and findings in detail with the
supporting figures and tables. Finally, this thesis will conclude with summaries of the
major findings from this work that could to provide further understanding of the
behaviour of the material of interest.
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2.0 Background and Literature Review
2.1 Creep Deformation
2.1.1 Viscoelasticity and Creep in Thermoplastic Composites
Polymeric materials are well known to exhibit viscoelastic behaviour.

While the

polymeric materials are under deformation, they exhibit both elastic and viscous
responses. When the load is applied to the viscoelastic material, instantaneous strain of
the material results due to the elastic response, followed by gradually increase of strain
and plateaus over time due to the viscous response. Therefore, viscoelasticity is a timedependent property and it is strongly related to the applied stress level and strain rate.

Figure 2-1: a) Instantaneous loading profile applied at ta and released at tr and the strain profiles for
b) elastic, C) viscoelastic and d) viscous material responses [9].

10

When thermoplastic composites experience creep, as the constant load applied over a
period of time, the stress-strain curve for the material can be separated in to two distinct
regions, viscoelastic and viscoplastic behaviours.
The total strain during creep consists of the sum of two major elements which can be
characterized in the following equation:

ε (t ) = ε ve (t ) + ε vp (t )

(1)

where εve(t) and εvp(t) represent the viscoelastic and viscoplastic strain respectively which
includes the elastic responses and time-dependent variables. For creep recovery, another
governing equation is used:

ε r (t ) = ε ve (t ) + ε pl

(2)

where εve(t) refers to the reversible slip of macromolecular chains, and εvp(t) is the
irreversible slip of macromolecular chains. However, εvp(t) in eq. (1) will soon become
εpl in eq. (2), as the plastic strain remains constant (not time-dependent) during recovery
[10].
The creep profile plotted in total strain as a function of time is shown in Figure 2-2 with
three stages of elongation. The first stage refers to primary creep. Deformation takes
place during this period and the resistance to creep increases. In the second stage, a
gradual increase of strain in a nearly constant rate refers to secondary creep. In the third
stage, refers to tertiary creep, the creep rate increases and leads to final fracture.
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Figure 2-2: Creep profile with different stages [Redrawn from 11].

2.1.2 Composite Failure Mechanisms
It is difficult to predict the strength of the fibre reinforced composite materials due to the
random nature of failure, different failures modes (fibre, matrix or interface), local failure
initiation and the associated stress field determined by the fibre packing. Although GMT
composites have randomly oriented fibres in entangled mat structures, it is useful to
briefly review the factors causing failure in unidirectional composite materials. Figure
2-3 shows the different failure behaviours that are controlled by the relative values of
matrix and fibre strains ( εˆm , εˆ f ) and volume fraction of fibre (Vf) [12] for unidirectional
composites loaded along the fibre direction.
Figure 2-3a shows the failure of the composite fails when the fibres fail. This will
happen at high values of Vf and if εˆm is greater than εˆ f . When the composite is under
load, if the strain of the matrix is higher than that of the fibres, most of the load will be
carried by the fibres. Once the fibres break, the matrix cannot withstand the extra load.
This results in failure of the composite due to fibre fracture. Figure 2-3b shows the
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similar failure behaviour with low Vf, resulting multiple fibre facture prior to matrix
failure. The failure behaviour will change if εˆ f is greater than εˆm or if Vf is low. Figure
2-3c shows the failure of the composite that occurs when the matrix fails. This is the
reverse of the case seen in Figure 2-3a and b. As the fibres have a higher load carrying
capability, the matrix fails when the composite will hold the load until the fibres fail.
With high Vf, multiple matrix fracture may result prior to the failure, as shown in Figure
2-3d [12].

Figure 2-3: Composite failure modes with relative values of fibre and matrix failure strains ( εˆm , εˆ f ),
and fibre volume fraction (Vf) [12].

In this study of GMT composites, the failure modes are indeed more complex and final
failure is most likely a combination due to the accumulation of two or more of the modes
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shown in Figure 2-3, depending on the local volume fraction of local region. Moreover,
the random orientation of fibres adds other modes not shown in the figure such as matrix
crazing, shear yielding and shear stresses along the fibre-matrix interface. Consequently,
while the characteristics of the “local” region affects failure initiation, the entire failure
process is three-dimensional as it progresses through the thickness.

2.1.3 Literature Review on Microscale Creep Deformation
The popularity of GMT materials is increasing significantly over the decades due to its
high strength-to-weight ratio and the ease of manufacturing complex shaped parts with
compression molding.

However, the long-term engineering properties of the

polypropylene-based glass fibre reinforced composite are not fully known. There is
significant interest about the impact properties of such material, and with the increasing
interest to understand the deformation mechanisms under long-term creep, where the
parts are under a constant load over its service life, with the thermal effects between room
and elevated temperature at 80 °C.

Common approaches for characterizing the

deformation mechanisms under load are to conduct microscopy on the specimen surface
and acoustic emission studies at the temperature level of interest. There are already
ample studies of deformation mechanisms in polypropylene-base fibre glass reinforced
composite material using microscopy [13-17] and acoustic emission [18-21] during
loading of the samples.
Although the deformation mechanisms of the polypropylene-based fibre-glass mat
reinforced materials has been studied by other investigators, there are variations between
the studies with different ways for sample preparations, fibre treatments, different
temperature levels, loading conditions and durations.

2.1.3.1 Microscale Deformations
Hugo et al. studied creep damage of the isotactic polypropylene matrix and short glass
fibres at different stress levels and temperatures [13]. Figure 2-4 shows an image of
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unreinforced isotactic polypropylene. Crazes, are regions of very localized yielding,
which lead to the formation of small and interconnected microvoids to grow and coalesce
to crack formation [22], develop as an initial form of damage in the thermoplastic matrix,
and later open up to become transverse cracks perpendicular to the stress direction. With
the standard adhesion glass fibre reinforcement, as shown in Figure 2-5, crazes initiate
from the interface of the fibre and matrix regardless of the orientation of the glass fibres
which, in this case are parallel to the applied stress direction. Figure 2-6 shows the
sample under creep with 20 wt% fibre content. Joining of the crazes initiated at the fibre
and matrix interface comprise a large extent of plastic strain, and eventually lead to the
final fracture of the sample. Hugo et al. also compared the standard adhesion composite
to the elevated adhesion composite. An elevated adhesion composite gives a better
bonding between the fibre and matrix material. Figure 2-7 shows the deformation of the
elevated adhesion composite. The mechanism of non-recoverable creep of iPP remains
unchanged because the crazes developed from fibre and matrix interface are still
predominant. However, it reduced the crazes development quantitatively due to the
improved bonding of fibres.
In summary Hugo et al. suggested the mechanical behaviour is governed by the matrix
phase and there is a matrix-dependent difference in the matrix and fibre interaction at
different temperature levels as the non-recoverable flow of the matrix is very low even
above the glass transition temperature. Therefore, the reinforcing effect of fibre with
standard or elevated adhesion has no difference when creeping at low temperatures (up to
40°C). At high temperatures (typically above 50°C), the well bound fibres reduce the
matrix flow, where the fibre and matrix load transfer is efficient, thus the creep of
composite reduced. There are counter effects of the glass fibre reinforcements. The glass
fibre can act as reinforcing element to improve mechanical properties, while all the fibre
ends and interfaces are the potential initiators of crazes [13].
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Crazes

Cracks

Figure 2-4: Unreinforced iPP at 80°C and 3 MPa after 2400 hours with low creep rate [13].

Cracks

Fibres

Figure 2-5: Reinforced iPP with 5 wt% standard adhesion fibres at 80°C and 3 MPa after 5200h at
low creep rate [13].

Fibres

Cracks

Figure 2-6: Reinforced iPP with 20 wt% standard adhesion fibres at 80°C and 6 MPa after 26h at
high creep rate [13].
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Cracks

Fibres

Figure 2-7: Reinforced iPP with 20 wt% elevated adhesion fibres at 80°C and 9 MPa after 5700h at
low creep rate [13].

Lindhagen and Berglund also studied the damage mechanism at the microscopic level of
the glass fibre reinforced polypropylene. The authors used thin notched sheets of swirled
mat continuous fibre bundles and short single fibres [14]. By looking at the swirled mat
samples, the transverse fibre bundles are more prone to debond under loading when
compared to transverse single fibres. The fibre bundles initiate the damage due to
existing debonding indicating by the shadows prior to the notch as shown in Figure 2-8.
Other researchers also found that simultaneous debonding and plastic matrix deformation
are the initiators of the damages [15]. Debondings propagate along fibres and coalesce
through the thickness of the specimen to form microcracks which then leads to fracture
with fibre pullout.
In the short fibre material, where the material has single fibres instead of the fibre
bundles as found in the swirled mat material, fibres are evenly distributed throughout the
material. Debonding of the materials is the initiator of the damage. Figure 2-9 shows the
specimen is appearing darker throughout the material volume due to the evenly
distributed single fibres. The diagonal crack growth as shown in Figure 2-9 indicated a
region of the lower material strength, but the investigator did not mention the reason why
the lower material strength region lies diagonally along the sample [14].
The study from Lindhagen and Berglund summarized the differences between the single
fibre and the fibre bundles in the material: fibre bundles oriented transverse to the
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direction of load act as the initiators of damage due to poor bonding of the individual
fibres within the fibre bundles and the individual fibres tend to separate easily compared
to the single fibre materials. The longitudinal crossing fibre bundles effectively stop a
growing crack from the transverse oriented fibre bundles for further propagation. The
crack propagations are forced to deviate to other crack formation zones, resulting in a
larger damage zone. However, the short fibre material exhibits a more uniform fibre
dispersion and the crack propagation is unhindered by crossing single fibres, resulting in
a smaller damage zone compared to the swirled mat materials [14].
Ericson and Berglund also studied the deformation and fracture of the reinforced
polypropylene with two structurally different GMT materials [16].

The investigators

also studied the mechanical behaviour between the discretely dispersed in-plane random
fibres compared to continuous looped bundles of fibre. The study showed that the
material with discretely dispersed fibred has higher values of tensile creep modulus,
tensile strength, elongation at fracture and work of fracture. The findings correlated to
the result obtained by Lindhagen and Berglund.

Figure 2-8: Swirled glass looped continuous mat reinforced polypropylene with notch at different
state of damage [14].
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Figure 2-9: Short fibre reinforced polypropylene with notch at different state of damage [14].

Zebarjad et al. investigated the deformation mechanism with the injection molded
specimen according to ASTM D 638 [17]. This study also compared the effect of
adhesion between the standard fibres and the silane-treated fibres. It is found that the
yield stress, modulus of elasticity and elongation at break are superior in the silanetreated fibres than the untreated fibres, as the primary function of fibre-matrix interface is
to transmit stress from the viscoelastic polymer matrix to the high strength fibres. Figure
2-10 shows the difference of the fibre surface between the treated and untreated fibres.
The silane-treated fibres have a rough surface, indicating strong adhesion to the
polypropylene matrix, resulting in a good interface for the stress transmission between
the matrix and the fibres. In Figure 2-11, the investigators found that the crazes are
developed from the interface and the ends of the glass fibre, which is similar to the results
found by Hugo et al. in Figure 2-5. The ends of the fibre are the preferred place for craze
initiation due to stress concentrations resulting from weak bonding to the matrix. This
phenomenon can be seen clearly in Figure 2-12. If there is a strong adhesion at the
interface the crazes grow transversely which will eventually break the fibres as shown in
Figure 2-12. With further stretching of the specimen Zebarjad et al. also found the crazes
touch each other and grow in the matrix. These results are similar to those shown in
Figure 2-6 by Hugo et al. Zebarjad et al. also concluded from their study that there is no
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significant influence of interfacial adhesion on the craze thickening mechanism as the
original crazes thicken after some craze extension caused by energy input.

Figure 2-10: Fracture surface of PP reinforced with 20 wt%: (left) standard glass fibres, (right)
treated glass fibres [17].

Figure 2-11: Optical microscopy of polished surface of tensile specimen with 20 wt% treated glass
fibre with vertical loading direction [17].

Figure 2-12: SEM micrographs of tensile specimen with treated
fibres with vertical loading direction [17].
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Another study by Zebarjad using three and four-point bending test on the notched
specimens to study the fracture behaviour of polypropylene glass fibre composite found
that fracture toughness increases with glass fibre content, as the composite leads to more
ductile behaviour [18]. Investigating the polished surface of the damaged zone under the
cross-polarized light microscopy, illustrated that shear yielding is not observed with
during the fracture of the specimen. There is no evidence of birefringence in the
composite.
Zhao et al. studied the fracture propagation energy between the different types of glassmat structure, continuous fibre-bundle mats and continuous single-fibre mats [19]. The
GMT with fibre-bundle mat structure with untreated polypropylene matrix resulted the
longest fracture propagation time in the Izod impact test at room temperature, which
showed extensive fibre debonding, pullout and bridging at the fracture surface in Figure
2-13a compared to GMT with single-fibre mat structure in Figure 2-13b. The results
showed the facture propagation energy of the single-fibre GMT is lower than that of the
fibre-bundle GMT. The investigators in this study have also suggested the present of
voids resulted from poor fibre-matrix adhesion, causing decrease in tensile and flexural
properties but the slight increase in impact properties.

Figure 2-13: SEM images of the fracture surface from the Izod impact test for a) fibre-bundled mat
and b) single-fibre mat GMT [19].

21

2.1.3.2 Acoustic Emission
Acoustic emission technique has been employed by numerous investigators to study the
fracture mechanism of composite materials [10,15]. It is a high sensitivity and nondestructive technique for detecting active microscopic events such as different types of
deformation mechanism in a material. Acoustic emission occurs due to transient elastic
waves which are generated when there is a rapid release of energy from localized sources
within a material [20]. The advantages of such technique provide a passive monitoring
without requiring full volumetric scanning and it is not necessary to focus on the exact
location of where the events are happening.

During loading of a fibre-reinforced

composite material, the events such as fibre breakage and debonding along the specimen
may happen prior to the final fracture. By capturing the stress wave generated from the
deformation, the data can be used to characterize the different deformation events.
Although the acoustic emission technique has not been used in this study, however, the
investigations that were done using acoustic emission provide further insight of
understand the fracture mechanisms and failure behaviours of the composite materials.
Aside from studying the fracture and deformation at the microscopic level, Karger-Kocsis
et al. employed acoustic emission and infrared thermographic on the compact tension
notched specimens to study the failure behaviour of composite materials with different
structures [15]. With the same fibre content, it was found that the hot-pressed continuous
glass fibre mat reinforced polypropylene (GMT) is superior to injection-molded long
glass fibre reinforced polypropylene (LGF) when fracture toughness and energy are
considered under both static and dynamic conditions. Figure 2-14 shows the loaddisplacement behaviour of the composite with different structures.

The fracture

behaviour of LGF can be characterized into four distinct regions, compared to two
distinct regions for the GMT material. Figure 2-15 shows the distribution of matrix and
fibre-related fracture behaviour. For LGF materials, the dominating facture mechanisms
are debonding and fibre pull-out, which correlates to Figure 2-14 in region II and III. The
overall distribution of the fracture mechanisms is fairly even.
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This correlates to

Lindhagen and Berglund’s [14] suggestion that the composite with single fibres gives a
more uniform material structure than one with fibre bundles.
By comparing the acoustic emission amplitude data for GMT and LGF material, the
distribution of the facture mechanisms are different. Initiations of the facture shown in
region I of GMT material in Figure 2-14 are due to matrix deformation and debonding,
according to Figure 2-15. As in region II of GMT material, acoustic emission amplitude
also shows that roving splitting up, fibre pull out and fracture of the roving result in the
final fracture of the GMT material. Because GMT induces a more complex failure mode
than LGF composite, GMT results in a higher toughness.
The difference between the damage zones for LGF and GMT is illustrated in Figure 2-16.
Karger-Kocsis et al. suggested that GMT has a higher damage tolerance due to local
deformation of the glass fibre mat. The local deformation creates stress release and
redistribution processes, developing a large and steadily damaged zone. The energy
dissipation in the GMT is far superior to LGF where the fracture mechanisms are mostly
fibre-related such as debonding, pull out and fibre fracture (swirl mat versus long single
fibres). This study concludes that the energy-related toughness of GMT is higher than
LGF for the same reinforcement content.
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Figure 2-14: Curve of load-displacement and cumulative acoustic emission events (count) of compact
tension specimen for LGF (top) and GMT (bottom) materials (Redrawn from [15]).
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Figure 2-15: Comparison of acoustic emission amplitude in selected sections of loading curve of LGF
(top) and GMT (bottom) materials [15].
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Figure 2-16: Damage zone schematic between the failure mode in LGF (left) and GMT (right) [15].

Ségard et al. also employed the technique of acoustic emission to identify the linear and
non-linear damages during creep and recovery tests [10]. They specified the amplitude
range of different deformation mechanisms, where 33-45 dB: microscracks of matrix; 4658 dB: microcracks growth; 59 -68 dB: fracture of interface; 69-86 dB: Fibre/matrix
friction, fibre pull-out; and 87-100 dB: fracture of fibres [21]. The microcracking of the
matrix, in the range of 33-45 dB has the highest participation rate at 76 and 79% of the
total number of damage events for both untreated and treated fibre respectively.
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2.2 Crystallinity and Thermal Aging
2.2.1 Crystallinity in Polypropylene
The crystallinity of polypropylene determines its mechanical properties. Most of the
commercial polypropylene materials have a crystallinity level between low density
polyethylene (LDPE) and high density polyethylene (HDPE). There are three types of
crystal lattice structures in polypropylene materials, α-, β- and γ-. The monoclinic αphase crystals is usually the dominant type, with β- and γ-phase crystals formed by
imposed orientation and elevated pressure during processing of materials, respectively.
The typical densities are 0.936 g/cm3 for the crystalline phase and 0.855 g/cm3 for the
amorphous phase at 20 °C. The typical values for degree of crystallinity of commercial
samples are between 60 and 80%. Tacticity of the polypropylene samples also related to
the crystallinity levels. Commercial PP samples usually have a high tacticity of 90% or
more. They are highly isotactic and contain only a small amount of atactic material. The
isotactic material is partially crystalline with sufficient packing efficiency and a high
degree of lateral order [23].
The common techniques used to determine the degree of crystallinity, or the fraction of
crystalline phase in the sample, are X-ray diffraction, density measurements and
differential thermal analysis. In this study, the wide-angle X-ray diffraction (WAXS)
technique was used to quantify the change in crystallinity levels due to effects of thermal
aging. Figure 2-17 shows the intensity as a function of 2θ of the WAXS pattern for
different crystal types of the polypropylene material. Infrared spectroscopy was also
employed in this study to detect the in-situ crystallinity changes over the course of aging,
as well as the detection of the chemical degradation.
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Figure 2-17: WAXS-pattern of different crystal phases and their crystal structures. (Courtesy F.
Auriemma and C. DeRose, Naples University) [24].

2.2.2 Thermal Aging of Semi-crystalline Polymers
Semi-crystalline polymer, such as polypropylene, consists of crystalline and amorphous
phases. During processing of the material, the molten state is rapidly cooled to solid state
of parts with different shape, in order to improve the cycle time of the process. However,
due to the rapid quenching of the material during processing, there is insufficient time for
the molecular chains in amorphous phase to flow into crystal lattice. The chains are
frozen with reduced mobility and the material results a lower crystallinity level.
Semi-crystalline polymers exhibit thermal aging effect at above the glass transition
temperature. Heat energy due to aging unfreezes the molecular chains in the amorphous
phase resulting increased in mobility. This allows the amorphous chains to fold with the
existing crystal or formation of the new crystals, thus increasing the crystallinity of the
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materials. With the increase in crystallinity with high tacticity, the mechanical properties
such as stiffness of the material increases [23]. However, excessive aging over time
results in chain scissions due to oxidative attacks [3]. The reduction in length of the
molecular chains promotes higher mobility to fold into crystal lattices, but it also
degrades the mechanical properties significantly.
Therefore, it is very important to understand how thermal aging affects the crystallinity
changes and oxidative degradation of the polypropylene materials, through the polymer
characterization techniques.

2.2.3 Polymer Characterization Techniques
The techniques that are used in this study for polymer characterization are wide-angle xray scattering (WAXS), Fourier transform infrared spectroscopy (FTIR) and differential
scanning calorimetry (DSC).

Each of these techniques will characterize different

properties of the polypropylene sample, but may result in the same trends; such as the
increase or decrease of the crystallinity level, which is one of the major interests in this
study. Thermogravimetric analysis (TGA) and gel permeation chromatography (GPC)
techniques were also used to determine the supportive data such as information on the
additives and molecular weight distribution of the samples, respectively.
The results from WAXS will provide information on the amount of crystallinity and
different forms of crystal type, (α, β and γ) within the sample. The profile of the intensity
at different 2θ angles will also dictate the crystallinity level through the mathematical
post-processing of the recorded data.
The results from FTIR will provide information on the changes of the crystallinity level
and the detection of any oxidation product developed during thermal aging. The intensity
of the absorbance ratios are use as an index to determine the increases and decreases of
crystallinity. Carbonyl groups and hydroxyl groups are the oxidation products that will

29

be detected at unique ranges of the spectrum if developed in the samples over the course
of aging.
The results from DSC will provide information on the transition and melting
temperatures of the samples. The crystallinity can also be determined from the area of
the endothermic peaks divided by the reference enthalpy for the 100% crystalline
samples. Also, the profile of the DSC data can also determine the uniqueness of the
crystalline structures.
The results from TGA will provide information on the weight fraction of the fibre in the
composite samples.

The weight loss curve measured from TGA will also allow

characterization of the degradation behaviour of the composite at elevated temperatures.
The weight loss curve will show the degradation of additives, provided there is a
sufficient amount of the additive present. By referring to the oxidation temperature range
of the additives, materials like carbon black, which is know to degrade between 500 to
750 °C [25], can be detected by looking for drops in the weight loss curve within the
oxidation temperature range.
The results from GPC will provide the information on the number average and weight
average of the molecular weight. The molecular weight distribution data, determined
from the calibration plot and elution profile, will provide the information on the
distribution of the molecular chains of different sizes.
The polymer characterization techniques mentioned above will discuss further in the
following sections in this chapter.

2.2.4 Wide-Angle X-Ray Scattering
X-ray diffraction is a powerful, non-destructive analytical technique that is used to reveal
the crystallographic structure, chemical composition, physical properties. It can also be
used to identify materials by comparing them to a known crystal structure by measuring
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the scattered intensity of the x-ray beam.

There are different types of scattering

techniques such as small angle x-ray scattering (SAXS), x-ray reflectivity and wide angle
x-ray scattering (WAXS) [26].
The underlying principle of WAXS is the diffraction of the incident rays such as the
visible light passing through a glass slide, where scratch lines in the glass plate serve as
the light scattering centre with typical spacing of 1 μm. For x-ray diffraction, the same
principle applies but in the sub-nanometer scale where the atoms are the scattering center
and the crystal structure acts as the scratch line. X-radiation has been used as the incident
rays with wavelength of 0.1 nm. Because the size of the atoms and ions are on the order
of 0.1 nm, x-ray diffraction is capable of characterizing crystalline structure by treating
the stacks of crystal planes as the parallel scratch lines [26].
The Bragg equation demonstrates the relationship as follows:
nλ = 2d sin θ

(3)

where n is the integer number of radiation wavelengths and θ is the scattering angle (°) or
Bragg angle. d is referred to interplanar spacing in nanometres (nm), which is the
distance between the adjacent crystal planes as a function of the Miller indices for the
plane which depend on structure of the unit cell. The angle 2θ is the diffraction angle
that will be measured experimentally.
The experiments in this study were done with a diffractometer and the schematic is
shown in Figure 2-18. The intensity of the diffracted bream is monitored by the detector.
The recorded diffraction pattern can be used to identify the materials by comparing
against a database of known diffraction patterns for different materials.
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Figure 2-18: Schematic of an X-ray diffractometer [26].

In this study the recorded diffraction pattern for the polypropylene samples will be used
to determine the crystallinity levels after post-processing with mathematical software.
The techniques used for crystallinity level determination will be discussed in the
following chapter.

2.2.5 Fourier Transform Infrared Spectroscopy
FTIR is a non-destructive analytical method that is used to identify the presence of the
functional groups in a molecule, to confirm the identity of a pure compound or to detect
the presence of specific impurities. It generates the result in the form of qualitative
analyses such as composition for identifying reagents and quantitative analyses such as
concentration comparisons of a known sample.
In both organic and inorganic materials the chemical bonds in the molecule will vibrate
uniquely. Bending and stretching will occur at various frequencies depending on the
elements and the types of bonds. The frequencies of these vibrations are in the same
range as the infrared frequencies of electromagnetic radiation. Thermal excitation occurs
when they are exposed to the infra-red (IR) portion of the electromagnetic spectrum. The
infra-red light of energy is absorbed by the molecule, resulting in vibrations within the
molecule jumping from the ground state to the excited state.

By monitoring the

absorbance of a range of wavelengths or frequencies of an infra-red light as it is
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transmitted through or reflected from a sample, a characteristic infra-red spectrum can be
obtained.
By obtaining the infra-red absorption spectrum, the materials can be identified by looking
at the composition of the function groups or cross referencing to the spectrum library.
The mathematical relationships of the intensity of IR spectrum are as follows [27]:
T=

Transmittance:
Absorbance:

where

P
×100%
Po

⎛P ⎞
⎛1⎞
A = log ⎜ ⎟ = log ⎜ o ⎟ = abc
⎝T ⎠
⎝P⎠

(4)
(5)

Po = Intensity of incident radiation
P = Intensity of transmitted radiation
a = the absorptivity of the component at a particular wavelength (M-1cm-1)
b = path length of the sample (cm)
c = concentration of the component (M)

Excited molecular movements can be classified as stretching or bending vibrations.
Stretching can be classified into symmetric and asymmetric stretching, while bending can
be referred to deformation and sub-classified into scissoring, wagging, twisting and
rocking as shown in Figure 2-19.
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Figure 2-19: Fundamental vibration modes, stretching and bending, symmetric and asymmetric [28].

The infrared fundamental region is in the range of wavenumber (frequency) of 4000 to
400 cm-1. Figure 2-20 shows the general absorption band covers a wide range of organic
compounds of the fundamental vibration modes, by limiting the discussion to molecules
containing only the elements: carbon, hydrogen, nitrogen and oxygen.

Figure 2-20: The infrared fundamental region. ν = stretching, δ= in-plane bending, γ=out-of-plane
bending. X and Y represent different atoms for bonding [29].
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The typical applications of the FTIR spectroscopy are the materials evaluation,
identification, failure analysis and quality control screening. IR spectroscopy can offer
information about the polymer matrix composite (PMC) materials on both qualitative and
quantitative levels.

Most of the PMC materials are optically opaque due to their

composition. However, they have significant spectral “windows” in the infrared range,
through which the polymer matrix can be identified by the characteristic absorption. The
reinforcing materials in the composite will scatter the absorption due to reduced energy
throughput and cause spectral distortions, which will make it harder to identify the
matrix.

Another application will be finding out how thermal effects affect the

crystallinity of polypropylene matrix glass fibre reinforced composite materials. The
crystallinity index was determined by analysis of the FTIR absorbance spectra by
applying Lambert and Beer’s law to the selected peaks.

The FTIR spectroscopy

technique is chosen for this application as it is a suitable apparatus to in-situ monitoring
the evolution of crystallinity during the thermal effects to the PMC materials [5].
However, for the field of interest, we will only be investigating in the polymer matrix of
the composite.
The samples can be prepared in solid, liquid and gas form in order to obtain the infrared
spectra [28]. In this study, all the samples that are examined are in a solid state. Solids
are usually examined as a mull, a pressed disk, or as a deposited glassy film. The
deposited film technique is particularly useful for obtaining spectra of resins and plastics,
while care must be taken to free the sample of solvent by vacuum treatment or gentle
heating.
There are different types of FTIR analyses and they are mainly classified in two
categories: transmission spectroscopy and reflection spectroscopy.

Transmission

spectroscopy is the most simple and basic sampling technique where the infrared
radiation is passed through a sample and the transmitted radiation is measured.
Reflection spectroscopy will employ samples that are thick, opaque, highly reflective, or
otherwise unsuitable for transmission analysis. There are three main categories for this
technique and they are specular reflectance, internal reflectance and diffuse reflectance.
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They depend on different applications as the reflected radiation is measured rather than
the transmitted radiation.

2.2.6 Differential Scanning Calorimetry
Differential scanning calorimetry is a thermo-analytical technique which measures the
energy required to heat a sample and a reference as a function of temperature. The most
common applications of the DSC include evaluating the sample purity and studying
polymer curing in industrial settings.
The basic principle of this technique is to maintain the same temperature between the
reference and the sample. When the sample reaches a temperature close to the melting
point, extra heat is required for the solid sample to melt into a molten stage in order to
maintain the same temperature level as the reference. The recorded data from the DSC is
the heat flux, either increased or decreased, in milliwatts (mW) as a function of time or
temperature.
Both exothermic and endothermic processes can be observed from the DSC data. An
example of an exothermic process is the crystallization of thermoplastic materials, while
exothermic processes include phase transitions and melting of samples. Figure 2-21
shows some common features that may be observed from DSC data, showing exothermic
process upwards, as the heat flow decreases with increase in the y-axis.
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Figure 2-21: Schematic of DSC curve [30].

The data recorded from DSC can also be used to calculate enthalpies by integrating the
area under the curve within a range of temperature.

Enthalpy calculated from the

integration of the heat flow profile is useful for determine the crystallinity of the sample
by comparing it to the enthalpy of a known reference having 100% crystalline structure.
In this study the technique of dividing the integral of the melting endotherm of the
polypropylene sample by the reference for a 100% crystalline polypropylene material
was extensively used to determine the crystallinity changes due to the effects of thermal
aging.
The crystallinity, Xc , determined from the DSC analysis can be calculated as [31]:

Xc =

ΔH M
ΔH o

(6)

where ΔHM is the measured melting enthalpy and ΔHo is the melting enthalpy of a 100%
crystalline polypropylene at equilibrium melting point at 165.0 J/g [32].
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Glass transition temperature can be determined from the DSC data recorded at a
relatively fast scanning rate in order to detect the step change of the endothermic process
which changes from a glassy state to a semi-crystalline phase. The melting temperature
can also be determined from the DSC data by locating the temperature where the melting
endotherm peak occurs.

2.2.7 Gel Permeation Chromatography
Gel permeation chromatography (GPC) is a technique used to separation, purification,
and analysis of mixtures of substances based on the differences in molecular size.
Molecular weight distribution is determined by separating the particles based on the
elution volume. This technique is often applied to macromolecular complexes such as
industrial polymers for molecular weight determination [33]. GPC provides the first
(Mn), second (Mw) and third (Mz) degree of molecular weight. The main system
components consist of the pump, injector, columns, various types of detectors such as
refractive index and the data acquisition system.
The basic principle of GPC is the measurement of the retention time of the mobile phase
as it travels through the stationary porous phase depending on the size of the particles.
The mobile phase consists of the mixture of the solvent and polymer particles. The
solvent used in the mobile phase depends of the type of polymer particles. Due to the
size differences of the particles, the small particles diffuse inside the pores of the
stationary phase, while the large particles cannot diffuse inside the pores, resulting in less
interaction time with the stationary phase. The difference in retention time, as the time
required for a fraction of the polymer particles travel through the columns, will result the
broadening of the molecular weight distribution [34].
With the above parameters setup and controlled properly, the elution profiles and
calibration plot can be generated from GPC, as shown in Figure 2-22.
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Figure 2-22: Examples of elution profile and calibration plot [34].

The elution plot in Figure 2-22 measures the response of the detector in voltage (mV) as a
function of time, which is the measurement of time it takes for the mobile phase to travel
through the porous stationary phase while a quantity of the particles are converted to
measure of voltage. With the constant injection flow rate and the elution profile of a
known reference polymer, a calibration plot of the molecular weight as a function of the
retention volume (mL) can be obtained.

By simple mathematical operations and

replotting the data, the molecular weight distribution curve can be generated in volume
fraction as a function of the molecular weight.
There are different average values of the molecular weight such as weight average (Mw),
number average (Mn), viscosity average (Mv) and Z average (Mz). In this study, Mw and

Mn will be the major interest, and they can be calculated in the following equation in
weighted mean:
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Mx =

∑C M
∑C M
i

i

n
i
n −1
i

(7)

where Mx is the average value of interest either Mn (for n = 1) or Mw (for n=2), Mi is the
molecular weight and Ci is the number of chains of molecule i, respectively.

The

polydispersity index (PDI), defined as Mw divided by Mn, determines the dispersity of the
molecular chains with different molecular weights. A smaller PDI, implies a narrow
distribution of the molecular weight with high uniformity of similar size chains of a
polymer sample.

2.2.8 Literature Review on iPP Physical Aging and Crystallinity
Isotactic polypropylene (iPP) is used extensively as a matrix material in thermoplastic
composites due to its excellent mechanical properties and relatively low cost. Since the
long-term engineering properties of iPP are intrinsically linked with the polymer
microstructure, there is significant interest in understanding the effects of aging,
particularly due to prolonged exposure at service temperatures. A common approach for
characterizing aging response in a more practical time frame is to conduct accelerated
aging tests at temperatures above the expected service limits. There are already ample
reports of physical and chemical changes in polypropylene including secondary
crystallization [3, 35-37] and degradation due to oxidation [38-42] caused by the thermal
aging process.
Most of the reported studies thermally age samples in an oven in air, with [36, 40, 41] or
without ambient light (UV irradiation) [3, 35, 37-39, 41]. The temperature levels studied
ranged from sub-freezing to room temperature and up to 150°C for different time periods.
The most common analytical techniques were differential scanning calorimetry (DSC),
wide-angle X-ray scattering (WAXS), Fourier-transform infrared spectroscopy (FTIR)
and gel permeation chromatography (GPC). Although the aging behaviour of iPP has
been widely studied, it is not easy to correlate the different sets of data due to the
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differences in processing morphologies (solidification rates) and additives (carbon-black
and/or anti-oxidant), as well as aging conditions.

2.2.8.1 Change in Molecular Structure
The stability of polypropylene depends on the impurities present within the material.
Mathur and Mathur [42] employed infrared (IR) spectroscopy to detect and quantify the
presences of impurities.

They found that the formation of the oxygenated and

unsaturated groups induced by chemical reactions affect the ultimate properties of the
polymer and alkoxy radicals deteriorate the properties of polyolefins.
Wyzgoski [38] used infrared transmittance to detect the formation of the oxidation
products of polypropylene specimens aged at 90°C by dissolved polypropylene off the
surface of the tensile bar. There was particular interest at the absorbance wavenumber
1708 cm-1, normalized with 974 cm-1, which accounted for the C=O vibration commonly
associated with hydrocarbon oxidation products such as acids, aldehydes or ketones. The
normalized infrared absorbance increased after aging for about 240 hours, indicating
oxidation was occurring on the surface after aging for 200 hours.
Gugumus [43] also used FTIR spectroscopy to monitor the formation of the carbonyl
groups (C=O) and hydroperoxides (POOH) during oven aging of unstabilized
polypropylene at 80°C. Absorbance bands at 1714 and 3400 cm-1 were used to account
for the formation of the carbonyl groups and hydroperoxides respectively. Figure 2-23
shows the absorption intensity changes over various aging periods. The author examined
the kinetics of the thermal oxidation as functions of aging time, sample thickness, sample
preparation and different polymer grades.

It was found that the formation of the

functional groups did not fit perfectly to the power law. Figure 2-24 shows that the
associated hydroperoxides show a tendency to reach the plateau values while the
associated carbonyl groups increase linearly with aging time until sample becomes brittle,
and varies between different sample thickness.
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Figure 2-23: Change in IR absorbance of a PP film on thermal oxidation at 80 °C.
Aging times (hrs): 303, 327, 353, 378, 400, 428 [43].
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Figure 2-24: Comparison of IR absorbance for carbonyl groups (1714 cm-1) and hydroperoxides
(3400 cm-1) aged at 80 °C for mold-cast and compression-molded materials [43].

Larena, Jiménez de Ochoa and Domínguez [40] studied the photo-degradation of long
glass fibre reinforced polypropylene. Although photo/UV degradation is outside the
scope of this literature review, there is certain important information provided from this
study. Photo-oxidation effects are more intense compared to thermal-oxidation, therefore
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the intensity changes with exposure time should not be used as a reference to thermaloxidation effects. They also employ FTIR to detect the oxidation products from radiation
effects. Carbonyl and hydroxyl groups will appear at wavenumber from 1900-1500 cm-1
and 3800-3000 cm-1 region respectively, as shown in Figure 2-25.

Figure 2-25: IR intensities for carbonyl (left) and hydroxyl groups due to photo-oxidation [40].

Rjeb et al. [41] also characterized aging under ambient atmospheric conditions with FTIR
spectroscopy. From the new isotactic sample that was used in the study, the presence of
oxygen was found at the corresponding wavenumber of 1168cm-1, incorporated into the
chain in the form of C-O-C, even before the material was aged. When aging without the
exposure to the sun, the investigator further broke down the oxidation products in the
carbonyl group such as ketones conjugated to alkenes, nonconjugated ketones, aldehydes,
esters, acids, peresters and peracids. However, the closeness of the absorption bands
impeded the quantitative analyses of the individual oxidation products. It was observed
that the intensity of methylene (CH2) decreases with the increase of C-O, suggesting that
the methylene (CH2) was the favourable oxidation site.
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2.2.8.2 Change in Crystallinity
The degree of crystallinity is closely related to isotacticity and density. Polypropylene
with high isotacticity, has the methyl side groups on the same side of the backbone with
the same stereoregularity, thus enhancing its ability to crystallize in the helical form.
With the chains that aligned properly in the crystalline phase, the density of the
crystalline regions will be higher compared to the amorphous regions with the chains in
less ordered form.
Martynov and Valegzhanina [39] studied the heat-aging effects of polypropylene back in
1965. Aging in air was performed in 150 °C, where they found the crystallinity and size
of microcrystal increased at the initial period of aging, and then decreased slightly as time
prolonged until breakdown by formation of micro-cracks developing to macro-cracks, as
shown in Figure 2-26. This was because the heating from aging increased the chain
mobility, resulting in partial crystallization and formation of new supermolecular
structures.

However, at the same instance, oxidation took place causing molecular

ruptures, which resulted in a competing process between crystallization and oxidation
breakdown.

Initial crystallinity (%):
1 – 62; 2 – 58; 3 – 47; 4 – 40.

Figure 2-26: Variation of PP crystallinity aging at 150 °C in air [redrawn from 39].
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Mathur and Mathur [42] reported that the crystallinity, in terms of isotacticity and
density, increased with aging time. This was due to the low molecular weight chains
attaining a more ordered form in the matrix during aging.
Wyzgoski reported [38] that the crystallinity index measured by IR reflectance directly
from the polypropylene surface was slightly higher than IR transmittance obtained from
removing the material from the surface by toluene immersion, as shown in Figure 2-27.
The results indicated that aging increased the surface crystallinity but not
homogeneously, thus oxidation degradation did not necessarily make polypropylene more
prone to crystallization. Oxidation, however, allowed recrystallization of tie molecules
from the broken chain, thus maintaining a constant degree of crystallinity.

Figure 2-27: Crystallinity index as function of aging time for (■) IR reflectance and (●) IR
transmission aging at 90 °C [38].

An extensively aged specimen revealed no change in the crystal structure of the α form
by X-ray diffraction and no change on the surface detected by electron microscopy.
However, the degree of crystallinity was increased with aging as found by IR and DSC.
Dudić et al. [3] characterized the secondary crystallization of isotactic polypropylene
using DSC and density measurements on specimens aged at 60 °C in oxygen and
annealed at 140 °C in an inert atmosphere. The Avrami relation is given as:
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X V (t ) = 1 − e − Kt

n

(8)

where Xv is volume crystallinity, K is the characteristic constant, t is the time of crystal
growth and n is the Avrami exponent. The Avrami exponent can also be treated as a
measure of secondary crystallization ability. Figure 2-28 shows the Avrami plot for
unaged samples with different cooling rates. The sample quenched from melt in icewater resulted in the highest slope of the Avrami plots, suggesting it had the highest
secondary crystallizability because of the low crystallinity of quenching. With slower
cooling rates, the potential for secondary crystallization was reduced, as there was more
time for the chains to align themselves during solidification.

Figure 2-28: Avrami plots for unaged samples quenched in (A) ice-water, (B) air and in (C) mold [3].

Figure 2-29 shows the Avrami exponents as the function of the aging time at 140°C. The
chain mobility in the amorphous phase was reduced due to free volume contraction
during structural relaxation in physical aging. From the sample quenched in ice-water,
the chain mobility was reduced, thus thickening of the crystalline lamellae was more
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difficult and a lower melting temperature was determined from DSC. The sample with
cooling from the mold has the most time for the crystallization process during slow
solidification, thus the effect of annealing to secondary crystallization are negligible.
However, the sample cooled in the air was favourable for high temperature secondary
crystallization due to oxidative chain scissions. The broken chains with higher mobility
allowed crystallization on the existing lamellae, which thickened the lamellae, thus
increasing the melting temperature as confirmed by DSC.

Figure 2-29: Avrami exponents of samples aged at 140 °C in
(A) ice-water, (B) air and in (C) mold [3].

Aside from the secondary crystallization, Dudić et al. [3] also suggested that there was a
decrease in crystallinity as aging prolonged. This was found in the samples cooled by icewater or air due to the degradation of the lamellae, probably at the crystallite borders.
However, for the sample slowly cooled from the mold, the crystallinity increased with
aging time due to a large number of taut tie molecules, which was liable to oxidative
chain scissions resulting in reorganization of the crystal phase and relief of the strained
lamellae.
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Larena, Jiménez de Ochoa and Domínguez [40] studied the photo-degradation of fibreglass reinforced polypropylene. The authors stated that chemical degradation increased
crystallinity in the sample.

Chain scission, caused by degradation, segregated the

entangled molecular segments and the crosslinked segments in the amorphous regions in
order to rearrange. This process was referred to as chemi-crystallization, which was
different from secondary crystallization. The latter case was referred to as the thermal
activation of molecules with increased mobility, crystallizing without molecular size
changes.
Groff et al. [44] also detected a slight increase in crystallinity in the study of the
polypropylene pipes during aging in air at 135°C and water at 95°C. IR, DSC and x-ray
diffraction analyses all showed an increase of crystallinity during the initial stage of
aging due to secondary crystallization. The investigator also employed the small angle
light scattering method (SALS) to determine the size of the spherulite dimension from the
morphological structure.
Kotek et al. [45] studied the transformation of crystal structure during annealing at
different temperatures and times. Four crystalline forms have been described and they
are: monoclinic α, trigonal β, orthorhombic γ modifications and the smectic form in small
irregular crystallites. The investigators concentrated on the β-phase formation, which
was induced by crystallization in shear fields, temperature gradients and nucleators. The
presence of the β-phase crystals provided the material with enhanced toughness but with
lower stiffness and yield stress. To predict the long-term stability of the β-phase material,
the investigators studied how the transformation of the crystalline structure under aging at
80, 110 and 140°C related to the structural behaviour of isotactic polypropylene. From
the result of the X-ray diffraction, it was found that β-phase crystals formed in a
nucleated sample. The fraction of the β-phase decreases dramatically with increasing
annealing temperature and duration. The lateral size of both α and β-phase crystals
increased with anneal time, but α-phase crystals appear in sizes around three times
smaller than the β-phase crystals. Because the overall crystallinity remained constant, or
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slightly increased when annealing at 104°C, it was implied a β to α-transformation during
annealing of the sample, thus affecting the mechanical properties.
The temperature does have an effect on physical aging of the isotactic polypropylene.
Agarwal and Shcultz [37] studied physical aging effects at 0°C and room temperature.
The crystallinity and conformation orders remained the same, confirmed by X-ray
scattering and FTIR respectively. The loss tangent from DMA showed the β to αtransition at about 10°C, which reduced with prolonged aging due to the shrinkage of the
non-crystallite regions as the mobile phase transformed into a more constrained phase.
The decrease of chain mobility occurred through the β-type relaxation, where the motion
of the segments of the chain backbone was restricted over the course of aging. Compared
to α-type chains, the change in loss tangent was invariant over the course of aging,
ensuring the drop of β-type did not affect the α-relaxation type motions in the crystalline
regions.
Guadagno et al. [46] studied the physical aging of the syndiotactic polypropylene at room
temperature. By employing WAXS to determine the crystalline fraction and sorption at
low activity, an impermeable intermediate phase was discovered. Over the aging period
of 30 days, the fraction of the crystalline phase and intermediate phase increased by 7%
and 33% respectively. The increase of the crystalline phase was due to secondary
crystallization at room temperature, which was higher than the quenching temperature of
the test sample, thus repairing the small and defective crystals that melted at a lower
temperature.

Figure 2-30 shows the DSC analyses of the aging of syndiotactic

polypropylene, exhibiting a decrease in melting temperature with increased aging time.
Also, there were small endothermic peaks present in all samples in the 50°C range, as
shown in Figure 2-30. The increased enthalpy represents the upper glass transition or
disordering of the intermediate phase.
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Figure 2-30: DSC curves for sample after quenched in ice-water (S), stored for 5 days (I5) and 30
days (I30) in room temperature [46].

2.2.8.3 Environmental Effects
Groff el al. [44] studied the aging of commercial polypropylene pipes aging at 135°C in
air and 95°C in water for up to 3000 and 4000 hours respectively. This study was
significantly different from the other studies due to the effects of the high moisture
content. The aging effects in circulating water at 95°C were less severe than aging in air
at 135°C due to the lower temperature and the practical absence of oxygen.
Agarwal and Shcultz [37] studied aging at room temperature in air and vacuum
environment. The yield stress and elastic modules were the same whether aging in air or
vacuum. Thus, it was proven that the effects from diffusion of moisture in air were not as
significant as the aging effects.
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3.0 Materials and Experimental Methods
3.1 Materials
The material studied in this work is a polypropylene based random glass-fibre mat
composite produced by Quadrant Plastic Composites. Two different types of materials
have been chosen for this study, and the commercial model numbers are D100-F40-F1
and G100-F40-F6. The material specifications of each can be found in the Appendix A.
Both types of material typically have 40% fibre-weight content, with the only difference
being fibre length. D100 series material consists of chopped fibres that are 25 to 70 mm
in length, while the G100 series material consists of long continuous fibres.

The

materials were pre-fabricated into composite plaques with the dimensions of 390 x 390
mm2 by Polywheels Manufacturing Ltd. via the compression molding process discussed
in the previous chapter. The test plaques have a nominal thickness of 3 mm with slight
variations between the D100 and G100 series materials. Figure 3-1 shows the fibre
dispersion of the different types of materials captured using a stereomicroscope. D100
series material with the chopped fibres shows relatively shorter fibre lengths and extra
fibre ends compared to the G100 series material. The indentation process on the D100
series material was more difficult due to the wider spread of fibres and less matrix area to
target for indentation.
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5mm

Figure 3-1: Fibre dispersion for D100 (top) and G100 GMT at 10x magnification.

Information on additives in the polypropylene matrix is valuable for characterizing the
matrix behaviour under thermal aging, as they will greatly affect the properties. Due to
confidentiality issues with Quadrant Plastic Composites, however, the type of additives
cannot be disclosed.

However, some information was obtained through personal

communication with a technical representative from Quadrant Plastic Composites. It was
confirmed that the polypropylene matrix for both D100 and G100 series materials are
homo-polypropylene grade, which contains carbon black and stabilizers [47].

The

average molecular weights of the extracted polypropylene sample are shown in Table 3-1
measured from Gel Permeation Chromatography (GPC) with high temperature filtration
technique performed by Jordi FLP Laboratory and the report is shown in Appendix C.
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Table 3-1: Molecular weights for extracted samples.
Mn (Kg/mol)

Mw (Kg/mol)

PDI (Mw/Mn)

Sample #1

46.3

108.6

2.4

Sample #2

46.6

106.3

2.3

Sample #3

41.4

102.4

2.5

The sample preparations in this study were different for the various types of analysis.
This included the testing of extracted fibre-free polypropylene samples and the polished
miniature tensile creep specimens. The details of sample preparation will be discussed in
this chapter.
Using ASTM standard methods for dynamic mechanical analysis (DMA) results obtained
from other investigators [8,48] and differential scanning calorimetry (DSC), the average
glass transition temperature of the extracted fibre-free polypropylene was found to be
within the 4-5 °C range. The melting temperature was 160 °C using DSC at a scanning
rate of 10 °C/min.
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3.2 Methods for In-situ Creep Deformation
3.2.1 Tensile Creep Specimen Preparation
Molded plaques of about 3 mm thickness were cut with a water jet to manufacture
specimens in accordance to ASTM D-1708 standard for testing tensile properties of
plastics using micro-tensile specimens. However, a slight modification to the gripping
portion of the specimen was necessary due to equipment constraints. Figure 3-2 shows
the dimensions of the creep specimens that were used in this study. The thickness of the
specimen was the same as the as-received thickness.

Figure 3-2: Detailed drawing of specimen with dimensions in mm.

The creep specimens were polished prior to testing in order to distinguish more easily
between the glass fibres and the matrix phase. The fixture shown in Figure 3-3 is
machined from aluminum block and holds onto the specimens during polishing. The
initial step in this 3-stage process uses a hand grinder and 4 different grit sizes (240, 320,
400 and 600) of sand paper with running water to reduce the surface roughness on the cut
specimen. It is then followed by the second stage of polishing using Struers DP-Mol
woven 100% wool cloth with abrasive Struers DiaPro-Mol diamond solution for 3
minutes. The final step of polishing uses the Struers DP-Nap short synthetic nap with
cerium oxide abrasive for 2 minutes to bring the final surface roughness to about 3 μm.
Figure 3-3 on the right shows the comparison of the specimens before and after polishing.
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The polished specimen results in a glossy surface due to low surface roughness, which
effectively improves the details of the fibres and the matrix phase under the microscope
with the camera.

b)
a)

Figure 3-3: Polishing fixture (left) and the comparison of specimens (a) before and (b) after polishing.

Indentations were then marked on the polished specimen surface prior to creep testing by
using a Vicker’s hardness micro-indenter (LECO MHT-200) at 500 g for 15 s dwelling
time. The indented area is about 200 x 200 μm2 on the polished surface, specifically on
the matrix area which is free of fibres. The indentations will help characterize any
deformation and movement of the matrix phase, which will be discussed further in
Chapter 4.

3.2.2 Apparatus for Creep Testing
The major apparatus for the creep study were the optical microscope and microtensile
stage with the environmental chamber. The setup is shown in Figure 3-4. The creep
specimen was observed under an Olympus BX-41M optical microscope in bright field
reflection mode. The miniature tensile stage was placed directly underneath the objective
lens to capture the in-situ creep deformation mechanism, and images were taken at
different intervals during the creep tests for analysis.
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Figure 3-4: Apparatus set up with Minimat underneath the microscope.

A Minimat 2000 miniature tensile machine installed with a 1000 N load cell was used for
creep testing at ambient temperature in an uncontrolled environment, while an
environmental chamber, as shown in Figure 3-5 was used for elevated temperature
experiments at 80±2 °C.

Figure 3-5: Environmental chamber (left) with specimen inside the environmental chamber.

To improve the clarity of the in-situ creep images, the original cover of the environmental
chamber could not be used, and a new cover was customized built for this study. Figure
3-6 shows the comparison of the covers. The customized cover was bent into shape with
aluminum sheet metal. A silicon cookie baking sheet was used as the insulation material
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to prevent heat lost during high temperature creep testing. The customized cover uses a
counter-sink design due to the short focal length between the objective lens and the
surface of the specimen There is a small open slot on the customized cover which
eliminated reflection as usually experience with a glass slide. The size of the open slot
was kept to a minimal to avoid excess amount of heat loss. Temperature calibration has
been done with the customized cover to ensure the temperature can be maintained
consistently. Figure 3-7 shows a close-up view of the setup during creep testing at
elevated temperature, with the objective lens looking through the open slot to capture in-

situ creep images.

Figure 3-6: Original and customized environmental chamber cover.

Figure 3-7: Close-up view of apparatus (creep test in-progress).
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3.2.3 Creep Testing Parameters
The stress levels used for creep testing were 33% and 67% of the ultimate tensile strength
(UTS) of the material at room temperature and elevated temperature. An Instron model
1331 material testing machine mounted with environmental chamber model 3119 was
used to determine the UTS at elevated temperature, while the UTS at room temperature
was obtained from earlier reports from the research group [8,48]. Since the Minimat
2000 was not built for creep testing purposes, there were certain restrictions on the setup
of the testing parameters through the computer interface. It was not possible to apply
instantaneous loading of the creep specimen, as the crosshead would rotate at high speed
to match the preset value of the force required. The machine tends to overshoot the
preset value and the force would be too high causing the specimen to break at the start of
the test. To overcome this issue of overshooting, the machine was set to a constant strain
rate of 1 mm/min. This allows more time for the machine to compare the real time and
preset value of required force, and adjust accordingly. After the force has reached the
preset value, the machine holds the force for creep test to begin. The motor adjusts the
crosshead movement to accommodate the viscoelastic behaviour of the material, in order
to maintain the preset value of the force. The strain was measured using the crosshead
movement of the miniature tensile machine.

3.2.4 Image Acquisition and Modification
The images for this in-situ creep study are captured with a commercial type digital
camera Canon® Power Shot A620 digital camera with 7.1 mega pixels and 4x optical
zoom. The digital camera is attached to the eyepiece of the Olympus microscope with an
adapter kit to capture the images during creep tests. With the 4x optical zoom from the
camera looking through the 50x of total magnification of the microscope, the overall
magnification of the captured images is about 200x.
The camera was pre-set to the following setting in order to capture the deformation
images with high details. Shutter speed priority mode is set to control the exposure time
manually at 1/50 second to ensure the images captured with sufficient lighting. Aperture
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is set to be auto in order to compensate for the shutter speed, and the ISO rating was set
to high sensitivity. Macro setting has been used to prevent auto focusing, and the images
are brought to steady focus by the microscope stage to reduce variability between images.
Images captured from the digital camera are shown in Figure 3-8 and they were
processed using Microsoft® Photo Editor. The option of ‘auto balance’ enhances the
picture quality by adjusting the brightness, contrast and gamma automatically to give
distinct differentiation between the fibre and matrix phase. The processed images with
higher contrast facilitate the analysis visually, which allows the detection of deformation
mechanisms easier.

Figure 3-8: Examples of micrographs before (left) and after (right) image modifications.

3.2.5 Scanning Electron Microscopy Parameters
Details of cracks, fibre-matrix interface, and fibre surfaces were observed using a Jeol
JSM-6460 field emission scanning electron microscope. The samples were plated with
gold in order to avoid the charge build-up on the sample surface during the analysis. The
magnification of the images ranged from about 20x up to 1500x.
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3.3 Methods for Characterization of Crystallinity and Thermal
Aging
3.3.1 Polypropylene Thin Film Preparation
A random chopped fibre GMT composite commercially known as Quadrant Plastics
D100 series glass mat reinforcement series was chosen for this study. The composite has
a nominal fibre-weight fraction of 40%. For more accurate analysis of the crystallinity
changes in the polypropylene matrix due to thermal aging, the thermoplastic matrix resin
was extracted from composite samples for this study.
About 2 g of composite sample wrapped in a steel meshed (0.031 mm2 openings, mesh
size) envelope was placed in a round flask with a condenser mounted on top. The flask
containing xylene was boiled at 140°C for 7 hours. The polypropylene was recovered by
precipitating in ethanol followed by filtration. The extracted polypropylene was dried in
vacuum then pressed into films of up to 100 μm thick by hot pressing at 180°C under
4500 psi and holding for 3 minutes, and then stored at room temperature. To erase the
thermo history, the film was heat up to melt at 180°C, then cooled to solid state from melt
at two different solidification rates:
o controlled cooling film sample (FC) – at 10°C per minute using a forced

convection oven
o quenched film sample (FQ) – rapid cooling in ice-water at 0°C.

3.3.2 Apparatus and Aging Parameters
Two sets of samples with different solidification rates were aged in air at 90 and 140°C
for 12 days. A relatively high aging temperature at 140 °C selected for the analysis was to
confirm if there were any significant changes might occur compared to aging at 90 °C.
The effects of aging were characterized in two ways. First, the film samples were aged in
air in an oven and then analyzed using WAXS to compare the crystallinity changes
before and after aging. The second technique consisted of progressive FTIR scanning of
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the iPP film aged in air in a heated sample holder.

The FTIR monitored in-situ

crystallinity and oxidation changes over the 12 days of aging.

3.3.3 Differential Scanning Calorimetry Parameters
The DSC analysis was carried out on a TA Instruments DSC 2920 with a refrigerated
cooling system. Samples were cut from the two differently solidified thin films and
encapsulated in non-hermetic aluminum pans.

The sample weights were kept at

approximately 10 mg, heating from 25 to 180 °C at a rate of 10 °C/min in nitrogen purge
gas in most of the analyses.

To determine the glass transition of the extracted

polypropylene samples, various heating rates (20 to 40 °C/min) and temperatures (from
-70 °C to melt) have been used to capture the step change of the recorded data.

3.3.4 Wide Angle X-ray Scattering Parameters
WAXS measurements were carried out with a Bruker AXS D8 Advance X-ray
diffractometer operating with Cu Kα source. The equipment was operated in ambient
temperature at 40 kV and 30 mA with a 2 mm slit opening. The scanning range was
fixed for 2θ from 10 to 24° with increments of 0.05°/step at 1 sec/step. Three specimens
of each sample were measured. The crystallinity determined from the WAXS data was in
accordance to a procedure proposed by Lima et al. [31]. X-ray measurements on the pure
glass fibre obtained by burn-off test showed no significant crystalline peaks confirming
the amorphous property of the glass fibre. Therefore, this validated the assumption that
any changes to crystallinity levels during thermal aging were only due to the
thermoplastic matrix phase.

3.3.4.1 Post-processing of WAXS Data Using Origin®
The data collected from the WAXS measurements went through post-processing using
mathematical software, Origin ®.

The post-processing technique has followed the

methodology that was used my Lima et al. [31] to determine the crystallinity content in
the sample. The peak with the lowest amplitude and largest width, called the amorphous62

halo, accounts for the amorphous phase of the sample. The other peaks with relatively
high magnitude account for the peaks for crystalline phase. The location of the peaks
corresponding to the different types of crystalline phase in the polypropylene sample is
described in section 4.2.
Figure 3-9 shows the screenshot of the processed WAXS data using Origin ®. By
performing the operation of ‘fit multiple peaks - Gaussian’, the overall WAXS data will
break down into six individual peaks as shown in Figure 3-9. The black line is the raw
data collected from WAXS, and the red line is the post-processed data, made up from the
superposition of the 6 individual peaks. As it can be seen in Figure 3-9, the postprocessed data (red-line) closely resembles the raw data (black-line). The percentage
crystallinity of the sample is calculated by dividing the crystalline peaks area over the
total area under the entire curve. Figure 3-10 graphically shows the data after the
mathematical post-processing with the crystalline and amorphous phases separated.

Figure 3-9: Peaks fitting of WAXS data.
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Figure 3-10: Post-processed WAXS data showing the crystalline peaks and amorphous-halo.

3.3.5 Fourier Transform Infrared Spectroscopy parameters
FTIR spectroscopy measurements were carried out with a Bruker Optics Tensor 27 FTIR
spectrometer. The equipment was operated in transmission mode with 64 scans per
sampling at a resolution of 1 cm-1 in the wavenumber range between 4000 to 400 cm-1.
Internal calibration was done automatically by using a polystyrene film. Spectra were
filtered using software to remove the atmospheric effects such as carbon dioxide and the
moisture in the air. The crystallinity levels determined from the FTIR spectra were based
on the absorbance intensity ratio of certain peaks.

3.3.6 Gel Permeation Chromatography Parameters
Molecular weight measurements were conducted by Jordi FLP Laboratory on 3 extracted
samples obtained from 3 different D100 composite plaques. Employing Gel Permeation
Chromatography (GPC) technique, the samples were dissolved in trichlorobenzene and
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filtered using a high temperature filtration system.

The samples were then run in

duplicate in the same solvent. The GPC test was run at a flow rate of 1.2 mL/min on a
Jordi DVB mixed bed column, 500 x 10 mm (ID) at 145 °C. Injection size was 200 μL
of a 2.5 mg/mL solution. A set of polystyrene standards with a concentration of 0.5
mg/mL were used with an injection size of 100 μL. The samples were monitored at a
sensitivity of 8 and a scale factor of 64 using the Waters 150-C instrument.

3.3.7 Thermogravimetric Analysis Parameters
Thermogravimetric Analysis was carried out with a TA Instrument SDT 2960. The
equipment was operated at a heating rate of 10 °C/min from 40 to 900 °C purging with
air. Different forms of sample and pure fibres were used in order to determine if there
were changes in quantity of the additives due to different forms of sample preparation,
such as the extracted polypropylene thin film samples. The weights of the sample were
between 5 to 10 mg.
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4.0 Results and Discussions
4.1 Creep Deformation
4.1.1 Creep Instrument Limitations
The main objective for using the Minimat 2000 miniature tensile tester is to enable the in-

situ imaging of progressive damage accumulation during creep deformation. It is a
suitable setup since the load can be conveniently calibrated and a microscopic lens can be
mounted directly above the creep specimen to capture micro-failure mechanisms
associated with damage accumulation during the creep process at both room and elevated
temperatures. However, the Minimat instrument has some inherent limitations due to its
size and design.
In the Minimat tester, the creep displacement in the small specimen is measured from the
cross-head travel which is then converted to strain by dividing by the gauge length of
12.0 mm.

As illustrated in Figure 4-1, however, the tester cannot apply the load

instantaneously to reach the set stress level but is actually loading at 1 mm/min. Figure
4-2 shows the example of loading the sample at 20 MPa in stress and strain as a function
of time. The cross-head measures a specimen elongated about 2.3% strain before creep
actually begins. The existence of a “ramp-up displacement” was validated by testing
steel specimens shown in Figure 4-1. The steel tests also showed that the load application
ramp, although not instantaneous, had good repeatability. A key difference between the
ramp-up curves is the existence of a “toe region” in the GMT material which is
characteristic of compliant thin materials. Accordingly, a displacement correction of 2.3
% is necessary for tests at 20 MPa, the dotted line shown in Figure 4-2. The resulting
instantaneous net strain in this case is the secondary creep strain minus the correction
(2.65% – 2.3%) or 0.35%.
To verify the accuracy of this correction, the creep curve from testing a larger tensile
specimen on a rigid frame [49] designed to apply instantaneous loading to 20 MPa is
compared with the Minimat test curve in Figure 4-3. The larger tensile creep strain was
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measured using a strain gauge. It is seen that the initial creep strains (with time) are
nearly identical in both curves.

Figure 4-1: Comparison of force versus displacement profiles during application
load in the Minimat for steel (3 samples) and GMT material.

Figure 4-2: Typical stress and “corrected” strain profiles during GMT.
specimen loading to 20 MPa.

67

Figure 4-3: Comparison of corrected Minimat strain measurement with results from creep fixture
with instantaneous loading capability [50].

Despite this limitation, the current test setup meets our requirement for in-situ imaging
and comparison of creep data as long as the corrected strains are used consistently in the
analysis.

4.1.2 Ultimate Tensile Strength
Tensile tests were performed at 80 °C, the anticipated service temperature for GMT
composites, to compare the ultimate tensile strength (UTS) with data obtained previously
[8] at room temperature. The tests were performed at 5 mm/min loading rate using
specimen size prepared in accordance with ASTM D638. As shown in Figure 4-4 , the
UTS for D100 and G100 materials dropped by 57% and 31%, respectively, at 80 °C as
compared with room temperature. It is noted that the UTS plotted is the average of 5
replicates for each type of material. Raw data for these tests can be found in the
Appendix D.

The stress-strain curves for both types of materials tested at room

temperature are compared with results at 80 °C in Figure 4-5 . The figure also indicates
the two stress levels, 33% and 67% UTS, that were used in this creep study.
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Figure 4-4: Comparison of UTS at room temperature and 80 °C
for chopped (D100) and long-fibres (G100) GMT.

Figure 4-5: Stress-strain curves for both GMT materials at
room temperature (RT) and at 80 °C (HT).
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4.1.3 Investigation of Surface Polishing Effects
Damage progression in the GMT materials during creep can be influenced by the initial
surface properties of the specimens. Specifically, a potential source of specimen damage
is fibre pullout or fibre breakage during specimen polishing. As all the creep specimens
had to be polished to obtain clear images, a set of preliminary tests were conducted to
determine to what effect, if any, polishing would have on the mechanical properties. The
tests involved two stages of mechanical pre-conditioning.

4.1.3.1 Pre-conditioning
Pre-conditioning can introduce a consistent level of plastic deformation in all the
specimens [51]. The two-stage pre-conditioning procedures were as follows:
o First stage: initial condition at about 50% of UTS at room temperature for 5

minutes
o Second stage: 15% of UTS at room temperature for 30 seconds creep and

recovery repeated for 10 cycles.
Figure 4-6 shows the creep response of the 2 samples of D100 chopped-fibre composite
after first stage conditioning at 30 MPa for 5 minutes. It is clear that the first stage of
conditioning had minimal effect on the instantaneous creep strain as well as the timedependent creep behaviour. In the second stage where both the specimens are subjected
to 10 cycles of the creep and recovery at 15% UTS, Figure 4-7, the strain levels remain
stable during subsequent creep testing. This verifies that specimen homogeneity after
pre-conditioning. Strain at recovery during the cyclic testing was not recorded due to the
limitations of the instrument. The drop of strain values at the start of all the second stage
conditioning shown in Figure 4-7 was due to machine overshooting the applied load
while attempting to meet the pre-set stress level.
Similarly, the first stage conditioning of the G100 long-fibre composite at a higher load
of 40 MPa is given in Figure 4-8. Since the second stage conditioning results are similar
to that for the chopped fibre composite, the result is not shown here.
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Figure 4-6: First stage conditioning of chopped-fibre (D100) specimens at 30 MPa for 5 minutes.

Figure 4-7: Second stage conditioning of chopped-fibre (D2) specimens at 10 MPa for 30 s creep and
recovery for 10 cycles.
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Figure 4-8: First stage conditioning of long-fibre (G100) specimens at 40 MPa for 5 minutes.

4.1.3.2 Effect of Polishing
To investigate the effects of polishing, one of the pre-conditioned specimens was
polished to remove about 50 to 100 μm of material from one side. Since the average
diameter of the glass fibres is between 15 and 20 μm, it is possible that polishing may
break several fibre clusters (about 4 to 7 fibres) throughout the specimen surface. To
investigate the effects of polishing on creep data, creep tests were performed on polished
and un-polished samples for comparison.
Figure 4-9 compares room temperature creep results between the polished and unpolished samples for the chopped-fibre D100 composite at 10 MPa for about 1 day.
Although the creep strains are slightly different between the two samples, the polished
sample (D2) resulted in a lower creep strain compared to the un-polished sample (D1)
under the identical pre-conditioning and creep testing procedures. It is noted that the
very small fluctuations observed in the measured strains are characteristic responses of
the Minimat tensile machine and data acquisition system when the creep loading is
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relatively low. Nevertheless, it is evident that polishing has negligible effect on overall
creep response for chopped fibre materials.
Figure 4-10 shows the creep behaviour between the polished and un-polished G100 longfibre composite specimens at 20 MPa for up to one day. The creep strain for the polished
specimen (G2) reported in Figure 4-10 decreases compared to the un-polished specimen
(G1), while the creep behaviour were almost identical at the first stage conditioning
process shown in Figure 4-8. This is also evident that polishing has negligible effect on
creep response of the long-continuous fibre materials.

Figure 4-9: Creep strain comparison between polished and un-polished chopped-fibre (D100)
specimens at 10 MPa in room temperature (specimens 1 and 2 are the same as in Figure 4-6).
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Figure 4-10: Creep strain comparison between polished and un-polished long-fibre (G100) specimens
at 20 MPa in room temperature (specimens 1 and 2 are the same as in Figure 4-8).

From the above analyses, it can be concluded that sample preparation procedures used in
this work had minimal effect on creep properties of both composite materials.
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4.1.4 Damage Accumulation at Micro-scale
Both D100 and G100 materials were observed under the microscope for the in-situ creep
deformation analysis. As discussed earlier, instantaneous loading of the specimens could
not be achieved due to limitations of the instrument. All the specimens were loaded with
the creep rate of 1mm/min. The loading direction was horizontal to all the images shown
in this study. To standardize the testing procedures, the stress level that were chosen
from the experiments were 33% and 67% of the UTS. However, the UTS was dependent
to the temperature levels. The UTS measured at room temperature (RT-UTS) and at high
temperature (HT-UTS) were reported and discussed in section 4.1.2 and shown in Figure
4-4. Indentations have been marked on the specimens to detect the deformation on the
matrix phase of the material, and it will be discussed in details in the following section.
To improve the clarity of the results, Tables 4-1 and 4-2 were attached at the end of this
section to summarize figure numbers to the testing conditions, measured creep strains and
the major findings. The ‘Δ strain’ reported in Table 4-1 is the change between the
‘instantaneous strain’ and ‘end of test strain’ (data points have been enlarged in the
figures of the creep profile) of a particular sample with the micrographs shown in this
study. The ‘creep rate’, also reported in Table 4-1, is the rate of change in strain over the
change in time in the secondary creep region described in section 2.1.1. The creep test
data of all the specimens tested are shown in Appendix E.
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Table 4-1: Summary of strain measurements.
Creep strain

Stress

%

Temperature

Instantaneous

End of test

Δ strain

Creep rate

data

Level (MPa)

UTS

(°C)

strain (%)

strain (%)

(%)

(% 10-6 s-1)

D

Figure 4-11

23

33

23 (RT)

0.08

0.37

0.29

1.0 ± 0.1

D

Figure 4-11

47

67

23 (RT)

0.65

1.63

0.98

5.5 ± 0.7

G

Figure 4-14

31

33

23 (RT)

0.27

0.51

0.24

1.0 ± 0.5

G

Figure 4-14

62

67

23 (RT)

0.55

1.37

0.82

4.3 ± 1.1

D

Figure 4-17

10

33

80 (HT)

0.08

0.34

0.26

1.6 ± 0.4

D

Figure 4-17

21

67

80 (HT)

0.82

4.35**

3.53

51.3 ± 16.7

G

Figure 4-20

21

33

80 (HT)

0.43

0.86

0.43

1.6 ± 0.4

G

Figure 4-20

43

67

80 (HT)

0.81

3.36**

2.55

28.8 ± 10.6

GMT

Table 4-2: Summary of micrograph parameters.
Stress

%

Temperature

Fibre

Transverse

Fibre

No. of

Specimen

Level (MPa)

UTS

(°C)

Debonding

Cracking

Breakage

Specimen

Failure

Figure 4-12

23

33

23 (RT)

Minimal

Minimal

No

2

No

D

Figure 4-13

47

67

23 (RT)

Yes

No

No

2

No

G

Figure 4-15

31

33

23 (RT)

Minimal

No

No

2

No

G

Figure 4-16

62

67

23 (RT)

Yes

Yes

No

3

No

D

Figure 4-18

10

33

80 (HT)

Minimal

No

No

2

No

D

Figure 4-19

21

67

80 (HT)

Yes

Yes

No

3

3

G

Figure 4-21

21

33

80 (HT)

Minimal

No

No

2

No

G

Figure 4-22

43

67

80 (HT)

Yes

Yes

No

4

1

GMT

Micrograph

D
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4.1.4.1 Creep Deformation at Room Temperature
The creep curves plotted in strain as a function of time for D100 chopped-fibre composite
samples loaded at 33% and 67% UTS in room temperature are shown in Figure 4-11.
When loaded at 33% UTS at room temperature, the data shows an instantaneous creep
strain of 0.08% and increases gradually to about 0.37%. The change in strain is 0.29%,
with the creep rate of about 1 × 10-6 % / s after 1 day of creep. Figure 4-12a and b shows
the typical micrographs before and after 1 day of creep at 33% of the RT-UTS. A
comparison of both micrographs shows no significant deformation at the surface at this
relatively low stress level and room temperature. The area circled in Figure 4-12a and b
shows the bridging of two fibre ends which could be the initiation of a transverse crack.
However, after one day of creep at 67% UTS in room temperature, the creep strain has
increased by as much as 0.98%. Upon increasing stress from 33% to 67% of the RTUTS, the creep rate has increased more than 5 times at 5.5 × 10-6 % / s. Figure 4-13a and
b shows the typical micrographs for creep at 67% of the RT-UTS.

Fibre-matrix

debonding was detected during creep at this stress level and there were also clear signs of
crack bridging between the interfaces of the matrix and fibres, as shown in the circled
area on the left of Figure 4-13. The circled debonded fibres appear black on the
micrograph as they were disjointed from the matrix and no longer lie on the plane of
focus. The initiation of debonding can also be detected by the appearance of a bright
outline around the fibre. Debonding, however, happened during the ramp-up loading
period when the load was applied after 1 minute creep, while crack bridging developed
slowly over the duration of creep.
Figure 4-14 shows the creep curve of the G100 long-continuous fibre composite samples.
When loaded at 33% UTS at room temperature, the change in creep strain from time t = 0
s to 1 day of creep was 0.24%, which was lower than the chopped fibres at 0.29%.
However, the measured creep rates show similar results for the long continuous fibre
(1.0 × 10-6 % / s) as well as the chopped fibre (1.0 × 10-6 % / s). This suggested that
creep rates at room temperature are not strongly influence by the mat reinforcement
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structure. The micrographs in Figure 4-15a and b show no significant deformation after 1
day of creep at 33% of the RT-UTS at the relatively low stress level. By focusing on
Figure 4-15a and b, however, there were some tiny black spots emerging on the specimen
surface after 1 day of creep. The black spots tended to appear with debonding failure,
where the fibres were perpendicular to the observed material surface. Due to the
relatively low stress level at 33% of the RT-UTS, no bridging of cracks was detected on
the specimen surface.
When the stress was increased to about 67% of the RT-UTS for the G100 series longfibre composite, Figure 4-14 shows the creep strain has increased from the start of the
creep at 0.55% to 1.37% after loading for 1 day during the untangling and yielding of the
fibres and matrix phase. The creep rate has increased by more than 4 times after one day,
which is more than double the strain at 33% of the RT-UTS stress level. Micrographs in
Figure 4-16a and b show that cracks initiated quickly from the fibre-matrix interface
within 1 minute of loading and grew transversely to the load direction, as shown in
Figure 4-16c. Also in Figure 4-16c, it is observed that the surface of the specimen
became uneven, as the fibres that were partially embedded below the specimen surface
emerge with time. The damage region appeared to be larger than that observed for the
D100 chopped fibres. This observation is consistent with reports by Karger-Kocsis et al.
[15] that the long-continuous fibre material has a larger process zone associated with
large scale matrix yielding, due to the tangled long continuous fibres. The current
observations are consistent with earlier reports [8] of non-linear creep for this long-fibre
GMT material.

4.1.4.2 Creep Deformation at 80°C
Typical creep curve of D100 series chopped-fibre specimens loaded at 33% of the HTUTS at 80°C is shown in Figure 4-17. The data shows a creep rate of 1.6 × 10-6 % / s
after 1 day of creep.

The micrographs in Figure 4-18a and b, show that creep

deformation is minimal even after one day of loading.
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When the chopped-fibre specimen loaded at 67% of the HT-UTS at 80 °C, the creep
profile in Figure 4-17 shows the creep strain increased dramatically from 2.22% to 3.32%
after 6 and 12 hours of creep, respectively. The average creep rate of the chopped-fibre
specimens tested under the same condition at 67% of the HT-UTS at high temperature is
51.3 × 10-6 % / s. The images in Figure 4-19a to d at 67% of the HT-UTS show
relatively more severe deformation of the matrix at high temperature, and all the test
specimens were failed prior to 1 day of creep. The surface of the polished specimen
became progressively more uneven with increasing exposure time to 80°C. Before creep
loading, the matrix appeared as a uniform bright background, but with increasing time,
the matrix deformation becomes non-uniform due to pockets of localized matrix yielding.
The emergence of various “intensities from grey to black” in the background suggests
that there are different levels of deformation resulting on the surface of the sample. Such
changes on the surface topology may be associated with changes inside the sample,
possibly because of formulation of internal cracks or voids. Further investigation is
needed to provide evidence for such deformation mechanism.
In addition to matrix yielding, the other deformation mechanisms such as debonding and
transverse cracks initiated at the fibre-matrix interface were also appeared as they did in
the room temperature tests. From the in-situ creep micrographs shown in Figure 4-19,
there is a clear propagation pattern of the cracks. The circled area on the right in Figure
4-19b shows cracks that resulted from creep for 6 hours at elevated temperature. The
cracks circled in Figure 4-19b appear to be the same size in Figure 4-19c, even after 12
hours of creep. By comparing the circled areas on the left of Figure 4-19b and c, it is
possible to see that more cracks appeared and grown with time. It is evident that the
fracture mechanism was not that of a single crack or even a handful of cracks, but rather a
series of short transverse cracks across the matrix. The dominant failure mechanism was
the initiation of multiples cracks which grew quickly to a certain size and stop, and then
followed by the formation of new cracks developing in another region.
The steep increase in creep strain from 6 to 15 hours of creep in Figure 4-17 was clearly
associated with two modes of failure:
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o multiple transverse crack formation and limited growth
o matrix shear yielding.

The specimen in Figure 4-19 failed before 1 full day of creep. It fractured at about 16
hours as seen in the tertiary creep stage. Figure 4-19d shows the micrograph just prior to
the abrupt failure at about 15 hours.
The G100 series continuous-fibre composite materials were also tested under the same
parameters, 33% and 67% of the HT-UTS. The creep curve in Figure 4-20 shows the
very slow and gradual creep strain increase for a period over 1 day, with a creep rate of
1.6 × 10-6 % / s. This corresponds well with Figure 4-21 which shows no significant
deformation at 33% of the HT-UTS due to relatively low stress level.
For creep at 67% of the HT-UTS with continuous-fibre composite materials, 4 specimens
were tested for this set of experiment and 1 of them failed prior to 1 day of creep. The
specimen shown in Figure 4-20 failed at 4.36% strain after 10.5 hours of creep. The
average creep rate for continuous-fibre materials creep at 67% of the HT-UTS was
28.8 × 10-6 % / s, which was about half of the creep rate for the chopped-fibre creep at
67% of the HT-UTS. Clearly, continuous-fibre mat composite offers higher creep
resistance than chopped fibre composite at elevated temperature.

The typical

micrographs in Figure 4-22a to d show matrix yielding for the long-fibre composite was
less pronounced than in the chopped fibre in Figure 4-19. The intensity of transverse
crack formation and bridging is more apparent. At the higher load, the dominant
mechanism for failure after more than 10 hours of creep is crack coalescence of a handful
of relatively long matrix cracks. Crack bridging accelerated the creep strain - the strain
reached 3.11% only after 9 hours of creep – to reach tertiary creep, as illustrated in Figure
4-20.

.
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Figure 4-11: Creep strain profile of chopped-fibre (D100) samples in room temperature.
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Figure 4-12: Chopped-fibre (D100) at (a) no load; and (b) creep for 1 day at 33% RT-UTS.
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Figure 4-13: Chopped-fibre (D100) at (a) no load; and (b) creep for 1 day at 67% RT-UTS.
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Figure 4-14: Creep strain profile for long-fibre (G100) samples in room temperature.
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Figure 4-15: Long-fibre (G100) at (a) no load; and (b) creep for 1 day at 33% RT-UTS. ‘Black spots’
appeared after creep for 1 day.
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Figure 4-16: Long-fibre (G100) at (a) no load; (b) creep for 1 minute; and c) creep for 1 day at 67% RT-UTS.
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Figure 4-17: Creep strain profile of chopped-fibre (D100) samples in high temperature.
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Figure 4-18: Chopped-fibre (D100) at (a) no load; and (b) creep for 1 day at 33% HT-UTS.
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Figure 4-19: Chopped-fibre (D100) at a) no load; creep for b) 6 hrs; c) 12 hrs; and d) 15hrs (prior to facture) at 67% HT-UTS.
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Figure 4-20: Creep strain profile for long-fibre (G100) samples in high temperature.
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Figure 4-21: Long-fibre (G100) at (a) no load; and (b) creep for 1 day at 33% HT-UTS.
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Figure 4-22: Long-fibre (G100) at a) no load; creep for b) 30 min; c) 5 hrs; and d) 9 hrs (prior to facture) at 67% HT-UTS.
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4.1.5 Scanning Electron Microscope Fractography
Figure 4-23 shows the fracture surface of the D100 series chopped fibre composite
specimen observed under the scanning electron microscopy. The presence of fibre
bundles which have been pulled out of the polypropylene matrix was very pronounced.
Clearly, the fibre-matrix interfacial bond (Figure 4-23b) was relatively weak as evidenced
by the smooth and clean fibre surfaces at higher magnification. Similarly, the same
characteristics were also found for the G100 series long fibre GMT in Figure 4-24.

a)

b)

Figure 4-23: Clean and smooth fracture surfaces of pulled out D100 chopped fibre.

a)

b)

Figure 4-24: Clean and smooth fracture surfaces of pulled out G100 long fibre.
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It is useful to note that the earlier observation of tiny black spots appearing on the surface
after creep for 1 day in Figure 4-15b were due to the debonding of the fibres which were
perpendicular to the material surface. Figure 4-25 shows the SEM image of the ‘black
spot’ after the creep, indicating the fibre end was oriented perpendicular to the polished
surface.

Figure 4-25: SEM image of the ‘black spot’ which is a glass fibre end.

4.1.6 Indentation Analysis
Micro-indentations were marked on a rich polypropylene matrix region on the specimen
surface to act as “extensometers”. The size of each indentation was about 200 by 200
μm. An image analysis software tool was used to measure the indentations after specified
durations creep by counting the number of pixels in the image.
Table 4-3 provides the indentation measurements. All the indentations were slightly
distorted due to the presence of randomly dispersed fibres. In this investigation only the
specimens loaded at 67% RT-TUS and 67% HT-UTS have been studied since the creep
deformation at lower stress levels were minimal. In Table 4-3, ‘X1’ (the distance along
the horizontal x-axis), ‘Y1’ (the distance along the vertical y-axis) and ‘D1’ (the diagonal
distance of the indentation) are the dimensions denoted to the left of the two indentations.
Similarly, and ‘X2’, ‘Y2’ and ‘D2’ are denoted to the indentation on the right, the ‘Dist’
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is the distance between marked points of two indentations. The measurements of the
indentations are illustrated in Figure 4-26 to Figure 4-29.
The strain for X1 and X2 increased with prolonged creep loading for both D100 and
G100 series materials regardless of the temperature levels. The net strain increases were
between 1.0% to 4.7% and along the x-axis, i.e., the loading direction, and there did not
seem to be a difference between the two types of composites. Correspondingly, slight
contractions along the y-axis of the indentations are seen. When the D1 (diagonal) values
are compared for the two composites, there is no clear trend on the influence of
temperature or fibre-reinforcement on matrix shear flow (45°). The Poisson’s ratio
calculated from the average change in strain values is about 0.30, compared to 0.25 found
by the other investigator in the same research group [8].
To further investigate if the effect of temperature, Figure 4-30 shows the measurement of
the indentations before and after the heating with no load applied to the long-continuous
fibre specimen. From the results reported in Table 4-3, there was a change in 2.3% in
strain between the two indentations, which correlated with the coefficient of thermal
expansion that was found to be 9.004 ± 3.02 × 10-6 / °C by the investigator in the same
group [8].
Overall, it can be concluded that the differences in deformation characteristics of the
matrix phase between the D100 and G100 series materials are not apparent from
indentation measurements. Although the creep strains measured from the indentation
analysis reported in Table 4-3 are in the same order of magnitude as from the creep
profiles in the previous section, however, there are no clear trends have been observed
from the results. From the image analysis of the indentations, it is concluded that the
largest matrix strain was observed along the loading direction, and minimal changes were
detected along the transverse direction.

This empirical data is consistent with the

observed dominant failure mode, which is the coalescence of small transverse cracks
developed along the matrix phase.
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Table 4-3: Summary of micro-indentation measurements.
Temperature
GMT

Micrograph

% UTS

(°C)

D

Figure 4-26a

67

23 (RT)

D

Figure 4-26b

67

23 (RT)

X1 (μm)

Y1 (μm)

D1 (μm)

X2 (μm)

Y2 (μm)

D2 (μm)

Dist (μm)

No load

208

222

298

213

223

301

312

Loaded

211

217

301

223

223

295

304

Δ

1.4%

-2.3%

1.0%

4.7%

0.0%

-2.0%

-2.6%

G

Figure 4-27a

67

23 (RT)

No load

209

227

295

214

229

305

79

G

Figure 4-27b

67

23 (RT)

Loaded

216

227

307

218

229

311

75

Δ

3.3%

0.0%

4.1%

1.9%

0.0%

2.0%

-5.1%

D

Figure 4-28a

67

80 (HT)

No load

209

198

293

203

192

288

87

D

Figure 4-28b

67

80 (HT)

Loaded

215

192

289

206

192

281

88

Δ

2.9%

-3.0%

-1.4%

1.5%

0.0%

-2.4%

1.1%

G

Figure 4-29a

67

80 (HT)

No load

205

209

294

209

211

298

307

G

Figure 4-29b

67

80 (HT)

Loaded

213

209

297

211

209

299

309

Δ

3.9%

0.0%

1.0%

1.0%

-0.9%

0.3%

0.7%

G

Figure 4-30a

n/a

23 (RT)

No load

217

215

300

213

213

303

300

G

Figure 4-30b

n/a

80 (HT)

No load

205

209

294

209

211

298

307

Δ

-5.5%

-2.8%

-2.0%

-1.9%

-0.9%

-1.7%

2.3%
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a)

b)

Figure 4-26: Micrometer-based indentation measurements for D100 chopped-fibre sample at 67%
RT-UTS with: a) no load; and b) creep for 1 day in room temperature.

a)

b)

Figure 4-27: Micrometer-based indentation measurements for G100 long-fibre sample at 67% RTUTS with: a) no load; and b) creep for 1 day in room temperature.
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a)

b)

Figure 4-28: Micrometer-based indentation measurements for D100 chopped-fibre sample at 67%
HT-UTS with (a) no load; and (b) creep for 15 hrs at 80 °C.

a)

b)

Figure 4-29: Micrometer-based indentation measurements for G100 long-fibre sample at 67% HTUTS with (a) no load; and (b) creep for 9 hrs at 80 °C.
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a)

b)

Figure 4-30: Micrometer-based indentation measurements in G100 long-fibre sample at (a) room
temperature; and (b) 80 °C exposed for 15 minutes.
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4.2 Crystallinity and Thermal Aging
4.2.1 Thermogravimetric Analysis Results
Thermogravimetric analysis (TGA) was conducted by heating pure, extracted
polypropylene and composite samples at a rate of 10 °C/min in order to study the weightloss behaviour. The objective was to determine if there were any additives have been
removed from the polypropylene extraction process.

From the TGA data of the

composite plaque shown in Figure 4-31, the onset of the drop in weight percentage
happens at a higher temperature comparing to the extracted and pure polypropylene
samples. This can be explained by presence of stabilizers in the as-received composite
plaque. Stabilizers are additives that improve the thermal stability of polymers during its
processing of life-time. The higher onset of thermal degradation observed here in the
polypropylene extracted from the composite plaque is attributed to the presence of those
additives. In the temperature range between 260 to 350 °C, there is a significant weight
percentage drop about 60%.

This is due to burn off of the matrix material.

remaining weight percentage at about 40% is the weight of the glass fibres.

Figure 4-31: TGA data for samples in different forms.
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The

Figure 4-31 also shows the weight drop profile for the extracted polypropylene sample.
The extracted sample has an onset of the weight percentage drop which happens sooner
than the composite plaque, and the extracted sample has burned off completely at about
400 °C. In order to confirm if the additives have been removed from the extraction
process, TGA was also conducted to a known pure polypropylene sample for comparison.
The resulting profile of the extracted polypropylene sample was almost identical to that
of a known pure polypropylene sample - this verified that the extraction process removed
nearly all of the stabilizer additives in the composite.

4.2.2 Wide Angle X-ray Scattering Results
The sample preparation procedures have been discussed in section 3.3.1. Table 4-4
describes the nomenclatures of the prepared samples for the study in crystallinity and
thermal aging.
Table 4-4: Nomenclatures for prepared samples.
Sample Form

Solidification Rate

As-Received Plaque
(i)Controlled Cooled
(10°C/min)
Extracted iPP Film
(ii)Quenched
(Ice-water at 0°C)

Treatment

Nomenclature

Unaged
Unaged
Aged at 90°C
Aged at 140°C
Unaged
Aged at 90°C
Aged at 140°C

AR
FC-new
FC-90
FC-140
FQ-new
FQ-90
FQ-140

Before aging the samples, a preliminary study was undertaken to verify the significance
of extracted polypropylene film samples (FC and FQ) as a representative sample of the
as-received molded composite plaque (AR). As seen in Figure 4-32, the peak locations
for both samples are very similar although the as-received composite shows a small trace
of the pseudo-hexagonal β-phase crystals which may be developed by compression
molding due to the applied stress during crystallization [52]. The calculated crystallinity
level of the composite plaque is 35% which is lower than the extracted films in the range
of 45 to 48%.
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Smectic phase polypropylene is a morphology between amorphous and crystalline phases
[53]. It is formed when the sample is quenched at a relatively high cooling rate according
to the X-ray observations of smectic phase by Ferrer-Balas et al. [54]. It is interesting
that the smectic phase crystal was not detected in either sample investigated here, even
for the FQ sample with the cooling rate that was significantly faster than the FC sample.
This may be explained by the presence of residual amounts of carbon black [47] in the
film sample after extraction, as even a minor amount of carbon black has been known to
increase the rates of nucleation and crystallization significantly in the polypropylene [55].
Our results also differ from the observations by Busfield et al. [35] who reported the
formation of a smectic phase when chilling the extrudate at 9°C and there was no carbon
black additive in that work. DSC analysis, shown in the section 4.2.4, performed on our
samples confirmed our WAXS results. It is reasonable then to assume that any changes
during aging did not result from the smectic phase.
In Figure 4-32, the monoclinic α-phase crystals are clearly identified at 2θ = 13.9°, 16.6°
18.2° as well as the split peaks at 21.1° and 21.9° for both the FC and FQ samples.
Moreover, there are no traces of either the β- and γ- phase crystals in the WAXS pattern
in FC or FQ, infers that the monoclinic α-phase crystals are the dominant population. It
can be seen in Figure 4-32 that the FQ sample resulted in lower initial crystallinity
compared to the FC sample due to the larger area of the amorphous-halo. This is
illustrated more clearly in Figure 4-33 for the FC samples aged at different temperatures,
where the amorphous-halos are reduced significantly when aging at higher temperatures.
The crystallinity for the controlled cooled and quenched samples were found to be 45%
and 48%, respectively.
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Figure 4-32: Comparison of WAXS patterns of extracted films and composite plaque.

Figure 4-33: WAXS patterns for controlled cooled films (FC) in unaged and aged conditions.
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Aside from the x-ray diffraction pattern of the smectic phase showed by Ferrer-Balas et

al. [54], the split peaks at 2θ = 21.1° and 21.9° were less pronounced in the FQ sample.
This is possibly due to freezing of the molecular chains as there was insufficient time to
rearrange into proper α-phase crystals. This can be seen in Figure 4-34 for the FQ sample
where the split peaks (indicated by an arrow) are more defined after aging at 140°C. For
the sample aged at 90°C, however, did not show the presence of split peaks.
As shown in Table 4-5, aging at 140°C significantly increased the crystallinity of iPP
regardless of the initial morphological state. It is also clear that aging at 90°C had a
smaller effect on the crystallinity levels, with the increase in the FQ samples were
slightly higher detected by WAXS.

Figure 4-34: WAXS patterns for quenched films (FQ) in unaged and aged conditions.
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Table 4-5: Crystallinity levels determined from WAXS.
Unaged (%)

90°C Aged (%)

140°C Aged (%)

FC

48 ± 1

47 ± 1

58 ± 6

FQ

45 ± 1

50 ± 5

59 ± 10

4.2.3 Fourier Transform Infrared Spectroscopy Results

4.2.3.1 Evolution of FTIR Spectrum due to Aging
Progressive scanning using FTIR is a convenient non-destructive evaluation of the
microstructural evolution during the aging process. When the sample is analyzed while
mounted onto the heating stage for aging study, the progression of crystallinity changes
and formation of oxidation products are captured in-situ. Figure 4-35 shows the full
spectrum of the iPP material (FC-140 sample), with the evolutions of the oxidation
products and crystallinity regions for 12 days of aging. For clearer illustration, Figure
4-36 shows the difference of the spectrum between the virgin and 12 days aged FC-140
sample. Table 4-6 shows the peak assignments [43, 56] that will be needed in this study.

Figure 4-35: The evolution of FTIR spectra for FC-140 sample over the course of aging in 3D view
with: a) region for hydroxyl group; b) region for carbonyl group; and c) region for crystallinity.
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Absorbance (Arbitrary Units)

c)

b)

Aged
12 days

a)

new

3900

3400

2900 2400 1900
1400
-1
Wavenumber (cm )

900

400

Figure 4-36: FTIR spectra for new and aged FC-140 specimen with :a) region for hydroxyl group; b)
region for carbonyl group; and c) region for crystallinity.

Table 4-6: FTIR absorbance peak assignments.
Wavenumber
(cm-1)

Vibrational Modes and Microstructure

3800-3050

Range for hydroxyl functional groups [43]

1900-1600

Range for carbonyl functional groups [43]

1646

C=C, vinyl groups [41]

1638

C=C, vinyl groups [41]

997

C-C stretching, CH2, CH3 rocking, helical (α crystalline) [56]

973

C-C stretching, CH2, CH3 rocking, amorphous [56]

841

C-C stretching, CH2, CH3 rocking, helical (α crystalline and mesophase) [56]

As seen in other reports [5, 38, 57], the crystallinity of iPP is determined from FTIR
absorbance ratio. This ratio is calculated using the peaks in the region between 800 and
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1050 cm-1 as shown in Figure 4-37. This figure contains the same data as in Figure 4-35.
For sake of simplicity, the spectra of the new sample and the aged sample at 12 days,
along with the other peaks in between, are shown in Figure 4-37. The bands at 997cm-1
and 841cm-1, due to C-C stretching and CH2, CH3 rocking [56], was used for calculation
of a ratio that can be correlated with crystallinity.
In this study, the crystallinity indices are plotted as a function of time in Figures 4-38 and
4-39 for films aged at 90 and 140°C, respectively.

The results clearly show the

crystallinity levels increasing for both aging temperature and morphologies. When aging
at 140°C, the crystallinity level reached a plateau after 6 days. However, when aging at
90°C, it took at least 12 days to reach saturation and the changes are relatively smaller

Absorbance (Arbitrary Units)

when compared to the overall crystallinity of the samples.

997

973

841

Increase
in time
12 days

new

1050

1000

950
900
Wavenumber (cm-1)

850

800

Figure 4-37: FTIR spectra of the crystallinity region (referred to in Figure 4-36c)
for FC-140 aged for 12 days.
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Absorbance Ratio
(Crystallinity Index)

0.94

0.93

0.92

0.91

841/973-FC-90
841/973-FQ-90
997/973-FC-90
997/973-FQ-90

0.90
0

2

4

6
Day

8
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Figure 4-38: Progressive crystallinity index change at 90°C for 12 days.

Absorbance Ratio
(Crystallinity Index)

1.04
1.00
0.96
0.92
841/973-FC-140
841/973-FQ-140
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0.88
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0

2

4

6
Day

8
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Figure 4-39: Progressive crystallinity index change at 140°C for 12 days.
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12

In Figures 4-38 and 4-39, the two common approaches for determining crystallinity have
been plotted namely, the absorbance ratios A997/A973 [38, 57] and A841/A973 [5]. The
absorbance peak at 973 cm-1 is reported as the internal standard by Tadokoro et al. [58]
as its intensity is relatively stable during the aging period and insensitive to the
amorphous/crystalline structure change, as seen in Figure 4-37. Both ratios tend to be
equally sensitive to 90°C aging detection. However, crystallinity increases when aging at
140°C was better detected using the A997/A973 ratio due to the peak at 997 cm-1,
corresponding to the vibration of the helical structure of the α-phase crystalline as
described in Table 4-6. The peak at 997 cm-1 grows progressively with aging compared
to the peak at 841 cm-1 which is relatively stable throughout the aging period, as seen in
Figure 4-37. The ratio of A997/A973 is therefore more sensitive for detecting aging effects
in iPP at elevated temperature. This is also verified by the present WAXS results that
showed an increase of crystallinity after aging at both temperatures.

4.2.3.2 Oxidation Products Detection
There have been reports of severe oxidation in the iPP after aging at temperatures lower
than 140°C [43]. Oxidative degradation is very much dependent on the composition of
the polypropylene samples since additives such as anti-oxidants or stabilizers, where can
dramatically reduce oxidation at high temperature. Figures 4-40 and 4-41 show the
development of the functional groups, specifically carbonyl and hydroxyl, due to
oxidation over the course of aging at 90 and 140°C for 12 days. No oxidation products
were found in the sample aged at 90°C. The development of carbonyl groups at 140°C is
more severe compared to the hydroxyl groups, where the carbonyl concentration
increased up to 6 days of aging. The hydroxyl group concentration flattened after 2 days
of aging. It was also observed that FQ samples aged at 90 and 140°C for 12 days
exhibited similar behaviour as the FC samples.
FTIR spectroscopy can also detect the presence of vinyl groups (C=C bonds) formation
corresponding to thermal degradation. This process is different from chain scission due to
oxidation. Rjeb et al. [41] reported that vinyl groups appeared in 1646 and 1638 cm-1 for
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polypropylene samples. However, there are no traces of chain scission due to formation
of the vinyl groups over the course of aging shown in the FTIR spectra reported here.

Figure 4-40: Progressive scanning of the carbonyl groups aging 12 days for: a)FC-90; and b) FC-140
samples (referred to in Figure 4-36b).

Figure 4-41: Progressive scanning of the hydroxyl groups aging 12 days for: a)FC-90; and b) FC-140
samples (referred to in Figure 4-36a).
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4.2.4 Differential Scanning Calorimetry Results

4.2.4.1 Changes in Crystallinity and Melting Behaviour
Differential Scanning Calorimetry (DSC) was conducted to measure the glass transition
temperature, onset and melting temperature and the degree of crystallinity. The enthalpy
calculated from the heat flow profile can also be used to determine the crystallinity level
changes between the unaged and aged samples. However, due to high scatter in the
experiments, the data recorded from DSC was treated as supportive data for trend
observations only.
Figure 4-42 shows the DSC curves for FC and FQ samples prior to thermal aging. The
heat flow profile of the FQ sample shows an extra shoulder combined with the melting
peak, which maybe due to the rapid quenching of the sample in ice-water. The fast
cooling rate solidified the samples instantly, providing insufficient nucleation time and
growth for all the crystals to form a perfect lattice structure. The imperfect crystals melt
at a lower temperature than the prefect crystals, resulting in a shoulder in the melting
peak for the FQ sample. By comparing to the FC samples, the slower cooling rate allows
more time for crystal nucleation and growth to occur, forming a more uniform crystal
structure.
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Figure 4-42: DSC data for unaged FC and FQ samples.

When the samples are undergoing thermal aging at elevated temperature, the heat energy
introduces extra mobility of the chains. As the mobility of the chains increases during the
aging process, the chains realign themselves from the amorphous phase to the crystalline
structure. These phenomena are shown in Figures 4-43 and 4-44 for FC and FQ samples
respectively.
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Figure 4-43: DSC data for unaged and aged FC samples.

In Figure 4-43 for the FC samples, the crystalline phase forms uniformly since there is
sufficient time for nucleation and growth due to the slower cooling rate compared to FQ
samples. There is only one type of crystalline population due to one melting peak
appeared on the DSC curves. When the FC samples are aged at elevated temperature,
increased chain mobility from the amorphous phase would fold itself into a crystalline
structure, thus increasing the melting point of the samples as shown in Figure 4-43.
When aging at a higher temperature such as 140 °C, oxidation induced chain scission,
proven from the FTIR analysis in the previous section, results in shorter chains with
increased mobility compared to the longer chains. The heat flow profile for aging at 140
°C in Figure 4-43 shows a steeper melting peak with a highly uniform crystalline
structure with an even higher melting point.
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Figure 4-44: DSC data for unaged and aged FQ samples.

Figure 4-44 shows the DSC heat flow profiles for FQ samples with different aging
conditions. Similar trends were observed from the FC samples in Figure 4-43 with slight
differences. The crystallinity level increased over the course of aging for all aging
conditions, but the melting points of the samples were in the same range.
By comparing the heat flow profile of the FQ and FQ-90 samples, the shoulder of the
melting peak in the FQ-90 sample is smaller since aging at 90 °C provides increased
chain mobility. This results in folding of the chains into more a uniform crystal lattice,
similar to the situation in the FC samples.
It is important to point out that chain scission due to oxidation did not happen when aging
at 90 °C, confirmed by FTIR analysis. While aging the FQ sample at 140 °C, due to the
high temperature, oxidation chain scission happened more rapidly as the shorter chains
folded into both the perfect as well as the imperfect crystalline phases. Therefore, the
heat flow profile for FQ-140 in Figure 4-44 shows a discrete shoulder combined in the
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melting peak implying another form of crystal population growth as well as the perfect
crystals during aging at 140 °C.
Table 4-7 shows the crystallinity level measured from DSC with average of 3
measurements of each experiment. Crystallinity of the samples was increased by varying
amount with subsequent aging. There was a slight increase in crystallinity for aging at 90
°C but a more significant increase for aging at 140 °C due to oxidative chain scission.

Table 4-7: Crystallinity levels determined from DSC.

Unaged (%)

90°C Aged (%)

140°C Aged (%)

FC

69±3

76±1

84±3

FQ

67±5

62±1

76±6

Table 4-8 shows the melting and onset temperatures determined from the melting peak
profile of the samples. ΔT is determined from the difference between the onset and
melting temperatures. The lower the value of ΔT, the greater the uniformity in the crystal
structure [59]. As mentioned before, the melting temperature increased for both FC and
FQ samples over the course of aging due to increased chain mobility to fold into more a
uniform crystal structure. The values for ΔT are similar for both FC and FQ samples
aged at 90 °C, and changed significantly at a higher aging temperature. The FC samples
showed a significant reduction in ΔT due to shorter chains resulting from oxidative chain
scission to fold into a single-type uniformity crystalline structure. The FQ samples
contained smaller crystals due to rapid quenching could have grown with the shorter
chains produced by chain scission (oxidation). The presence of crystal domains of
different size lamellae was likely to have produced the broad melting transition observed
in samples aged at 140 °C.
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Table 4-8: Melting and Onset temperature determined from DSC.

FC

FQ

Unaged

90°C

140°C

T Melting (°C)

163±2

162±2

171±1

T Onset (°C)

154±2

152±4

167±1

ΔT (°C)

8

10

4

T Melting (°C)

165±2

165±0

168±1

T Onset (°C)

150±2

149±1

146±5

ΔT (°C)

15

16

23

4.2.4.2 Detection of Glass Transition
Differential scanning calorimetry (DSC) analysis was conducted to determine the glass
transition of the extracted samples instead.

Although dynamic mechanical analysis

(DMA) is the preferred technique to determine the glass transition temperature, the
extracted samples were in the form of a thin film, making the DMA technique
impossible.
It was necessary to perform the DSC experiment at a relative high heating rate in order to
detect the glass transition temperature due to the sensitivity of the DSC. Different trials
of heating rate were done and it was found that the heating rate of 40 °C/min was
adequate to detect the glass transition temperature in the film of the extracted sample.
For easier detection of the glass transition, it would be preferable to have the samples
containing a significant amount of the amorphous phase with respect to the crystalline
phase. Special treatments have been done to the samples prior to the DSC analysis in
order to facilitate the measurements. The sample was placed in the DSC pan and
equilibrated to 180 °C and hold for 5 minutes to erase the thermal history. In order to
obtain a sample with high amorphous content, the sample was taken out from DSC after
the holding time and quenched in the ice-water to suppress the nucleation and growth of
the crystalline phase. The sample stayed in the ice cold bath for about 5 minutes, and
then put back into the DSC stage at 0 °C for continuous cooling to sub- zero temperature
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level at -70 °C. When the temperature level was settled at -70 °C, the samples were heat
up again at a rate of 40 °C/min from -50 °C to above the melting point.
However, due to the ice-water quenching process and the sample pan not being
completely dry when put back into the sample stage, contamination from water droplets
on the sample pan were detected by the DSC as shown in Figure 4-45. The profile of the
heat flow was overlapped by the polypropylene sample, as well as the melting behaviour
of the water droplets at about 0°C range.

Figure 4-45: DSC data of sample with water contamination.

To overcome the contamination problem in the sample, quenching in the ice-water was
replaced with cooling the sample with forced convection in a room temperature
environment directly from melt. Although the cooling rate was not as fast as ice-water
quenching, it gave a faster cooling rate compared to the controlled cooling that could be
performed in the DSC stage.
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Figure 4-46 shows the heat flow profile of the extracted sample measured from
temperature range between -70 to 200 °C at 40 °C/min heating rate. To determine the
glass transition temperature which happens at the shifting of the DSC curve, Figure 4-47
has plotted the change in slope of the enthalpy profile in Figure 4-46 as a function of time
for better visualization. The glass transition temperature was measured by detecting the
change in slope and was found at about 4 °C from the DSC analysis. This value was also
obtained with DMA on the composite plaques samples in the range of 4 to 5 °C by other
investigators in the laboratory [48,8].

Figure 4-46: DSC data for determining glass transition temperature of the extracted pp sample.
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Figure 4-47: The derivative of the heat flow profile in Figure 4-46.

4.2.5 Kinetics of Thermal Aging
The effects of thermal aging on the rate of crystallinity can be quantified by the Avrami
equation shown in eq. (8). The Avrami exponent depends on the type of nucleation and
geometry of crystal growth, and it can also be an indicator of the ability of the materials
to undergo secondary crystallization [3].

It is important to note that the slow and

progressive changes of crystallinity in this study are due to thermal aging classified to be
secondary crystallization, which can be interpreted in terms of an increase in lamellar
thickness [60]. This process occurs without nucleation. Accordingly, the resulting
Avrami exponents measured from secondary crystallization is significantly smaller
compared to the primary crystallization where the material crystallized from molten state
with nucleation.
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The secondary crystallization process due to thermal aging was characterized using
Avrami exponents, following the method used by Dudić et al. That group reported
Avrami exponents were in the range about 3.5 to 7.0 × 10-2 when aged up to 3 days at
60°C for the polypropylene samples with different cooling rates and preparation
processes [3].
The volumetric crystallinity (Xv) was obtained from FTIR measurements following the
method used by Lamberti et al. [5]. The absorbance ratio was determined from the
intensities of peak A997 and A973. This ratio was calibrated with degree of crystallinity
measured by DSC. Thus, the ratio A997/A973 can be used to calculate the volumetric
crystallinity since the density of the propylene crystal is constant. This can be correlated
to Figure 4-38 and 39 of the crystallinity index measured from FTIR analysis.
By rearranging the Avrami equation (eq. (8)) to a linear form by using the law of
logarithms, a plot of log y = log(-Ln(1-Xv)) as a function of x = log(t) in hour should
allow determination of n, the Avrami exponent from the slope of the curve, according to
equation y = a + nx.
Figure 4-48 shows the Avrami plot for aging at 90°C for 12 days, where the linear slopes
represent the n value, the Avrami exponent.

For aging at 90°C, the samples with

different thermal histories showed a steady growth of crystallinity due to secondary
crystallization. It is expected the FQ sample should have a higher n value (reported in
Figure 4-48) compared to the slow cooling sample due to its higher amorphous content.
When the Avrami exponent is less than unity, it implies that secondary crystallization
occurred during the course of aging [61].
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Figure 4-48: Avrami plot for aging at 90°C for 12 days (■ - FC; ● - FQ).

In contrast to Figure 4-48, Figure 4-49 shows the Avrami plot changed drastically for the
samples aged at 140°C for 12 days. It is apparent that the kinetics of crystallization
cannot be simply described by a single slope, commonly seen when applying the Avrami
equation. The kinetics is represented by three stages, therefore resulting in three n values
to describe crystallization upon long term aging at 140°C. At the initial stage, stage I, the
samples undergo fairly slow secondary crystallization. After two days of aging, the
crystallization rate increased dramatically. This is consistent with the observed FTIR
patterns which showed oxidation at this time. The mechanism of oxidation involving
formation of hydroxide or carbonyl groups also includes chain scission [3]. It is likely
that oxidation occurred first in the amorphous domain instead of the crystalline domain.
Therefore, chain scission in the amorphous domain would allow incremental mobility of
certain chain segments leading to additional crystallization. The shorter chains free up
entangled chains, thereby facilitating re-crystallization into other crystal forms [40].
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The n value for FC sample in stage II is two orders of magnitude higher than at stage I,
while the FQ sample increase is lower. In stage III, crystallization is complete as
represented by negative slopes. This occurred after 6 days.
The study from Martynov and Valegzhanina [39] proposed that the competing processes
of oxidation and secondary crystallization result in the termination of crystallization. The
results in Figure 4-49 and the behaviour of crystallizations as characterized by the
Avrami equation are consistent with the FTIR results shown in Figure 4-40b.

Figure 4-49: Avrami plot for aging at 140 °C for 12 days (■ - FC; ● - FQ).

It is important to note that the n values for samples aged at 90 °C reported in Figure 4-48,
is of the same magnitude as stage I for samples aged at 140 °C, reported in Figure 4-49.
This is strong evidence that the rate of secondary crystallization processes is similar
regardless of the aging temperature as long as oxidation is negligible. Once oxidation
commences, the rate of crystallization increased drastically, as seen from the n value
changes between stages I and II for samples aged at 140 °C reported in Figure 4-49.
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Another interesting observation in Figure 4-49 is the difference in profiles for samples
with different thermal history. The onset of stage II for the FQ sample started earlier than
the FC sample. This confirms that oxidation occurs more readily in the amorphous phase,
which would be consistent with the results in Figures 4-40b and 4-41b in literature
[36,62].
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5.0 Conclusions
Based on creep testing of two types of glass-fibre mat composites, the following
conclusions can be drawn:
o In comparing creep behaviour for tests performed at 33% and 67% ultimate

tensile strength, the chopped fibre mat composite offers less resistance to creep
than the long-fibre reinforced material at service temperature (80°C). This is due
to matrix softening at the higher temperature since the creep rate for both
materials is similar at room temperature. The higher resistance from the longfibre mat is due to the tangled long fibre mat structure.
o The dominant failure mechanisms during the creep process are multiple matrix

crack initiation and growth, and crack coalescence which leads to abrupt failure.

In-situ micrographs show debonding upon first application of stress and followed
by multiple matrix cracking. Debonding occurs at the fibre-matrix interface and
matrix cracking is characterized by relatively short crack growth. The cracks
developed during creep were transverse to the loading direction, and fibre
breakage was minimal at all stress and temperature levels.
o Scanning electron microscopy shows a smooth fibre surface which indicates poor

adhesion between the fibre and matrix phases. The poor adhesion is responsible
for fibre debonding occuring extensively during secondary creep. Indentation
marking on the matrix regions of all the samples did not show significant matrix
shear yielding at the temperatures tested although the matrix elongation along the
loading direction is evident.
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In the work that characterized the thermal aging of films of polypropylene extracted from
the chopped glass-fibre reinforced composite material, the following conclusions can be
drawn:
o Thermal aging of the films for up to 12 days did not show any crystal phase

transformation from WAXS measurements. Instead, the monoclinic α-phase was
the dominant crystal population before and after aging. Crystallinity was found
to increase upon aging at both 90 and 140°C by quantitative measurements using
WAXS which clearly showed the amorphous-halo reducing in size after aging.

In-situ scanning with FTIR showed an increase in crystallinity. At 140°C,
however, the increased chain scission facilitated chain mobility resulting in
higher crystallinity.
o The FTIR absorbance ratio A997/A973 was a better indicator than A841/A973 as it

correlated well with the crystallinity changes of the iPP measured by WAXS.
There was no trace of the formation of vinyl groups, when aging polypropylene
at temperatures up to 140°C. This has been confirmed by in-situ scanning with
FTIR.
o Avrami plots showed the temperature-dependence of the kinetics of secondary

crystallization is not a simple relationship for the samples with different thermal
histories studied. When aging at 90°C, the kinetics can be described by a single n
value. However, at 140°C, there are three distinct stages where the second stage
corresponds to significant oxidative chain scission which facilitated rapid
secondary crystallization. This is consistent with the formation of oxidative
products observed in FTIR. Before the onset of significant oxidation, the kinetics
of secondary crystallization appears to be independent of the aging temperature.
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Appendix A: Material Data Sheet
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Appendix B: Polishing Supply Details
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Appendix C: GPC Data Report
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Appendix D: Tensile Test Data
D100 – Chopped fibre (80 °C)
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G-100 Long-Continuous Fibre (80 °C)
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Appendix E: Creep Test Data
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Appendix F: X-ray Diffraction Data
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Appendix G: FTIR Data

157

158

159

160

Appendix H: DSC Data

DSC results for extracted PP
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