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Abstract
Composites have become a necessity in many applications that require specific properties not
attainable with pure polymers. Polymer composites with high strength are often processed with
glass fibers or carbon fibers. However, the choice of reinforcement usually renders the
composite inconvenient for recycling either due to the choice of matrix material such as
thermosetting epoxy or simply the difficulty of separating thermoplastic matrices from their
respective reinforcement material. Therefore, a more sustainable solution through recyclable
thermoplastic composites is needed. This thesis explores the mechanical properties of
thermoplastics reinforced by other thermoplastics with varying degrees of miscibility. Polar
polymers such as polycarbonate and polyethylene terephthalate were expected to have the
advantage of polar interaction forces that may aid in miscibility. Self-reinforced polyethylene
terephthalate (PET) had been explored in literature to yield better mechanical properties than
molded samples of low-melt polyesters. It was observed from experiments in this thesis that
using nonwoven PET for self-reinforcement marginally enhances the tensile properties of PET
composites. However, the commodity nonwoven reinforcement used is not the optimum choice
for reinforcement in composites since the felts were not especially made for this purpose.
Polycarbonate (PC) and polylactic acid thermoplastic resins have shown melt-impregnation
through nonwoven polyethylene terephthalate fiber, yet their mechanical properties declined.
As such, an immiscible or partially miscible polymer matrix is bound to have lower interfacial
adhesion at the matrix-fiber interface. Using polycarbonate as the matrix, an embrittlement
effect was induced in the composite. Furthermore, this thesis also expands on composites by
way of polymer-polymer composite layered fused filament fabrication. As opposed to the
former where processing occurred below the reinforcement’s melting temperature, extrusion
deposition involves a mutual-melt interface. Dual-extruded filaments of varying miscibility
were investigated due to the limited interlayer bonding single filament extrusion can attain.
Interlayer adhesion is influenced by the rapidly changing temperature history profile of
extrusion-based additive manufacturing where road-to-road welding does not reach virgin
strength of the deposited polymer. Glycol-modified polyethylene terephthalate (PETG) was
dual-extruded with polycarbonate to assess their composite’s mechanical property against pure
PETG. Although good adhesion between PC and PETG is achievable, the composite
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mechanical strength did not improve above the performance of either of its constituents. PC
and PETG are only partially miscible thus interaction forces between their composite are not
as strong as forces of adhesion in the pure single-extruded polymers. Moreover, partial
miscibility also implicates that diffusion would not occur over all molecular weights. It follows
that tensile results of dual-extruded PC-PETG composites have lower strength than both PC
and PETG in single extrusion processing. On the other hand, dual 3D printing of completely
immiscible polymers such as polylactic acid (PLA) with glycol-modified polyethylene
terephthalate will fail catastrophically in tensile testing due to depleted interfacial strength and
inefficient stress transfer. Flexural testing clearly points towards multiple interfacial failures
of dual extruded PLA-PETG composites. Conversely, single-extruded samples of PLA only
had a singular brittle failure while PETG had no break in bending. Therefore, immiscibility
has detrimental effects on interfacial strength of additively manufactured dual-extruded
composites.
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Chapter 1
Literature Review
1.1 Introduction
Composites in the broad sense refer to a combination of two or more material phases into one
component to attain new constructive properties [1]. Polymer composites are those having at
least one polymer component, and they usually pertain to reinforcing the polymer with a
minority phase particle or fiber filler. When the polymer is the continuous phase surrounding
a dispersed reinforcing material, then the former is called a matrix [2]. The various unique
formulations and designed chemistries of polymers enable flexibility for composite design and
manufacturing. Generally, polymer-based composites are sought for one or more of the
properties lacking in other materials such as high specific stiffness/strength, low weight, ease
and cost of processing and low material cost in addition to good resistance from fatigue, creep
and corrosion that enable a tailored performance for a certain application [3].
The term polymer composite is often coined to refer to materials of enhanced mechanical
properties, which is the general requirement for many engineering applications such as
aerospace, automotive, military, building and construction industries. However, composites
are not limited to mechanical properties but also to enhanced electrical, chemical or optical
and other characteristics. Carbon black is one of the additives used not only for enhanced
resistance to ultra-violet radiation resistance but also for its conductivity and mechanical
contribution to polymers [4].
The search for lightweight functional materials has yet to cease, a fact attributed to the ongoing
demand for many forms of polymer composites. Despite the advanced achievements in this
field, pairing different materials is no simple task. Even with the availability of various
methods of manufacturing them, composites face a compromise in properties that hinders
prospective material combinations. In contrast, a polymer strengthened by glass fibers will
only acquire this strength at the cost of one or more of its properties; usually in this case it is
the toughness which is the ability to absorb energy during impact in ductile polymers [5].
1.1.2 Significance of this thesis
In this thesis, select thermoplastics will be reinforced with miscible and immiscible
thermoplastic counterparts in order to deduce their effectiveness for mechanical reinforcement
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in polymer-polymer composites. The composites are effectively split into two categories in
terms of processing method. First, composites with a melt/solid interfaces are fabricated via
melting the matrix resin and molding it with a higher melt temperature reinforcement. This
approach should be useful to determine either the limitations or advantages of soft
thermoplastic reinforcement that do not effectively diffuse at the interface but rather depend
on the matrix-fiber interfacial characteristics to provide sufficient adhesion. Secondly,
processing with a more recent technology, namely extrusion-based additive manufacturing,
will be used to manufacture thermoplastic-thermoplastic composites that share a melt interface.
Dual extrusion deposition of alternating polymers will be attempted to maximize interlayer
adhesion and possible inter-layer diffusion. Selection of the reinforced thermoplastic and hence
reinforcement depended on availability of such polymers and their respective thermal
transition temperatures that would permit processability. Moreover, tensile and flexural testing
are among the methods used to assess if thermoplastic reinforcement is a viable option to
replacing some current composites as a recyclable alternative.
1.2 Thermoplastic composites
Contrary to their counterpart, thermoplastics do not undergo a chemical change that befall
thermosets during composite manufacturing [6]. A thermoplastic would need to be heated
above its glass transition-/melt- temperature to enable shaping of the polymer during
manufacture. Temperatures will vary as the process used varies; for example, extrusion-based
systems tend to require more heating for easy flow as opposed to compression molding
operations. Despite the advantages that thermoplastic processing holds over thermoset
processing; be it the capability to do large scale manufacturing, shorter cycle times, more
environmentally friendly and low health hazards technologies; they tend to exhibit high
viscosities which impact the quality of the composite processing. In turn, high viscosities affect
impregnation into the reinforcement material, compaction and consolidation of the composite.
The goal with reinforcing thermoplastics is to improve its mechanical properties; in creep
resistance, stiffness, toughness, heat deflection temperature and resistance to wear. Moreover,
control of the polymer electrical properties and lower thermal expansion coefficients are also
sought when reinforcing thermoplastics [6].
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Reinforcing thermoplastics with another thermoplastic materials differ from the usual
formations as both the matrix and reinforcement are soft. The polymers paired can share the
same backbone structure or could very well be of different chemical origins. In the former,
different forms of the same polymer are combined to construct a stronger material solution.
An example is incorporating highly oriented fibers within a matrix of lower melt/flow
temperatures [6].
1.2.1 Fiber reinforcement in composites
Fibers have been used in composites for reinforcement in many applications. Inorganic
materials such as glass and ceramic fibers have been used in various volume fractions in
industry to mechanically strengthen products. Organic fibers have also been extensively paired
with polymers for reinforcement and the most important of them would be carbon fibers. Such
composites are used in high-end applications due to their exceptional strength-to-weight ratio.
In contrast, when testing carbon fibers of the same weight as its steel counterpart, they produce
higher tensile strength (i.e. carbon-fiber reinforced composites have a higher strength-toweight ratio compared with steel) [6].
1.3 Fibers and their properties
Thermoplastic fibers such as nylon and polyesters serve as a promising lightweight
reinforcement as they are about half the density of glass fibers and 18% of the density of steel
(see Figure 1-1) [7]. Moreover, polymer fibers have an advantage of flexibility at higher fiber
diameter. Polymeric fibers however have the lowest strength compared to the other materials
as seen in Figure 1-2, thus making them inadequate for applications requiring structural
support. Conversely, metal, ceramic and glass fibers all need to be significantly lower in
diameter to achieve a comparable flexibility, as shown in Figure 1-3 [8]. Processing glass and
steel fibers demand higher energies to manufacture, evident from their melting temperatures
(Figure 1-4). Therefore, using inorganic reinforcement brings about higher composite costs
since processing them would be energetically costly.
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Figure 1-1: Average densities of select organic and inorganic fibers. Produced from data in
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Figure 1-2: Average elastic modulus of select organic and inorganic fibers. Produced from
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Figure 1-4: Average melt temperature of select organic and inorganic fibers. Produced from
data in [7].
1.3.1 Woven and nonwoven fabric reinforcement
Woven fabric (also known as 2D fabric) [8] have been widely used in industry for
reinforcement in composites. In its basic form, called the plain weave, is made of two yarn
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arrays; the warp (at 0⸰) and the weft (at 90⸰) and interlaced so that the final product is
symmetrical as shown in Figure 1-5. Nonwoven (NW) reinforcement on the other hand is not
an entirely new concept. The felt is made of a randomly arranged fibers (Figure 1-6) that are
bonded either mechanically, chemically or thermally depending on the process [8]. In joint
study by Yousfani et al. [9], fiberglass nonwoven webs were used to strengthen a thermoset
resin. In contrast, tensile strength of the resultant composites was reported to increase with the
respective increase in either fiber length, fiberglass layers or fiber dispersion within the
nonwoven.

Figure 1-5: Microscopic image of a plain weave where the weft is at 0ᵒ and the warp is at 90ᵒ
with respect to the weft axis, taken by ZEISS Axiovert 200 inverted optical microscope at
Penn State.
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Figure 1-6: Microscope image of mechanically bonded nonwoven PET, taken by ZEISS
Axiovert 200 inverted microscope at Penn State. The shown imaged region was colored with
black ink to contrast the random orientation of the fibers.

1.3.2 Fiber processes
The fiber industry has an immense knowledge behind synthetic fiber production. Woven fabric
requires fiber yarn manufacturing prior to weaving operations. One of the common industrial
processes for fiber production is called melt spinning, in which polymer is melted in an
extruder, then forced through a die and drawn unidirectionally by a winding system. The drawn
extrudates are bundled together and are called multi-filaments. These filaments can be used
directly for weaving patterns and can be distinguished under a microscope as seen in Figure 15 above. Nonwoven processes have been properly documented in nonwoven manufacturing
handbooks. Key processes that stand out are those using pre-spun fibers as in dry-laying and
wet-laying. Spunbond and meltblown nonwovens on the other hand are processes that produce
nonwoven fabric out of direct melting into continuous filaments [10]. These melt processes are
similar to melt spinning, where fibers are extruded but are instead forced with air pressure
random deposition the multitude of fibers on a conveyor belt (spunbond) or a drum
(meltblown). Applications of nonwovens will change from one method to the other and the
reason behind that has mainly to do with fiber properties; especially those that concern the
softness feel of the product. Nonwovens are known to be heavily used in medical (masks,
aprons, etc.), filtration, and sanitary (pads, wipes, etc.) applications.
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1.3.3 Fiber yarn count
Yarn count is a method of representing how fine the fibers are in a yarn. There are two ways
of determining the count; direct and indirect systems. The direct system is very common and
refers to the fiber linear density, more specifically, the mass per unit length of the yarn. The
unit length itself is varied and two common definitions will be discussed. One notation, the
denier, is the mass of the fiber bundle in grams per 9000 meters. Other notations such
as ‘tex’ refer to the fiber mass in gram per 1000 meters in length of the bundle. Denier per
filament (dpf) is the denier of the yarn divided by the number of extruded fibers in the
bundle, e.g. a continuous filament which has 100 fibers in its bundle and has denier of 900 will
have 9 dpf [11]. Fiber fineness, also called titer Ti, can be used to derive the diameter d of a
fiber of known density ρf as seen in equation 1-1 [12].
1

𝑑 = (4𝑇𝑖 / 𝜌𝑓 𝜋)2

1-1 [12]

1.3.4 Fiber tenacity
This is a very important property for a fiber, one which inherently depends on the polymer
chosen. Tenacity is analogous to the polymer’s tensile strength in the bulk [12], hence it is the
force required to break the fiber. The strength of industrial fibers is not usually represented in
the same units as for regular materials (i.e. Pascals), instead a unit for specific strength is used
such as grams per denier (g/d) which is the equivalent mass force divided by the denier of the
fiber bundle tested to represent the strength of one denier of fiber. There is also the unit Newton
per tex (N/tex) that is interchangeably used in industry (1 N/tex = 11.33 g/d) [13]. High
performance fibers on the other hand can be tested with a single fiber of known diameter and
thus their strengths can be expressed in Pascal unit (N/m2). Table 1-1 below illustrates the
difference in strength between industrial and high-performance fibers [14]. Industrial fibers
are generally made from polypropylene, polyesters and other synthetic polymers without
enhanced properties. High-performance fibers are made from inherently high strength
materials such as Kevlar, steel and glass fibers or materials that are the product of a series of
post-process enhancement such as carbon fiber. Carbon fibers not only have higher modulus
and strength but also higher heat resistance and chemical resistance than industrial fibers.
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Table 1-1: Modulus and tenacity ranges based on fiber classification [14].
Fiber classification
Modulus (g/d)
Tenacity (g/d)
Textile fibers
10-30
3-7
Industrial fibers
30-100
7-11
High performance
>600
>20
fibers
1.3.5 Thermoplastic melt impregnation of fibers
As a thermoplastic matrix is heated, it transitions to its viscoelastic melt form which has the
ability to flow through porous reinforcement. Impregnation models have been developed by
many using D’Arcy’s law [15], using equation 1-2 as their basis. D’Arcy’s law can relate the
melt velocity v, to the hydrostatic pressure P of a liquid, through the thickness of the medium
z, the permeability of medium ζ and the viscosity of the resin, η.
𝑣= −

𝜁 𝑑𝑃
𝜂 𝑑𝑧

1-2 [15]

Permeability has a direct impact on the impregnation velocity. However, permeability in a
media is not constant and may change from one location to the other. Some researchers
assumed permeability as a constant [16] [17], as their analysis was done for composites of near
identical permeation periodicities. Smith and Poursartip [15] compared two models for flow in
varying media-permeabilities and concluded that the required time to attain full impregnation
1

has a stronger relationship with viscosity 𝑣 ∝ 𝜂 than permeability.
1.4 Adhesion between polymers
Adhesion arises from intermolecular/interatomic interactions at the interface. Generally, an
interface is the border created when two distinctly different phases meet. Specific interaction
forces may serve as a basis for adhesion between the matrix and reinforcement. If processing
occurs above the Tg of both polymers, at least the amorphous regions in both polymers serve
as active mobile molecules. Specific interactions such those from polarity may serve as
attractive forces that would allow strong adhesion otherwise absent in nonpolar polymers.
Adhesion in nonpolar polymers like polyolefin depend on dispersive forces only [18].
The mechanisms where adhesion is promoted between surfaces occurs either by mechanical
interlocking, chemical molecular bonding or physical thermodynamic adhesion. Mechanical
interlocking is possible through increased surface roughness hence increased surface area of
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the joined parts where adhesion is transpired as molecules of the liquid become entrapped
inside irregularly-shaped cervices resulting in load resistance. The interfacial shear strength τi
is then 𝜏𝑖 = 𝐶𝑓 σ𝜋 , where Cf is the coefficient of friction and σπ the gripping strength between
the adhered surfaces. Physical bonding on the other hand, is based on attraction forces between
polymer substrates. Dipole-dipole interactions, van-der-Waals forces and hydrogen bonding
will increase the adhesion forces at the interface and result in a strong joint [18]. The
thermodynamic adhesion aims at achieving an equilibrium through reduced interfacial
tensions. The surface tension γi of material i; is the byproduct of imbalance between forces of
1

attraction within the bulk of the material (cohesion energy F) and its surface, where 𝛾𝑖 = 2 𝛥𝐹𝑖𝑖 .
The surface tension is also equivalent to the energy per unit area at the surface. To achieve
wetting on a surface, the angle θ created between the melt/liquid and the solid surface must be
low. Wetting of a solid fiber will depend on the liquid/melt having lower surface energy than
the fiber [12]. A solid surface will tend to have a critical surface tension γc. The surface tension
of the melt/liquid has to be lower than the solid surface critical value γc to increase the area of
contact (spreading). A few solid γc values compared to water surface tension can be seen in
Table 1-2 below [19]. Water has approximately the same value for critical surface tension of
untreated glass, meaning that water should wet glass and aluminum but not polycarbonate or
polyethylene terephthalate.
Table 1-2: Some values for critical surface tension compared to water [19].
Material
γ/γc (dyne/cm or mN/m)
Water (20ºC)
73
Polycarbonate [19] [20] [21]
42, 44, 46
Polyethylene terephthalate [19]
39,43
Glass (20ºC) [21]
73
Aluminum
 500
The surface tension of the melt will depend on temperature, where higher temperature melts
tend to have lower surface tensions. The surface tension for PET was found to be between 38.7
– 33.5 mN/m for temperature range between 240-320 ºC, respectively [22].
Positive attraction forces between the wetting liquid and the solid surface correspond to a
negative free energy change ΔFSL of the interfacial interaction, where ΔFSL = γSL – γS – γL .
Where γSL is the interfacial tension between the solid and the liquid, γS is the surface tension of
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the solid and γL is the surface tension of the liquid/melt. Since the work of adhesion is the
opposing effort made to sever this attraction forces, it follows that a negative change in free
energy between the liquid and solid surfaces maximizes the energy needed for the work.
Therefore, adhesion strength is maximized when the interfacial tension γLS is minimized [23].
A low wetting contact angle will maximize the value of work of adhesion between the solid
and the liquid, WSL. Solid surface tension can be derived by testing the surface with a sessile
of liquid of known surface tension (see Figure 1-7). The angle of contact between the liquid
droplet and the solid surface can be used to derive the value of surface tension of the solid and
the work of adhesion using the Young-Dupré equation 1-3 [18].
WSL =-ΔFSL = LA (1+cos)

1-3 [18]

Where ΔFSL is the free energy change from total interactions between the solid and the wetting
liquid. γLA is the surface tension of the liquid drop with respect to the surrounding environment
(here it is assumed to be air).

LA



Figure 1-7: Surface tension of a sessile drop showing the contact angle it makes with a solid
surface, recreated from [18].
Interfacial tensions can be broken down to their respective interaction contributions such as
Van der Waal interactions (London dispersive forces) and polar interactions (Hydrogen
bonding and dipole-dipole forces) [24]. The interfacial surface tension between the liquid and
solid will be the resultant of all contributions due to the said specific interactions as
demonstrated in equation 1-4.
2

𝛾𝑆𝐿 = (√ 𝛾𝑆 𝐿𝑊 − √𝛾𝐿 𝐿𝑊 ) + 2 (√𝛾𝑆+ 𝛾𝑆− + √𝛾𝐿− 𝛾𝐿+ − √𝛾𝑆+ 𝛾𝐿− − √𝛾𝑆− 𝛾𝐿+ )

1-4 [23]
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Where γS LW γL LW is the Lifshitz-van der Waals (apolar/ dispersive) contribution to the surface
tension for the liquid and solid, respectively. γ+ is the electron acceptor and γ – the electron
donor contributions to the Lewis Acid-Base surface tension γΑΒ (the polar contribution to the
surface tension); such that 𝛾 𝛢𝛣 = 2√𝛾 + 𝛾 − [23]. The Young-Dupré equation can be expanded
to become equation 1-5 [23].
𝐿𝑊
𝐴𝐵
(1 + 𝑐𝑜𝑠𝜃)𝛾𝐿 = 𝑊𝑆𝐿
+ 𝑊𝑆𝐿
= 2 (√ 𝛾𝐿 𝐿𝑊 𝛾𝑆 𝐿𝑊 + √𝛾𝐿+ 𝛾𝑆− + √𝛾𝐿− 𝛾𝑆+ )

1-5 [23]

Adhesion can also occur from adsorption of the liquid onto the surface, from electrostatic
attraction of charges and chemical bonding at the interface. To enhance adhesion, several
methods such as chemical modification and plasma treatment of surfaces have been used in
industry. Surface active coupling agents [25] can be used to modify the interfacial bonding
between the matrix and fiber in a composite. The agents need to have two different functional
groups which are compatible with each material, respectively. Chemical bonds are formed at
either end of the coupling agent; thereby linking the matrix and fiber together and subsequently
enhancing the composite strength. In the case of polymer-polymers adhesion, grafting
techniques of aliphatic polymers such as polypropylene had been performed with maleic
anhydride for better adhesion to jute fiber. The adhesion strength becomes higher due to the
compatibilizer effectiveness in lowering interfacial tensions between the matrix and the fiber.
Mechanical properties of the composite strongly relate to the interface since the transfer of
load becomes more efficient as the adhesion becomes stronger.
1.4.1 Effect of interface properties on mechanical strength of thermoplastic composites
It may be unanticipated to many that stronger adhesion between the matrix and fiber is not
always considered as an advantage. It has been suggested [26] that there might be situations
where high interfacial strength decreases the mechanical performance of a composite. This is
argued to be due to the higher probability of simultaneous failure of the fibers under a load
when the interface is stronger than the fiber. The mechanism at which this occurs would be
through stress transfer from the matrix to the fiber until the fibers start consecutively failing at
a fast rate. As fiber failures multiply, a stress concentration on the matrix is created at a rapid
rate causing the matrix to fail at a considerably less strength.
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1.5 Polymer-polymer miscibility
Properties of a homogeneous polymer mixture should follow the rule of mixtures; where
properties of the blend are proportional to the ratios of its polymeric constituents. Factors
affecting miscibility can be seen in Table 1-3 below [27].
Table 1-3: General factors affecting miscibility of polymer blends [27].
Factor for
Implications
miscibility
Polar polymers of the same structure are more likely to be miscible
Polarity
than dissimilar structures. A divergence in polarities can invoke an
imbalance in attractive/repulsive forces and induce phase separation
Hydrogen bonding, acid-base reactions, charge transfer, ion-dipole
Specific group
and donor-acceptor adducts all have implications on miscibility. The
attraction
stronger the attraction, the better chance of homogeneity in the
mixture
A low-molecular weight polymer has higher entropy than a highmolecular weight polymer thus a better thermodynamic chance for
Molecular weight
miscibility in the former. Blends that share similar molecular weights
could drive the system towards miscibility if there is sufficient intermolecular attraction
Semi-crystalline polymers technically are a 2-phase system and
introducing another semi-crystalline polymer has a high probability
Crystallinity
of phase separation due to multiple regions drive for crystal phase
conformation
As the imbalance of forces increase and the difference in surface
tensions become significant, phase separation occurs and an interface
(boundary) separating the polymer components is created.
Consequently, low adhesion and insufficient stress-transfer across the
Interfacial tension
interface occurs due to discontinuity at the boundary. Partially
miscible polymers will have some interaction beyond the boundaries
resulting in an interphase which has molecules of both polymers and
properties proportional to both.

1.5.1 The role of miscibility in polymer- polymer interfacial properties
A simple melt mixing between two bulk polymers is generally not in favor of homogeneity
[28]. In most cases, such mergers produce parts suffering adequate mechanical properties and
they are termed immiscible blends. Miscible polymers have better interfacial properties
attributed to the presence of an interphase. The stress-transfer between phases is continuous
and efficient. Therefore, it is important to understand miscibility between two polymers in

14
order to assess the likelihood of producing a strong interfacial adhesion between thermoplastic
melt interfaces.
Any interaction that occurs between blends during the melt state is governed by their
thermodynamics of mixing through the following relationship (equation 1-6):
∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚

1-6 [28]

Where ∆𝐺𝑚 is the Gibbs energy of mixing, ∆𝐻𝑚 the enthalpy of mixing, ∆𝑆𝑚 is the entropy of
mixing and T is the temperature of the mix [28]. Miscibility is increased with increase in the
probability of configurational arrangement of the mixture molecules (i.e. as ∆𝑆𝑚 increases,
miscibility increases). Moreover, exothermic conditions favor mixing i.e. when heat is released
as the energy of the mixture is lower than the energy of the reactants (∆𝐻𝑚 < 0). These imply
𝜕2 𝐺

miscibility is favored when the change in Gibbs energy is negative (∆𝐺𝑚 < 0) and [ 𝜕𝜑𝑚
2 ]

>
𝑇,𝑃

0, where  is the fraction of the second polymer in the mix.
The composition of the surface of polymer mixtures depend on the surface free energy along
with molecular weight, tacticity and chain end groups; through which surface energies can be
controlled to a degree [29]. The individual surface energy γ values of each component of the
blend indicates which polymer is likely to emerge on the surface.
The interaction forces in a polymer blend are indicated by the interaction energies associated
with each polymer. Although high entropy increases the chances for miscibility, there are free
volume effects associated with mixing, which can override the significance of the
combinatorial entropic contributions for the polymer-polymer blend. As the temperature of the
mix is increased, the molecule of each polymer constituents will expand unevenly with respect
to the other polymer. Differences in thermal expansion arise from discrepancies in the extent
of molecular flexibility provided by their individual backbones and/or if they have impeding
pendant groups. Therefore, free volume differences in a melt-mixture may impose a negating
contribution to ΔHm and ΔSm leading to positive contribution to the free energy of mixing ΔGm
[30].
For bulk polymers, the molecular weight is very large thus the contribution to entropic term
becomes very small. Ignoring the free volume effects, enthalpic contribution to mixing become
very important. The enthalpy of mixing is related to the cohesive energy of a polymer through
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𝛥𝐸𝐴

the relationship; 𝛥𝛨𝑚 = 𝑉𝜑𝐴 𝜑𝐵 [(𝑉

𝑚,𝐴

1/2

)

𝛥𝐸𝐵

− (𝑉

𝑚,𝐵

1/2 2

)

] . Where V is the total volume, A

is the volume fraction of polymer A and B the volume fraction of polymer B. (ΔEA/Vm,A) and
(ΔEA/Vm,A) are the energy of vaporization per unit molar volume (or cohesive energy density)
of polymer components A and B, respectively [31]. Equation 1-7 relates the Gibbs free energy
of the mix to the enthalpy of mixing through Flory-Huggins interaction parameter χAB for
polymers A and B.
𝛥𝐺 𝑀 𝜑𝛢
𝜑𝐵
=
𝑙𝑛𝜑𝛢 +
𝑙𝑛𝜑𝐵 + 𝜑𝐴 𝜑𝐵 𝜒𝛢𝛣
𝑅𝑇
𝑟𝐴
𝑟𝐵

1-7 [32] [33]

To have a favorable free energy of mixing, χAB will have to be small. This becomes very
important as the molecular weight infinitely increases (M  ) and χAB has to be lower than
a critical value χcritical (|χAB|  |χcritical|) for miscibility.
For high molecular weight polymers such as the ones considered in this study, the critical
Flory-Huggins interaction parameter χcritical becomes progressively smaller since it is inversely
proportional to the degree of polymerization and molecular weight (equation 1-8). For a given
mixture, as χAB increases above the critical value (χAB > χcritical), the mix will destabilize, and
phase separation occurs [30].
𝜒𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

1 1
1 2
= [
+
]
2 √𝑟𝐴 √𝑟𝐵

1-8 [30]

Since polymers cannot be vaporized before molecular degradation, another parameter has to
be used instead. The solubility parameter, δ, can be substituted for the cohesive density term
since δ = (ΔE/V)1/2 [31]. Coleman et al. [33] offered a practical approach to calculate a polymer
melt mixture’s propensity for miscibility by neglecting the contribution to the free volume and
separating the Flory-Huggins interaction term into those having dispersive forces and another
for higher interactions. This qualitative simplification enables one to estimate a window of
miscibility between two chosen polymers. The dispersive interaction (here just χ) is calculated
by using the Hildebrand solubility parameter δA and δB (in units of (cal/K mol)0.5) of the
constituent polymers A and B (equation 1-9).
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𝜒=

𝑉𝑚,𝑟
(𝛿 − 𝛿𝐵 )2
𝑅𝑇 𝐴

1-9 [33]

Vm,r is the reference molar volume of the mixed segment, which can be taken as the square root
of the product of molar volumes Vm,A and Vm,B. For a nonpolar polymer, χcritical can be
expressed in terms of the critical difference in solubility parameter (Δδ)critical. One can measure
the solubility parameter using experimental methods such as dissolving a polymer in a solvent
of known solubility parameter. However, this only has a certain degree of confidence since the
resulting values are prone to error. Calculation of the solubility parameter may provide a more
reliable method. Group molar attraction constants (Fi) in a chemical structure have been used
for predicting the solubility parameter of polymers and they only require knowledge about the
repeat unit chemistry and the molar volume (Vm) for the calculation (see equation 1-10). The
values used are tabulated and can be used directly for the calculations. It is important to ensure
that molar volumes and group attraction constants are derived from one set of model data to
reduce error.
𝛿=

∑ 𝐹𝑖
𝑉𝑚

1-10 [34]

For high degrees of polymerization (high molecular weights), χcritical tends to zero and
consequently the critical difference in dispersive solubility parameter (Δδ)critical. Upon the
assumption that Vm,r =100 cm3/mol, rA= rB = 1000, R= 1.987 cal/K mol and T = 298 K, the
critical dispersive interaction parameter χcritical = 0.002 and the corresponding critical solubility
parameter become (Δδ)critical = 0.1. Figures 1-8 and 1-9 show the influence of varying the degree
of polymerization on the critical value for the critical Flory-Huggins interaction parameter and
the corresponding critical Hildebrand solubility parameter difference between polymers A and
B, respectively.
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Figure 1-8: χcritical for degrees of polymerization range between 10 and 1000. It is simplified
here that both polymers have identical degrees of polymerization, a reference volume of 100
cm3/mol and temperature of 298 K, the critical value for a molecular weight of 100,000 is
0.002.
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Figure 1-9: The critical Hildebrand solubility parameter difference between polymers A and
B for varying degrees of polymerization between 100 and 10,000. It is simplified here that
both polymers have identical degrees of polymerization, a reference volume of 100 cm3/mol
and temperature of 298 K.
However, for polar polymers, the Hildebrand computed solubility parameter becomes
insufficient for predicting the miscibility. Hansen [35] provided an alternative solubility factor
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that can be substituted in the expression for χAB; using the solubility parameters for dispersive
δD, polar δP and hydrogen bonding δH contributions (equation 1-11).
𝜒𝐴𝐵 =

A1,2 𝑉𝑚,𝑟 𝑉𝑚,𝑟
1
1
2
2
2
=
[(𝛿𝐴 𝐷 − 𝛿𝐵 𝐷 ) + (𝛿𝐴 𝑃 − 𝛿𝐵 𝑃 ) + (𝛿𝐴 𝐻 − 𝛿𝐵 𝐻 ) ]
𝑅𝑇
𝑅𝑇
4
4

1-11 [35]

The term A1,2 has units of MPa since the Hansen solubility parameters are expressed in MPa1/2
and is equivalent to 2.0455 times (cal/cm3)1/2. The corresponding critical values of A1,2 are
depicted in Figure 1-10 below. It can clearly be seen the effect of molecular weight on the
critical values of A1,2 where it decreases to just 0.05 for 1000 degrees of polymerization at
room temperature.
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Figure 1-10: The critical Hansen solubility factor A1,2 for the Flory-Huggins interaction
parameter of varying degrees of polymerization between 100 and 10,000. It is simplified here
that both polymers have identical degrees of polymerization, a reference volume of 100
cm3/mol and temperature of 298 K.
The surface tension of a liquid can also be expressed in terms of the solubility parameter since
its value is dependent on the cohesive energy. The relationship is empirical (γ = CVm1/3 δn),
where C is a constant and n  0.5 and no definitive values for C have been put forth [36]. The
change in the empirical constants have been attributed to the presence of low molecular weight
species within the polymer; such as plasticizers, additive, acid/metal-ion scavengers and
stabilizers. Luciani et al. [37], have experimentally fitted the interfacial tension in polymer
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blends at 150ºC to the difference in all specific solubility parameters between two mixed
polymers (ΔδD, ΔδP, ΔδH), in the form of equation 1-13.
𝛾𝛢𝛣 = 0.881[(Δδ𝐷 )2 + (Δδ𝑃 )2 + (Δδ𝐻 )2 ]0.402

1-13 [37]

Knowing the value of the interaction parameter and the degree of polymerization, one can
approximate the interfacial thickness λ at the polymer-polymer surface (equation 1-14). Where
β is the Khun segment length [32]. The interfacial thickness can be measured experimentally
with techniques such as ellipsometry. For high degrees of polymerization, λ becomes
dependent on

2
√6𝜒𝛢𝛣

.

𝜆=

2𝛽
√6𝜒𝛢𝛣

[1 +

𝑙𝑛2 1
1
( + )]
𝜒𝛢𝛣 𝑟𝐴 𝑟𝐵

1-14 [32]

1.5.2 Characterizing polymer miscibility
While the prospect of a union between two different polymers for enhanced properties seems
attractive, miscibility is considered a rarity due the broad list of possible combination of
polymers and their different chemical structures. Nevertheless, miscibility is still a widely
studied topic. Characterizing mixtures of polymers have been done using a wide variety of
methods [38], including:


Light scattering.



Small-/ Wide- angle X-ray scattering (SAXS and WAXS).



Ultrasound.



Ellipsometry.



Inverse gas chromatography.



Thermal analysis by Differential Scanning Calorimetry (DSC).



Dynamic Mechanical Thermal Analysis (DMTA).



Fourier Transform Infrared Spectroscopy (FTIR).



Solid-state Nuclear Magnetic Resonance spectroscopy (NMR).
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Of these, thermal analysis by DSC and DMA are very common for miscibility studies [39].
DSC measures the heat flow properties of a material where plots of heat flow behavior against
temperature is examined for thermal transitions exhibited by the material. The glass transition
temperature Tg values correspond first endothermic peak in heat capacity Cp versus
temperature curves, whilst the heat of the second and the steeper peak (for a semi-crystalline
polymer) relate to the melting temperature Tm. Crystallization temperature Tc is represented by
an exothermic peak upon cooling. DMA measures viscoelastic properties without melting by
means of mechanical oscillations of a solid sample. Tg is measured in multiple ways: the
temperature of the α-relaxation peak in the loss modulus E”, the peak of tan(E”/E’) (damping
factor) or temperature plot or the onset of decline in the storage modulus (E’). Scientists often
use glass transition of polymer blends as a representation of interaction between the studied
polymer components where glass transition temperature of the mixture tends to shift away
from Tg values of the constituents. The change in glass transition behavior is evidence of a
homogeneous interphase. Conversely, this effect is not observed for immiscible blends as the
Tg of each constituent remains unshifted. For a single-phase polymer, glass transition is
represented by single temperature range. On the other hand, systems with separated phases
have a more complicated transition behavior where there may be multiple transitions
representing each polymer in the blend and possibly regions that have been partially-mixed.
1.6 Welding theory in polymers
When two polymers share a molten interface, and they are miscible, then their respective
molecules exhibit Brownian motion. Under thermal excitation, polymer molecules simulate
reptile-like motion (reptation) across the interface to produce the interphase. The
intermolecular reptation across the interface is effectively called welding. The interphase
increases in strength as complete molecules reptate a distance equal to their radius of gyration
Rg. The speed at which diffusion occurs is governed by the diffusion coefficient D. Welding
in thermoplastics is very dependent on a number of factors but ultimately rely on temperature
and time [40]. The time it takes for full chain diffusion is called the reptation time (rep = Rg2 /
D) and it is the minimum time needed to reach the strength of the virgin material. Reptation
time is a rheological property for the time it takes polymer molecules to liberate from
confinement in tubes (as a visualization of its confinement within a specific spatial and
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entanglement constraint) above the glass transition [41]. The length of time an interface has
already reached a sufficient temperature to allow reptation (Tg for amorphous materials and Tm
for semi-crystalline polymers) to the time the temperature falls below Tg/Tm; can be called the
healing or welding time tw. For non-isothermal conditions, polymer diffusion coefficient
decreases as the temperature decreases thus thwarting the needed reptation motion from
occurring in a timely manner. It follows that the interface needs to reach a higher temperature
as to allow for quicker welding. Since actual processes are not often isothermal, diffusion rates
change rapidly with time as the temperatures cool from the desired welding temperature down
to equilibrium. Weld strength of a joint develops in a manner proportional to tw1/4. If the healing
time equals the reptation time, then the penetrating depth across the interface is effectively the
radius of gyration for the reptated molecule and the virgin strength is attained. For higher
interface temperatures, diffusion rates are higher and reptation times are lower; allowing full
healing to occur at lower welding times. Due to the low thermal diffusivity of polymers, the
rate at which the interfaces are heated could influence welding. As the power used to heat the
interface is higher, the faster the interface will be brought to the upper temperature constraint
of the polymer (i.e. reaching degradation values) thereby directly affecting strength. However,
this may be avoided depending on the method of heating at the interface. Based on a specific
study by Ezekoye et al. [40], doped end-sections of polyethylene pipes were heated via radio
waves for welding. Thermal diffusivity effect had become very significant since the heat had
become intensely localized at the doped section. In contrast, higher power supply for heating
resulted in a swift approach to the interface upper temperature limit but with less thermal
diffusivity to the material’s bulk. Ultimately, bringing the polymer interface rapidly to high
temperatures lowers the healing time as temperature of the interface cannot be maintained long
enough to allow for full diffusion. On the other hand, if conventional heating is used in joining
two neat polymers, then the heater temperature is of most significance. For a particular
temperature, as heating time is increased, the interface will be brought to heater temperature
and start to diffuse that heat to the bulk. During welding of the end-joints, the interfaces are
thus sustained for longer times by the heat supplied since it is no longer localized. Therefore,
the weld can reach bulk-polymer strength as complete diffusion can occur for longer healing
times. The effect of heating time on subsequent healing efficiency can be seen for polyethylene
in Figure 1-11. Since the heater power is constant, then the longer the heat source is applied,
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the longer the interface can be maintained at the necessary welding temperature without risk
of rapid degradation as in the former case. As the heating time increases, the interfaces are
sustained at temperatures needed for diffusion. When the effective welding time is longer or
equal to the reptation time (tw  τrep), full healing is attained. It should be noted that pressure
applied between the welded polymers often becomes a necessity to overcome the contact
resistance (caused by surface roughness which in turn could hinder perfect contact) of the
interfaces.
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Figure 1-11: Effect of increased heating time and consequently interface temperature has on
welding efficiency in polyethylene for the same heating power (20 MW/m3), higher
efficiency is dependent on the welding time gravitating towards the reptation time (middle
and last bar; arranged from left to right, respectively), reimagined from data in [40].

1.7 Mechanics of laminated structures
Laminated structures are a collection of laminae (panels) which are stacked and consolidated
to form a single-structure element [42]. Reinforcement in composites is often in continuous
form, mainly woven material where one can engineer the directionality of stress loading within
the final structure. Derivate of continuous reinforcement include woven, braided and
nonwoven fibers. On the other hand, short fibers, particulates, spheres are also selected as
reinforcement for several reasons including cost, toughness and ease of fabrication.
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The matrix in a composite system is responsible for the stress transfer to the fibers. For
continuous symmetrical fiber reinforcement, stress analysis is allowed due to the reduced
number of loading possibilities. However, this is not the case for asymmetrical reinforcement
such the case of nonwoven reinforcement. Despite this obstacle, the intended application for
selecting nonwoven reinforcement (non-structural applications) forgives the oversight in stress
analysis. Nevertheless, one can consider the failure mechanisms possible in fiber reinforcement
in fiber-reinforced composites by examining the macroscopic failure modes for continuous
reinforcement; they are as follows and illustrated in Figure 1-12:
-

Fiber-matrix de-bonding

-

Fiber bridging

-

Fiber pullout

-

Fiber fracture

Figure 1-12: Failure mechanisms in fiber reinforced composites, reconstructed from [42].

Failure modes would not necessarily occur simultaneously nor in sequence. Depending on the
reinforcement, one mode may be likely to dominate the others. Crack development in the
matrix manifest from internal laminate structure and is linked to fiber orientation, ply thickness
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and stacking sequence. Debonding of the fiber from the matrix is a result of poor interfacial
strength. When an advancing stress migrates towards the matrix-fiber interface, weak
interfaces fail before the fiber fractures and no longer becomes attached to the matrix. The
shear stress associated with a crack propagation is considered higher than the inter-laminar
shear strength at the matrix-fiber interface.
Fiber bridging is the result of debonding or low matrix strength. The fibers will act as a
connection between the fractured matrix sections. This will affect the strength and toughness
of the composite via further debonding at the fiber-matrix interface; leading to properties
dependent on the fiber properties. Fiber pullout is an advanced stage to bridging and
debonding, one which occurs after failure of the fibers. The elastic recoil of fibers (relaxation
in strain) induces a contraction in the axial direction while expanding in the radial direction.
As the crack opens further, the fibers overcome the friction forces between the fiber-matrix
interface and thus become extracted [42].
The fiber can also fracture during load transfer from the matrix to the fiber [12]. As the load
transfer becomes larger than the fiber strength, the fiber begins to break along the direction of
stress. The fiber can also break at multiple points as long as its length is above a critical length
lc. If the fiber length is shorter than the critical length, stress transfer from the matrix to the
fiber ceases and the matrix bears the brunt of the load. The critical fiber length can be derived
by equating the maximum inter-laminar shearing stress and the maximum tensile stress of the
fiber; rearranging would yield equation 1-15.
𝑙𝑐 =

𝜎𝑓 ∙ 𝑑
2𝜏𝑖

1-15 [12]

Where d is the fiber diameter, σf is the maximum stress the fiber can support and τi is the interlaminar shear strength.
1.7.1 Methods to indicate fiber interfacial properties
Short fiber reinforcement is affected by interfacial properties more than longer fibers due to
the small fiber/matrix surface area [43]. This in turn produce localized stress transfers that
become independent from one strand to the other; hence the limitation of these composites to
non-structural applications.
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Nonetheless, here some methods used to determine the interfacial strength are explored.
Ultimately, values of force and observation of failure mechanism in these tests can correlate
directly to the interfacial bonding strength and expected failure mechanism in the composite
respectively. Table 1-4 below shows the methods in which interfacial properties are measured.
Table 1-4: Methods to determine mechanical interfacial properties [12] [44].
Method
Fiber pullout
Micro-tension
MicroFragmentation
(micro-bonding)
indentation
A single fiber is A single fiber
Uses small
Single fiber is
embedded in a
bonded with a
indentation to
embedded in a
solid block of
drop of resin on a debond a single
tensile specimen for
matrix material surface
rigid fiber
mechanical testing.
embedded in a
The specimen is
large crosssubjected to a
section of the
standardized
The fiber is pulled with increments matrix.
loading procedure.
of force P of a given rate
As the
The fiber starts to
The
force
is
plotted
against
Procedure
indentation force break sequentially
embedded length, l, to estimate
is increased, the
at different sites
interfacial shear strength i;
interface
until a critical fiber
𝑃
eventually
length is observed.
= 𝜏𝑖
2𝜋 𝑟 𝑙𝑐
debonds form the Interfacial shear
Where r is the fiber radius
matrix and the
strength is
interfacial
determined as per
strength is
equation 1-13
determined
above
Transverse tensile testing of unidirectional fibers in a composite can indicate the interfacial
strength, where the value of the interfacial normal strength is very close to interfacial shear
strength [26]. As the load reaches one of the critical stresses of either the interface strength,
fiber strength or the matrix strength, the composite will begin to fail. One can subsequently
examine the failure surface for identifying the mode of failure. In case the failure is due to poor
interfacial debonding, then the interfacial strength is approximately the critical normal stress
of the transverse tensile test. The values of the stresses are not considered to completely
represent the strength of the matrix-fiber bonding but rather a qualitative one. A study of tensile
strain rate and temperature conditions effects on carbon fiber reinforced composites has given
insight into their effect on the failure mechanism of the composite. At high strain rates or lower
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temperatures, composites favor failure at the interface while low strain rates and higher
temperatures favor matrix-dominant failure.
1.7.2 Estimating strength of the composite structure
For unidirectional reinforcement, it is easy to calculate the strength in the composite by
following relation 1-16 for loading parallel to the fiber direction, so long as the interface is
uncompromised. The accompanying elastic modulus of the composite is also determined by
the rule of mixtures as can be seen in equation 1-17.

𝜎𝑐 = 𝜐𝑓 × 𝜎𝑓 + 𝜐𝑚 × 𝜎𝑚

1-16 [8]

𝐸𝑐 = 𝜐𝑓 × 𝐸𝑓 + 𝜐𝑚 × 𝐸𝑚

1-17 [45]

Where σc, σf and σm are the stress in the composite, fiber and matrix respectively. υf and υm are
the fiber and matrix volume fractions respectively [8]. Ec, Ef, and Em are the elastic moduli for
the composite, the fiber and the matrix, respectively.
Concerning loading perpendicular to the fiber direction, the stresses are equal throughout the
composite (σc = σf = σm), assuming again that the interface is perfect and transfer of stresses in
and out of the fiber are identical. The elastic modulus of the composite now becomes the
relation in equation 1-18.

1/𝐸𝑐 = 𝜐/𝐸𝑓 + 𝜐𝑚 /𝐸𝑚

1-18 [45]

Flexural testing has been used to quantify the maximum traverse shear strength of the fibermatrix interface using 3-point bending, and the maximum shear strength τmax corresponds to
the maximum load Pmax applied; 𝜏𝑚𝑎𝑥 = 3𝑃𝑚𝑎𝑥 /4𝑏ℎ. Where b and h are the width and
thickness of the flexural specimen, respectively [44].
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Chapter 2
Polyethylene Terephthalate Fiber Reinforcement of Miscible and
Immiscible Matrices
2.1 Introduction
Polyesters have one of the biggest markets in the plastic industry, including the bottle and fiber
industries. The polyester packaging industry alone had passed 57.78 billion USD worth since
2016 [46]. The most used polyester fibers are poly(ethylene terephthalate) (PET) and
poly(ethylene naphthalate) (PEN) [47]. Feedstock production for the fiber industry witnessed
a dramatic increase from 20 million metric tons in 2002 to 39 million tons in 2008. It then
comes as no surprise as to why PET should be taken advantage of for new applications as the
demand is getting stronger in industry.
Miscibility is considered important for polymer blends because of their single-phase
morphology that would homogenize load transfer within the new polymer and retain its
mechanical properties to a degree. Moreover, it limits the migration of the added polymer
molecules towards the surface. Although a homogeneous mixture is usually preferable,
sometimes immiscible blends tend to provide a desired effect such as added toughness. This
was observed in PLA and polycaprolactone (PCL) systems where a specific property (here
ductility) was integrated into rigid and brittle PLA. This was possible because PLA has a Tg
around 60 ºC thus considered glassy at room temperature, while PCL has a Tg near -60 ºC
effectively being in its rubbery state at room temperature. The resulting blend provides the
needed ductility for the application (here for films). On the other hand, PCL introduces a
second phase morphology within PLA that leads to inhomogeneous load transfer between the
blended systems. Therefore, the performance of the alloyed composition is lower in many of
its mechanical properties such as impact strength, hardness, flexural strength and tensile
strength. Degradation in performance becomes more pronounced as the PCL content increases
[48].
In this part of the project, a few miscible and immiscible polymers will be used as matrices
with a common reinforcing fiber made from PET. The resins are transparent low melt polyester
(glycol modified PET or PETG) as the miscible matrix choice, polycarbonate as partially
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miscible to immiscible polymer and polylactide as the immiscible matrix. The PETG matrix is
expected to verify that indeed a nonwoven polymer can be used as reinforcement to achieve
improvement in mechanical properties. On the other hand, immiscible PLA is expected to
underperform when it is reinforced with PET.
2.1.1 Structures of PLA, PC, PET and PETG
As polyesters, PLA, PET and PETG have at least one ester functional group within their repeat
units [49]. Polycarbonate has a carbonate group and two methyl side-groups in its backbone.
Owing to the large repeat unit structure, PC and PETG morphology has an inherent disordered
nature and the inability to crystalize. The separation of molecular chains within the
morphology of the material is large enough for the wavelength of visible light. Therefore, PC
and PETG are transparent materials. PET chains, however, can crystallize under normal
conditions (relatively slow cooling); producing an opaque white material. The PLA repeat unit,
unlike the other polymers mentioned, does not have aromatic benzene rings within its structure
but simply consists of an ester functional group and a methyl side group in an aliphatic
backbone. The structural repeat unit of the selected polyesters can be seen in Table 2-1 below.
Table 2-1: Chemical repeat unit for PC, PET and PLA [49].
Material
Repeat unit
PET

PETG

PC

PLA
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Mechanical properties reported for melt-mixed polycarbonate and polyethylene terephthalate
can be seen in Table 2-2 below provided by Osswald et al. [50]. The as-mixed PC-PET
properties should carry the partially-miscible consequence on the blend interfacial
performance since lower or unimproved mechanical properties than both PC and PET are
yielded.
Table 2-2: Some mechanical properties of neat PLA, PC, PET and melt-mixed PC-PET blend
[50] [51].
Property
PC
PET
PC-PET Blend PLA
Density (g/cm3)
1.2
1.33-1.35
1.22
1.25
Elastic modulus (MPa) 2300-2400 2100-2400
2100-2300
3600
Yield strength (MPa)
55-65
55
50-55
70
Yield strain (%)
6-7
4
5
Break strain (%)
~ 100
~ 100
~ 100
7
2.2 Recycling prediction of the prospective polymer-polymer composites via miscibility
prediction
The solubility parameters of the studied materials are shown in Table 2-3 below, taken from
Hansen [35], and assumed to be measured at room temperature. It should be made clear that
solubility parameters are very temperature dependent. Therefore, the Flory-Huggins
interaction parameters will vary with temperature. In contrast, miscibility should be calculated
based on values of δ near the processing temperature. However, it is very difficult to obtain
such values and the values at room temperatures are semi-quantitatively used instead.
Table 2-3: Miscibility prediction via calculations of the solubility parameter as calculated
based on Hansen A1,2 factor [33] [34] [35].
Material
PET
PETG

M
(g/mol)

Vm
(cm3/mol)

192.1
192 to
250.1

131
131 to
185.6

Reference
volume with
PET Vm,r
(cm3/mol)
131
131 to 156

Hansen Solubility
Parameters MPa1/2
[35] [52]
δD
δP
δH
18.2
6.4
6.6
Assumed equal to
PET

Hansen
interaction
solubility
factor A1,2
0
0

PC

242.2

205.9

164.23

18.2

5.9

6.9

0.085

PLA

72

53.3

97.12

18.6

9.9

6

3.3125

Miscibility
Prediction
Miscible
Miscible
Miscible for r <
400 and
Partially
miscible for
r > 400
Immiscible for
all ranges

30
Since all the polymers considered in this thesis have a polar contribution from the ester or
carbonate groups [53], some degree of intermolecular attraction is expected. In the case of
PETG, no molecular data was available thus the molar volumes, molar mass and solubility
parameters could not be determined. Nonetheless, PETG inherently has the same structure as
PET so its miscibility is somewhat guaranteed. For polycarbonate, the value for Hansen
solubility factor A1,2 is low (0.085 MPa) but it will limit the molecular weights that can be
miscible with PET. In contrast, if the degree of polymerization is approximately rA = rB > 400,
then the two materials are immiscible, while lower molecular weights would be miscible.
However, it should be considered that the molecular weights of polymers follow a distribution
and the degrees of polymerization will vary from low to high depending on the grade of the
polymer in question. For example, Lexan 101 has a number average molecular weight Mn
=11,600 g/mol and a weight average molecular weight Mw =30,500 g/mol [54]. Based on Mn
values, the degree of polymerization rPC=Mn/MPC = 48, while based on Mw, a value of rPC=147.
At first glance, these are within the miscibility window for the PC-PET blend but if the heavier
portion of the distribution is considered (Mz, Mz+2, …), which may exceed the molecular weight
for miscibility, then a portion of the polycarbonate molecules will not homogenize with PET.
Therefore, at best, it can be said that polycarbonate is partially-miscible with PET. PLA on the
other hand, has a value of A1,2= 3.3 MPa, signifying an immiscibility with PET over all possible
molecular weights.
Realistically, the solubility parameters of the melts will be very different from the ones taken
at room temperature. However, unlike solvents, polymers cannot evaporate to measure the
energy of vaporization (δ = (ΔE/V)1/2). As a result, the actual values for solubility parameters
are unattainable. Therefore, the above estimation over-predicts the actual molecular weight
limits for complete miscibility. Kim et al. [55] studied the miscibility of PC of Mw = 30,000
g/mol and Mn= 12,000 g/mol with PET of different molecular weight values using dynamic
mechanical analysis, differential scanning calorimetry and transmission electron microscopy.
It was found that the Flory-Huggins interaction parameter had a range of 0.0548<χ<0.0719 for
the studied range of materials. Moreover, the study revealed that complete miscibility for the
chosen polycarbonate is only possible at molecular weights lower than 2800 g/mol (rPET = 15)of
PET. Additionally, complete immiscibility and phase separation begins at 4130 g/mol (rPET =
22)of PET. Therefore, it is important to select polymers in accordance with the allowable
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maximum molecular weights in order to have a recyclable composite. However, a typical
commercial molecular weight of PET is ~ 10 orders of magnitudes larger than the maximum
allowable molecular weight of PET for complete miscibility in this case study.
The miscibility predictions give an insight on the recyclability of polymer-polymer
composites. Recycling of as self-reinforced composites such as PET-fibers in PETG-matrix
will be unchallenging as opposed to an immiscible composite pairing. Prior recycling attempts
between PET and either PLA or PC will be further discussed in section 2.3.
2.2.1 Surface wetting of the prospective polymer-polymer composites
Wetting is the term used when a liquid/melt achieves sufficient spreading on a solid surface
and is quantified by measuring the angle θ = θ (τ) the liquid makes with the surface. It is
important to note that the angle has temporal dependency; meaning that the full extent of
wetting is not instantaneous at ambient conditions. The rate of change in contact angle from
the initial apparent contact angle θ to the final wetting angle θ becomes faster as the molecular
weight of the liquid is decreased. Therefore, an increase in viscosity of the liquid delay the
wetting motion [56]. Additionally, the temperature of the polymer melt will also determine the
wetting behavior on a solid surface. Increasing temperature will linearly decrease the surface
tension of the melt; and depending on the response of the solid surface to that heat, the contact
angle will also change accordingly. Figure 2-1 below illustrates the change in contact angle
and surface tension with temperature for polystyrene (Mn= 33,340 g/mol and PDI < 1.06) on
soda-lime glass surfaces under vacuum. Similar trends were observed for lower molecular
weights since their molecular weight all are below the entanglement molecular weight M c. In
fact, the spreading rate of a polymer melt on a solid surface will be dependent on chain
entanglement; where

𝑑𝐴
𝑑𝑡

∝

1
1.5
𝑀𝑤

for Mw < Mc, and

𝑑𝐴
𝑑𝑡

∝

1
3.4
𝑀𝑤

for Mw > Mc [57].
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Figure 2-1: Relationship between the total surface tension γtotal of polystyrene melts of Mn=
33,340 mN/m and PDI < 1.06, and their corresponding wetting angle on soda lime glass.
Plotted from data in [57].

From Chapter 1, it was established that lower interfacial tensions would determine wettability
and adhesion strength. The relationship 𝛾𝛢𝛣 = 0.881[(Δδ𝐷 )2 + (Δδ𝑃 )2 + (Δδ𝐻 )2 ]0.402 , has
been found by Luciani et al. [37] to have good agreement with experimental interfacial tensions
of 46 polymer blends at 150ºC. If this empirical relationship is used with the values in Table
2-2, it yields (γPET-PETG ~ 0), (γPET-PC ~ 0.6 mJ/m2) and (γPET-PLA ~ 2.5 mJ/m2). However, the
interfacial values would only represent molten polymers and PET has a higher melting
temperature of ~ 250ºC. Therefore, the values for the interfacial tensions may be compromised.
Despite this limitation, a general statement can be surmised. In contrast, polymers that are
miscible will tend to have lower interfacial tensions asymptotic to zero. The implications of
low interfacial tensions have been discussed in Chapter 1, where they yield better wetting and
higher adhesive strength. On the other hand, partially miscible to immiscible polymers will
have higher interfacial tensions implicating lower adhesive strengths. In consequence, the
expected composite performance may be limited since the cohesive energy within the matrix
is stronger than the affinity between the fiber-matrix interfaces.
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2.3 Reinforcement with polyesters fibers
2.3.1 PET fiber properties
Mechanical properties of PET fiber could potentially be tailored to suit a particular application.
This is done by increasing the orientation of the molecules of the material uniaxially via forceextending the fiber during processing. The higher oriented the fiber, the higher strength it has
and vice versa, lower orientation tends to yield weaker fibers. However, increasing the strength
of the fiber comes at the cost of extensibility. There is a relationship between the orientation
of the fiber and the strain at which it breaks. A way of understanding this is by imagining the
polymer molecular entanglements stretching with increased orientation; and as they align in
the orientation direction, they become stronger but in the same time, they will reach a
maximum threshold where no further stretching is possible and fail at the highest stress.
Polyester fiber production is based on several manufacturing techniques as listed below:


High tenacity fiber made from continuous filaments.



High tenacity fiber made from staple process (staple fiber process produces an
entangled single thread of fiber made from a collective of short fibers).



Regular tenacity fiber made from continuous filament.



Regular tenacity fiber made from staple.



Fiber made from partially oriented yarn (POY).

To benchmark these manufacturing methods, Table 2-4 shows how each fiber stacks to one
another [47].
Table 2-4: Fiber type and corresponding mechanical properties [47].
Fiber type

Strength

High tenacity continuous filament
Highest
High tenacity staple fiber
Medium-High
Regular tenacity continuous filaments
Medium
Regular tenacity staple fiber
Partially oriented yarn
Lowest

Elongation
Lowest
Medium
Low
High
Highest

PET fibers also depend on the grade used; where a higher density grades have longer chains
that can be more oriented than their lower density counterparts. The effects of higher
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orientation can be seen in Figure 2-2, where a mere 0.025 g/cm3 extra in density allows a higher
degree of orientation during processing consequently leading to a 24% increased modulus from
13.7 GPa to 17 GPa [58]. The increase in modulus/strength is attributed to several straininduced morphological changes. During processing with high strain rates, the molecular
structure of PET not only crystallizes due to cooling but also exhibits a strain-induced
crystallinity. The latter acts through extension of the amorphous phase to orient it in the
direction of the uniaxial strain. As the amorphous phase becomes more oriented, it will enter a
state of neculation and growth of micro-crystalline domains. Depending on the conditions, the
crystalline domains could also exhibit fragmintation of the lammelar structure; which is
induced by strain-hardeneing [59].
Mecahanical elongation of highly oriented fibers is always lower than partially oriented yarns.
Thus, it should not be surprizing that annealing thermoplastic yarns will cause disorientation
of the amorphous molecules via thermal relaxations. After annealing, they become orientable
once more hence can have more elongation under a load. It follows that an unannealed highly
oriented yarn would have higher modulus than annealed yarns spun from the same conditions;
this can be seen in Figure 2-3 for the same oriented yarn where it was annealed for 15 minutes
at 150ºC and 200ºC [58].
Molecular contributions to processing will affect orientation of high molecular weight PET. If
viscosity of the resin becomes high enough as not to allow fast elongational flow, then the
degree of drawability is hindered during the melt state. Conversely, orientability of the fibers
are opposed by faster molecular relaxation times found in low viscosity resins. Therefore, a
balance in molecular weight of PET grades needs to be achieved. An ‘as-spun’ PET grade with
intrinic viscosity of 0.9 dl/g will have a lower modulus than one with 0.8 dl/g due to the latter
allowing faster elongational flow in the melt state. However, one can also use a cold-drawing
method where fiber orientation is performed below the melting temperature. Relaxations times
are thus effectively high enough to retain the orientation after the process [60]. Therefore, for
post-drawn fibers, a higher density or higher molecular weight grade of PET will yield higher
orientation and strength.
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Figure 2-2: Effect of higher density and higher orientation of PET fibers on strength, the
higher density grade breaks after 9% strain while the lower density grade has more
elongation (not shown). Based on tensile measurements of 185 PET filaments of diameter
~23.5μm [58].
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Figure 2-3: Effect of high temperature annealing on tensile modulus of highly oriented; highdensity PET fibers. Annealing was done for 15 min and the modulus was calculated at strain
values between 0.05 - 0.25 %. The reduction in modulus is attributed to the disorder of the
amorphous domain during annealing. Based on tensile measurements of 185 PET filaments
of diameter ~23.5μm. Taken from values in [58].

Andrzejewski et al. [61] had self-reinforced PET fibers by comingling them with low-meltPET (LPET). The processing was performed by hot compaction at different temperatures. It
was found that the mechanical properties of the self-reinforced composite exceeded the LPET
in tensile modulus, strength and strain regardless of orientation of the PET fibers with respect
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to loading. Increasing compaction temperatures from 160ºC to 200ºC resulted in increase of
all said properties when the testing direction was parallel to the fiber direction. However,
testing perpendicular to the fiber showed a peak increase in mechanical performance at 180ºC
and a decline when processed at 200ºC. The benchmark in tensile mechanical performance can
be seen in Figures 2-4 to 2-6. By evaluating the difference in mechanical performance,
processing at higher temperatures gives evidence to higher interfacial strength between the
matrix and fiber. For transverse testing at 200ºC, it is possible that the interface had become
much stronger than the matrix (LPET) strength, leading to matrix dominant failure. In turn,
excessive interfacial strength can explain why strength had improved parallel but not
perpendicular to the fiber direction when processing at 200ºC.
9
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Fiber arranged parallel to load

Fiber arranged perpendicular to load

Figure 2-4: Young’s modulus of low-melt polyester (LPET) against self-reinforced
composites where both PET-fiber arrangements parallel and perpendicular to the fiber
orientation were tested, processing temperatures in degrees Celsius are in parenthesis.
Graphed from data in [61].
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Figure 2-5: Tensile yield strength of low-melt polyester (LPET) against self-reinforced
composites where both PET-fiber arrangements parallel and perpendicular to the fiber
orientation were tested, processing temperatures in degrees Celsius are in parenthesis.
Graphed from data in [61].
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Figure 2-6: Tensile strain at break of low-melt polyester (LPET) against self-reinforced
composites where both PET-fiber arrangements parallel and perpendicular to the fiber
orientation were tested, processing temperatures in degrees Celsius are in parenthesis.
Graphed from data in [61].

2.4 Recycling of polyester blends
Polyethylene terephthalate fibers have been recently used as reinforcement in an effort to
recycle poly(ethylene glycol-co-1,4-cyclohexanedimethanol terephthalate) (PETG). The
composite was necessary solution due to several challenges in PETG recycling such as
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hydrolysis during processing where degradation effects cause reduced molecular mass of
PETG. Moreover, mechanical properties would follow in decline at the onset of degradation.
Unlike PET, PETG cannot crystallize thus difficult to process into fibers since its molecular
structure does not respond well to uniaxial orientation. Franciszczak et al. [58] resorted to
compounding PETG foils with PET fibers and using the resulting pellets for injection molding.
PETG was used alongside a styrene-acrylic copolymer chain extender (Joncryl ADR-4368S)
to stabilize the polymer’s molecular weight so it could withstand reprocessing as its viscosity
tends to sharply decline in high temperatures otherwise. While a virgin PETG material can
outperform the recycled (PETG-Chain extender) and (PETG-Chain extender-PET fiber)
composite in tensile and flexural properties, the latter of these three outperforms them in impact
properties. Indeed, reinforcing PETG recyclates with 30 wt.% of PET fibers represents an
improvement in impact strength that rivals glass-filled polypropylene (GF ~ 30-40 wt.%).
In a study by Tang et. al. [62], reactive extrusion of 70 wt.% recycled PET and 30 wt.%
polycarbonate was performed with varying concentrations of a chain extender; namely
methylene diphenyl diisocyanate (MDI) (Figure 2-7 below).

Figure 2-7: Chemical structure of methylene diphenyl diisocyanate (MDI) [62].
The purpose of the experiments was to compensate for the low impact strength in PET. In order
to have unbiased results, no transesterification catalyst had been added since it would influence
miscibility between PC and PET; promoting higher chemical interaction. Nonetheless, it was
conceded that residual amounts of transesterification effect from the original catalyst residue
may be present after PET manufacturing, which cannot be controlled. MDI is an industrially
available chain extender which is used in manufacturing polyamide, polyurethane and
polyurea. The weight percentage of MDI used in the extrusion was from 0.1 to 1.1 wt.%. The
results produced in this study strongly suggests practicality in recycling PET with PC using
this method; where mechanical properties have shown improvement of PET overall
performance. In contrast, notched impact strength of the blend had shown a remarkable ~ 45%
improvement to that of PET. FTIR and DMA were used to characterize co-polymerization of
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PET-PC interphases. It was observed that glass transition (Tg) peaks broaden with the addition
of chain extenders. Moreover, increased MDI content decreased the crystallinity of PET. It
should be noted that increased MDI percentage will increase the intrinsic viscosity of PET and
consequently lower its melt flow. For the studied MDI content, viscosity relationship with MDI
content is linear as illustrated in Figure 2-8. However, melt flow rate imitates an exponential
decay with addition of MDI as shown in Figure 2-9. The effects on viscosity and melt flow are
important to realize that limited amount of chain extenders can be used with the blend as more
crosslinking renders processing the polymer difficult.
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Figure 2-8: Intrinsic viscosity of reactively extruded polycarbonate and poly(ethylene
terephthalate), showing effects of increased chain extender (MDI) concentration,
reconstructed from data in [62].
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Figure 2-9: Melt flow rate of reactively-extruded polycarbonate and poly(ethylene
terephthalate), showing effects of increased chain extender (MDI) concentration,
reconstructed from data in [62].
McLauchlin and Ghita [63], discussed the difficulty of separation of PLA from PET in
recycling packaging goods and proceeded to study the melt-blending of these two materials.
In contrast, when comparing the different solubility parameters components (dispersive, polar,
hydrogen bonding) for both PET and PLA, the difference in each of these components was Δδ
 1. The authors only calculated the total Hansen solubility parameter which mislead them to
believe there is a possibility of a homogeneous blend since the Hansen solubility parameter for
PLA and PET were close (Δδtotal = 0.9). Consequently, as PLA is introduced to PET by even
as little as 5 wt.%, their blend tensile modulus and strength start to deteriorate. Moreover,
impact properties were affected by yet a lower concentration of PLA (0.5 wt.%) and behaved
in a more brittle fashion. Morphology under SEM clearly showed a two-phase structure of the
PLA-PET blends.
2.5 Material selection
2.5.1 Selected PET reinforcement
When selecting a poly(ethylene terephthalate) fabric, 2 options were chosen. First, a
commercial 200 gsm nonwoven felt reprocessed from recycled bottles using one of the
nonwoven laying methods. This serves as the bench mark of this study for matrix resin
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impregnation and mechanical properties. Second, a 45 gsm woven polyester textile
reinforcement was chosen. Nonwoven PET samples will be termed as NW-PET in this thesis
and the woven counterpart as W-PET.
The method of calculating the weight of the reinforcement is as follows (equation 2-1):
𝐹𝑎𝑏𝑟𝑖𝑐 𝑜𝑟 𝐹𝑒𝑙𝑡 𝑔𝑠𝑚 =

𝑛𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

2-1

2.5.2 Amorphous poly(ethylene terephthalate) matrix resin
This was a 3D printing amorphous grade of density of 1.34 g/cm3 made by Innofil 3D. The
polymer was 3D printed itself into a 5 mm by 10 mm by 10 mm rectangular prism prior to
processing in compression with PET fiber. Glass transition and 3D printing processing
temperatures can be seen in Table 2-6 below.
2.5.3 Polylactide matrix resin
Semi-crystalline PLA grade that was also made in 3D printing filament form was used. It was
also first processed by 3D printing into a 5 mm by 10 mm by 10 mm rectangular prism to
ensure resin flow to be as symmetric and equal in all directions during compression molding.
Datasheet for the product was unavailable for specific information regarding density and
thermal properties but information from the literature can be seen in Table 2-6.
2.5.4 Polycarbonate matrix resin
Four polycarbonate grades of different viscosities were chosen in pellet form. Lower viscosity
of the resin is indicated through its melt flow rate (MFR) or melt volume rate (MVR). Table 25 below lists the grades used for the experiments. Polycarbonate has a density of 1.2 g/cc
consistent for all grades as stated in their respective product datasheets.
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Table 2-5: Polycarbonate resin grades used in the experiments and the corresponding melt
flow information.
PC grade
MFR at 300°C/1.2 kg MVR at 300°C/1.2
Manufacturer
3
(g/10 min)
kg (cm /10 min)
Lexan 101-111
7 (ASTM D1238)
6 (ISO 1133)
SABIC
PC 1500
15 (ASTM D1238)
14 (ISO 1133)
SABIC
PC 2200
20 (ASTM D1238)
21 (ISO 1133)
SABIC
Makrolon GP
37 (ISO 1133)
34 (ISO 1133)
Covestro-Bayer
High melt flow resin has faster relaxation times than low melt resin, which can boost
impregnation velocity for advanced processes. The viscosity profile of two of the grades
selected; Lexan 101 and Makrolon melts at 280ºC can be seen in Figure 2-10 below. Should
the corresponding molecular weights be of any significance, Lexan, having lower MFR
indicates higher molecular weights. If all the polycarbonates have the same structure, then it
follows that the rest of the resins will have lower molecular weights corresponding to the
descending order in Table 2-5. Miscibility may vary with each grade and possibly the
interfacial adhesion to PET. However, all commercial resins have relatively high Mn values,
and the range of difference between each grade may be insufficient to induce a significant
change in interfacial tensions [64].
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Figure 2-10: Viscosity-angular velocity profile for Lexan 101 and Makrolon at 280 ºC, axes
are in log scale. reconstructed from data in [65].
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Table 2-6: Density and select thermal properties of the polymers used and their usual
processing temperatures [51] [66] [67].
Density
Typical extrusion or injection
Resin
Tg (˚C)
Tm (˚C)
3
(g/cm )
molding processing temperature (˚C)
PET

1.35

69 -75

245 - 250

250-285

PETG

1.34

62

N/A

210-230

PC

1.19

145-149

N/A

290-330

PLA

1.21-1.25

45-60

150-162

200-220

2.6 Experimental methods
2.6.1 Processing of poly(ethylene terephthalate)-fiber reinforced composites
PC, PET and PETG are permeable to water vapor and have relatively large free volumes
compared to other polymers [25]. As a result, they will be hygroscopic and hold moisture from
humid air. If these three polymers were stored in ambient humid conditions and subsequently
melt-processed, the water vapor trapped in the microstructure will expand and force its way
out from the processed melt. Consequently, the processed part will be left containing voids (air
bubbles). The bubbles will have a detrimental effects on part properties and performance.
Therefore, drying the pellets before processing is crucial. PC had been dried in a vented oven
at 80 ⸰C for at least 48 hours prior to processing and PETG was kept dry in a desiccator after
opening it from the filament packaging. PLA is not known nor observed to hold significant
moisture when exposed to humid air. PET reinforcement on the other hand could not be dried
at high temperatures since annealing affects orientation, thus, drying them had been done in a
vented oven at 50ºC (below the glass transition temperature).
2.6.1.1 Compression molding using hot press
Compression molding uses pressure to conform the plastic melt into shape using a mold [8].
There are two heated platens in a standard molding press where one is stationary while the
other moves to apply pressure on the system. The platens are heated to the desired temperature
to melt the thermoplastic. Once the material is molded, it can be either removed for cooling or
cooled within the same machine then ejected so the cycle can start once more.
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During molding of the matrix laminae, it was noticed that defects would emanate depending
on the resin conglomerate arrangement inside the mold prior to molding. That is, firstly, there
has to be enough resin for molding, otherwise either a short shot (incomplete filling) or air
entrapment become imminent. Proper weight of resin depending on the density and mold
volume is not enough thus an added resin quantity will ensure flow conformation from the
center to the mold edges. Secondly, the flow of polymer has to be as centered as possible.
Centering the resin will ensure melt direction is from the center towards the edges and
effectively displaces air away. Next, there were two techniques performed to fabricate
composites:


2-step processing, which entails molding the matrix laminae prior to sandwiching them
with PET fabric. A schematic of this process is illustrated in Figure 2-11a. It was observed
when laminating the PET fabric between two matrix laminae, that there was a strong
presence of visible micro-voids. This is believed to be due to the poor venting in the
equipment used as air entrapped within the fabric remains in the composite.



1-step thermoplastic composite manufacturing using hot press. Here, the PET fibers are
laid inside the mold first and then the proper weight of matrix pellets are placed in the
center of the mold. The thermoplastic pellets are melted and pressed to conform to the
shape of the mold then air cooled (Figure 2-11b). Using this method have produced
composites with less visible void formation. However, this was at the expense of fiber
properties where the PET felt area was observed to have shrunk by more than 5% (because
the hot press was operated by a hand lever thus allowing the fibers time to shrink with
heat). When it was attempted to reduce the molding temperature, shrinkage was lower but
with macroscopically non-impregnated spots. Figure 2-12 below shows two composites
made from PC-NW PET processed at two different temperatures where shrinkage is lower
in the composite made at 215 ⸰C than in the one pressed at 230 ⸰C but macroscopically
visible fiber sites (non-impregnated fiber dense region) were visible in the former
condition.
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Figure 2-11: Schematic of fabrication methods used for fiber reinforced composites. Left (a)
2-step process by sandwiching PET fabric between two matrix laminae. Right (b) 1-step
process by direct impregnation of melted matrix pellets over a laid PET fabric inside a mold.

Shrinkage
Fiber-dense site

Figure 2-12: PC-PET nonwoven composites made using the 1-step process; where the
molded part at 215 ⸰C (right) has less shrinkage but more macroscopically visible nonimpregnated sites than the composite molded at higher temperature (left). Scale bar is
approximately 10 mm.

The processing conditions used for composite molding in the hot press are listed in Table 2-7.
Applied pressure depends on hydraulic lever strokes, which demand a long time for the moving
platen to come to a close with the second platen. This introduces a restraint in heating of the
polymer matrix since the mold itself will be heated first then transfer heat to the polymers. This
in turn is what allows shrinkage of the fiber pre-processing instead of instant pressing.
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Table 2-7: Processing conditions of fiber reinforced composites in the hot press.
Matrix
Press
Pressure
Pressing
Cooling
Cooling time
polymer
Temperature
(psi)
time (min) method
(min)
(ºC)
PC

230

2500

5

Air cooling

10

PLA

200

2500

5

Air cooling

10

PETG

200

2500

5

Air cooling

10

The volume fractions of the fibers in the composites have been calculated based on derivations
seen in equations 2-2 to 2-5 below, an expanded derivation is located in appendix A. Due to
inconsistent nonwoven weight for small samples, the volume fractions are varied depending
on each individual weight of felt used. Nevertheless, the range of fiber volume was found to
be between 12-19% using nonwoven reinforcement and approximately 4% for woven
reinforcement.
𝜐𝑓 + 𝜐𝑚 = 1
𝑉𝑓 =
𝑉𝑐 =

𝑉𝑓
𝜐𝑓 = =
𝑉𝑐

𝑚𝑓

2-2

𝑓

2-3

𝑚𝑐
𝑚𝑐
=
𝜌𝑐
𝜐𝑓 𝜌𝑓 + 𝜐𝑚 𝜌𝑚
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𝑚𝑓
(𝜌 )
𝑓

𝑚𝑐
𝜐𝑓 𝜌𝑓 + 𝜐𝑟 𝜌𝑚

=

𝑚𝑓 𝜌𝑚
𝜌𝑓 𝑚𝑐 − 𝑚𝑓 (𝜌𝑓 − 𝜌𝑚 )
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Where υf is the volume fraction of the fiber and υr the volume fraction of the matrix resin. Vf
and Vc are the volume of the fiber reinforcement and composite, respectively. m, f and c are
the densities of the matrix resin, density of the fiber material and the density of the composite,
respectively. mc, mf and mm are the composite mass, the fabric mass and matrix resin mass,
respectively.
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2.6.2 A note regarding wetting of PET fiber by polymer melts
Given that wetting is a dynamic phenomenon for polymer melts, which is established in prior
studies on the kinetics of wetting [68] [69], thus static contact angle measurements may not
provide the most accurate description of the wetting behavior. Moreover, since wetting is
largely connected to the motion of the fluid, spreading of polymer melts is also a function of
molecular weight/viscosity of the polymer [57]. In fact, polymers with higher dispersity will
have surface behavior closer to that of a lower molecular weight polymer since smaller chains
tend to migrate/diffuse to the surface. Furthermore, wetting is temperature dependent. Surface
tension values drop with increasing temperatures. Therefore, for solid surfaces unaffected by
the temperatures of the melt, the wetting contact angle is generally reduced with higher melt
temperatures at ambient conditions. However, studies of polymer melt wetting behavior do not
factored in the applied pressure effect during molding (the case in this thesis). From the
perspective that fiber wetting denotes the displacement of the fluid surrounding the fiber (air
and vapor) by the polymer melt, then molding by direct impregnation should implicate
complete wetting when there are not any air entrapments. It is assumed in this thesis that the
molding pressure is sufficiently high; such that complete wetting is attained in an accelerated
temporal scale and spreading of the melt on the surface of the fibers is spontaneously coupled
with impregnation.
Accordingly, the adhesion strength attained could be qualitatively assessed based on interfacial
tension values between the matrix and the PET fiber.
γPETG-PET < γPC-PET < γPLA-PET.
As discussed at the beginning of this chapter, the interfacial tensions in self-reinforced
polymers (polymers derived from the same chemical structure) should have the lowest
interfacial tensions and the strongest adhesion at the interface (the case of PETG matrix
reinforced with semi-crystalline PET fibers). On the other hand, as the interfacial tension
values increase (the case of PC and PLA), detrimental effects on the adhesion strength will
transpire and hence inefficiency of stress transfer from the matrix to the fiber will be the
consequence.
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Expanding on the solubility parameter approach to the Van Oss method for interfacial
phenomenon, it can be asserted that self-reinforced PETG-PET systems will have interfacial
tensions asymptotic to zero (γPETG-PET ~ 0); since the individual surface tension components
(dispersive, acid-base) are assumed to be nearly equal. A quantitative estimate of the interfacial
tension between PET and PC can be seen in Table 2-8 below. If the solid surface tension is
used in place of the melt surface tension components, the interfacial tension value for γPC-PET
is 0.29 mJ/m2. The energy change of PET when dispersed in PC; ΔF(PC-PET-PC) is thus -0.59
mJ/m2; indicating low affinity between polycarbonate and polyethylene terephthalate and
possibility of fiber agglomeration in vacuum [70]. There were no data available for the acidbase components for PLA. Using the combined polar surface energy (γp = γΑΒ), PLA has an
interfacial energy of 2.84 mJ/m2 with PET and a dispersion energy of -5.87 mJ/m2, signifying
a stronger affinity between PET fiber rather than adhesion to the matrix. Increasing interfacial
tensions decrease the work of adhesion, where its value is larger for PC-PET systems than
PLA-PET systems.
The problem with using surface free energy per unit area of the solid is the inability to
accurately estimate the contact angle of one polymer melt on the solid surface of another
polymer. The unreliability of θ stems from the error of calculation of individual surface tension
components of either polymers or neglecting temperature effects. In turn, if the surface energy
was determined using different liquids during contact angle measurement for each polymer,
then the data is bound to reveal impossible contact angle prediction between the wetting melt
and the solid fiber. Furthermore, as discussed in section 2.2, the surface tensions of polymer
melts transition to a lower value than the solid. For PLA at 180ºC, the total surface tension is
26 mN/m (a 27% decrease from the solid γPLA) [71]. In addition, due to the differing values for
the surface tensions in literature, the analysis used here cannot be representative of the resins
used in this thesis. Validity of the 3-component surface tensions is also limited due to the use
of approximate empirical mixing rules that estimate interfacial surface energies based on
materials surface. Separation of the polar component γAB into γ+ and γ- necessities the use of a
subjectively chosen reference material such as water, for which γ+ = γ- at ambient conditions.
In contrast, it is generally the variation in formulation (molecular weight and its dispersity, low
molecular weight additives, catalyst, etc.) implemented during commercial production of the
polymers that will dictate the surface tension.
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Other assumptions made regarding wetting are listed below:
-

The temperature effect on Lewis acid-base components to the surface tension is not
accounted for.

-

Molecular weight and viscosity effects are neglected since the surface properties are
usually representative of the low molecular weight chains on the surface.

-

The surface tension values in Table 2-8 below are calculated at room temperature.

-

The melt wets the solid completely since the applied pressure is considered high
enough (2500 psi) to force-spread the molted polymer matrix onto the fiber.

-

The interfaces are created at high temperature but the cooling rate is relatively fast
and the disequilibrium effect is neglected.

-

The melt will exhibit a net contraction upon cooling from the melt state, which
applies compressive stresses on the fibers.

Table 2-8: Surface properties of PC and PET and the corresponding excess free energy per
unit area.
Interfacial
LW
p
ΑΒ
+
–
γ
γ
=γ
γ
γ
tension
with
ΔF(PET-[ ]-PET) W(PET-[])
Surface
PET, γ(PET-[ ])
property mJ/m2 mJ/m2 mJ/m2 mJ/m2
mJ/m2
mJ/m2
(mJ/m2)
PC [70]

33.17

1.95

0.51

1.44

PET [72]

40.6

3.3

0.4

2.9

PLA [71]

26.44

9.06

Not provided

0.29

-0.59

78.73

2.94

-5.87

76.46

A way to improve the polar contribution to the surface tension of PET, and thus wetting of the
polyemer matrices melts; is to chemically modify the surface of PET. Dil et al. [73] chemically
modified the surface of PET tubes using 1,1,3,3 tetramethylguanidine 40%(v/v) in ethylene
glycol solution and resulted in decrease in dispersive component of the surface tension and a
corresponding polarity increase. Increase in polarity in this particular study lowers the contact
angle between polar liquids and the PET surface (corresponding to an increase in surface
contact area between the liquid and the solid). A similar effect could be achieved with the
polymer melts used in this thesis.
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2.7 Analysis of fiber reinforced thermoplastics
2.7.1 Scanning electron microscopy
Micrographs were taken using a ZEISS scanning electron microscope. Figure 2-13 below
captures a region of cross-section of freeze-fractured composite made from PC reinforced with
NW-PET. All samples showed equal level of impregnation since molding time is sufficiently
high enough for all matrix resins. Voids are visible because these particular samples had been
processed using two-step process. Although freeze-fracturing the composite was difficult and
did not produce a clean surface, there are some findings that can be deduced. As the PC
response to the electron beam showed more brightness in the micrographs, the extent of its
impregnation can be seen. This leads to show that despite the voids present due to processing,
which are not uncommon for composites, good impregnation had occurred. A fiber pullout can
also be seen in Figure 2-13 showing a coating of polycarbonate. Moreover, densely entangled
regions in the PET nonwoven seem to have the ability to redirect the flow of PC away from
these zones showing less impregnated sites as illustrated in Figure 2-14.

Figure 2-13: SEM micrograph of nonwoven PET reinforced polycarbonate showing good
impregnation, a fiber pullout and processing voids.
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Figure 2-14: SEM micrograph of nonwoven PET reinforced polycarbonate showing nonimpregnated fiber-dense site.

2.7.2 Tensile testing
Tensile testing was done using Instron 5866 universal testing machine according to the ASTM
D638 standard [74]. The specimens for the testing were made by die-punching of the type-V
(see Figure 2-15 for a schematic drawing). The corresponding values of dimensions are shown
in Table 2-9. The crosshead speed was 1 mm/min, and testing was performed at room
temperature.

Figure 2-15: Schematic drawing of tensile specimen with dimensional reference for the
ASTM D638 standard [74].
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Table 2-9: Specimen dimensions conforming to ASTM D638 type-V.
Dimension (see drawing)
W (width of narrow section)
L (length of narrow section)
WO (overall width)
LO (overall length)
R (radius of fillet)

Value for type V (mm)
3.18
9.53
9.53
63.5
12.7

2.7.2.1 Terminology
Tensile strength (stress the material can withstand at a specified point during extension) is
measured based on the cross-sectional area of the narrow section between the grips as follows
(equation 2-6) [74]:
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎) =

𝐿𝑜𝑎𝑑 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (𝑁)
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 (𝑚𝑚2 )

2-6 [74]

There are several terms describing tensile strength as follows [74]:
-

Tensile strength at yield σy: is the stress at the transition between elastic and plastic
deformation.

-

Tensile strength at break: is the stress at the moment before the material breaks.

-

Ultimate tensile strength (σUTS): is the maximum stress the material can withstand
throughout the tensile testing.

In the following analyses, tensile strength will be referring to imply the ultimate tensile
strength, unless otherwise specified.
Strain is the change in the sample length ∆𝑙 with respect to its original length 𝑙0 (equation 27) [74].
𝜀(%) =

∆𝑙
𝑙0

2-7 [74]
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2.8 Results of tensile testing
Stress-strain behavior of the tensile testing is depicted in the following subsections. It was
commonly observed that the specimens undergo an initial yield transition at stresses between
10-20 MPa. This yield is more distinguishable in plots with a lower strain rates (low crosshead
speed) as to allow molecular relaxations during the test. Since the tested specimens are
viscoelastic solids; chain orientation and alignment occurs within the lower strain limits. A
constant stress (creep-like behavior) period follows as the stress have been transferred to the
whole of the specimen where chain motion briefly arrests. The tensile specimens then
transitions to a secondary yield or ‘ultimate tensile strength’ as more chain sliding and
alignment occur.
The statistical analysis of the moduli, ultimate tensile strength and maximum elongation (strain
at break) are discussed in section 2.8.3. The elastic moduli calculated are based on the highest
slope value in the elastic region prior to the first yield point.
Results for woven-PET fiber reinforced composites show a succession step-decline in stress
after reaching the ultimate tensile stress. This is attributed to a series of fiber debonding and
fiber failures as the specimens enter permanent plastic deformation.
2.8.1 Tensile testing of the nonwoven reinforced PETG
The brittle nature of PETG matrix material may have influenced early crack propagation
initiated at the edges since sample preparation involved stressing the edges with the tensile die
punch. As such, development of micro-cracking at the edges may have been present prior to
loading in tensile testing. Stress-strain behavior of virgin PETG is shown in Figure 2-16.
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Figure 2-16: Stress-strain behavior of PETG sample using ASTM D638 type V standard.

Stress-strain behavior of Nonwoven-PET reinforced PETG (“self-reinforced” PET) is shown
in Figure 2-17.

Figure 2-17: Stress-strain behavior of NW-PET reinforced PETG sample using ASTM D638
type V standard.

2.8.2 Tensile testing of the nonwoven reinforced PLA
Stress-strain behavior of virgin PLA is shown in Figure 2-18.
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Figure 2-18: Stress-strain behavior of PLA samples using ASTM D638 type-V standard.

Stress-strain behavior of nonwoven-PET reinforced PLA is shown in Figure 2-19.

Figure 2-19: Stress-strain behavior of NW-PET reinforced PLA samples using ASTM D638
type-V standard.
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2.8.3 Tensile testing of the virgin and woven reinforced polycarbonates
Stress-strain behavior of virgin Lexan is shown in Figure 2-20.

Figure 2-20: Stress-strain curve for Lexan sample using ASTM D638 type-V standard.

Stress-strain behavior of Lexan reinforced with woven-PET is shown in Figure 2-21.

Figure 2-21: Stress-strain behavior of Lexan- woven PET composite using ASTM D638
type-V standard.
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Stress-strain behavior of virgin PC1500 is shown in Figure 2-22.

Figure 2-22: Stress-strain behavior of virgin PC1500 samples using ASTM D638 type-V
standard.

Stress-strain behavior of PC1500 reinforced with woven-PET is shown in Figure 2-23.

Figure 2-23: Stress-strain behavior of PC1500- woven PET composite using ASTM D638
type-V standard.
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Stress-strain behavior of virgin PC2200 is shown in Figure 2-24.

Figure 2-24: Stress-strain behavior of virgin PC2200 polycarbonate samples using ASTM
D638 type-V standard.

Stress-strain behavior of PC2200 reinforced with woven-PET is shown in Figure 2-25.

Figure 2-25: Stress-strain behavior of PC2200- woven PET composite using ASTM D638
type-V standard.
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Stress-strain behavior of virgin Makrolon PC is shown in Figure 2-26.

Figure 2-26: Stress-strain behavior of virgin Makrolon polycarbonate samples using ASTM
D638 type-V standard.
Stress-strain behavior of Makrolon reinforced with woven-PET is shown in Figure 2-27.

Figure 2-27: Stress-strain behavior of Makrolon- woven PET composite using ASTM D638
type-V standard.
2.8.4 Tensile testing of the nonwoven reinforced PC
Stress-strain behavior of the nonwoven-PET preform is shown in Figure 2-28. It should be
noted that the nonwoven PET performance is not representative of the PET fiber strength rather
just the strength of the entanglement of fibers prior to separation.
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Figure 2-28: Typical PET nonwoven preform stress-strain behavior.

Stress-strain behavior of Lexan reinforced with nonwoven-PET is shown in Figure 2-29.

Figure 2-29: Stress-strain behavior of Lexan- nonwoven PET composite using ASTM D638
type-V standard.
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Stress-strain behavior of PC1500 reinforced with nonwoven-PET is shown in Figure 2-30.

Figure 2-30: Stress-strain behavior of PC1500- nonwoven PET composite samples using
ASTM D638 type-V standard.

Stress-strain behavior of PC2200 reinforced with nonwoven-PET is shown in Figure 2-31.

Figure 2-31: Stress-strain behavior of PC2200- nonwoven PET composite samples using
ASTM D638 type-V standard.
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Stress-strain behavior of Makrolon PC reinforced with nonwoven PET is shown in Figure 23.

Figure 2-32: Stress-strain behavior of Makrolon PC-nonwoven PET composite samples using
ASTM D638 type-V standard.

2.8.5 Analysis summary of PET fiber-reinforced composites
Analysis was made using Excel box and whisker plots with five data points. The plots’ quartile
calculation are made inclusive of the median and showing the mean, the inner and outlier
points.
PETG reinforced with nonwoven-PET was the only composite system to have shown any
improvement in tensile properties (see Figures 2-33 to 2-35). The mean modulus and tensile
strength of NW-PET reinforced PETG have both shown a climb over virgin PETG by ~14%.
However, only the modulus increase is statistically significant in the t-test (2-tails, unequal
variances); and the tensile strength variances are influenced by the outliers. PETG is naturally
brittle and the PET reinforcement did not enhance ductility as the strain at break values remain
within the range of values for PETG. Nonetheless, using PETG matrix have established that
self-reinforced PET using nonwoven felt is possible but not recommended as the type of fiber
reinforcement. Adhesion at the interface was strong enough to transfer the stress effectively
from the PETG matrix to the PET fiber. Alas, due to the commodity nature of the reinforcement

63
production, having been made for arts and craft applications, their properties were not tailored
to maximize the composite effect.

Figure 2-33: Tensile modulus analysis between neat PETG and (NW PET)-PETG composite.

Figure 2-34: Tensile strength analysis between neat PETG and (NW PET)-PETG composite.
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Figure 2-35: Tensile strain at break analysis between neat PETG and (NW PET)-PETG
composite.

Nonwoven-PET reinforcement of PLA reveals the immiscible nature between these two
materials. The ~17% decline in mean tensile strength seen in Figure 2-37 is not favorable.
Moreover, there is minor improvement in young’s modulus seen in Figures 2-36, while strain
at break remains relatively unchanged (Figure 2-38). As the reinforced samples are subjected
to higher loading, the PLA-PET interface fails thus rendering the volume fraction occupied by
the fiber as inclusions that do not support the load via transfer of stresses. Therefore, the fibers
debond and then pullout of the composite. Since the PLA matrix at this point has a smaller
cross-sectional area for load support and the hollowed regions create additional stresses, failure
occurs at stresses lower than those for virgin PLA
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Figure 2-36: Tensile modulus analysis between neat PLA and its composite with (NW PET).

Figure 2-37: Tensile strength analysis between neat PLA and its composite with (NW PET).
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Figure 2-38: Tensile strain at break analysis between neat PLA and its composite with (NW
PET).
From the PLA matrix tensile properties above, it is clear that the interface did not efficiently
transfer the load from the matrix to the fiber. Interfacial failure was anticipated since the
difference in the solubility parameters are high between PET and PLA; indicating
immiscibility. In turn, the interfacial tensions γ(PLA-PET) would also increase since γ12 ~ (Δδ12)2.
A consequence of increased interfacial tension is low interfacial adhesion and work of
adhesion. For the PLA-NW PET composite, it was observed that the matrix-fiber interface
does in fact fail under deformation. The said deformation was induced by the dogbone die
punch when the punch direction was from the fiber side. Because of the processing method
used, the location of the PET fibers is eccentric with respect to the composite. Therefore, if
die-punching occurs directly from the fiber-rich side, the fibers themselves deform first;
leading to interfacial failure and debonding. Figure 2-39 below shows a microscopic image of
an area of intact PLA-PET interfaces in a tensile specimen. In contrast, Figure 2-40 illustrates
debonded fibers although still embedded inside the matrix. While the microscopic photos were
taken at the exact conditions and settings of lighting, the debonded fibers show more opacity;
indicating a change in optical properties from the former.
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Figure 2-39: Optical microscope image of (NW PET)- PLA composite showing embedded
PET fibers prior to debonding, scale bar is 200μm. Taken using ZEISS Axiovert 200 at Penn
State.

Figure 2-40: Optical microscope image showing debonded PET fibers in PLA matrix, scale
bar is 200μm. Taken using ZEISS Axiovert 200 at Penn State.
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Looking at the tensile testing results for NW-PET reinforced PC, it is apparent that introducing
PET as a reinforcement to polycarbonate results in undesirable tensile properties. Although the
mean modulus (Figure 2-41) in some cases had increased by as much as 20  12% (the case of
PC2200-NW PET), it is not significant in the statistical t-test. In fact, only the Lexan and
PC1500 matrices had significant improvement in the modulus when reinforced with NW-PET.
In contrast, the observed modulus increase in the PC2200-NW PET case was due to one outlier.
The tensile strength depicted in Figure 2-42 shows a reduction by a range between 11 and 18%
using nonwoven reinforcement. Moreover, it was observed during testing that the mode of
failure occurs with less necking in the composites than in the virgin polycarbonates. These are
all believed to be due to stress concentrations initiated in succession to matrix-fiber interfacial
failure. The sudden shift in load transfer as the load becomes larger overwhelms the inherently
ductile polycarbonate; evident from the brittle fracture.
In the woven reinforcement case, the fibers were observed to have failed mid-testing; where
the impregnated PET layer is delaminated away from the composite. However, the
polycarbonate did not fail simultaneously with the fiber as with nonwoven reinforcement but
merely debonded from the fibers at high strains. The composite had delamination at the midpoint of tested samples because the fabric position was shifted to the side of the composite
(due to a processing issue). As polycarbonate had higher extensibility, the fibers break after
reaching their maximum strain at the load peak. Effectively, only the polycarbonate was
supporting the load following fiber delamination and breakage; allowing for further extension
of the composites. For the most cases, elongation was not as severely decreased as for
nonwoven reinforcement. Figure 2-42 below shows the mean tensile strength of all the tested
PC based matrices. It is clear in each grade of PC chosen; neat samples have the highest mean
strength. The samples molded with woven PET had a lower fiber volume fraction compared to
the nonwoven reinforced samples. The ductile-dominant failure for PC reinforced with W-PET
indicates that lower volume fractions of fiber in an immiscible polymer would not greatly
influence break type. Conversely, higher volume fractions in immiscible/partially miscible
polymer-polymer composites change the behavior of the composite as the interface and/or the
fiber fail leading to succession of matrix failure. The average tensile strain was consistently
reduced in all the fiber-reinforced samples but is more significant in the nonwoven-PET (also
higher volume fraction) and thus ductility and toughness are impacted (Figure 2-43).
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Figure 2-41: Tensile modulus analysis for all polycarbonate matrix samples, samples are
ordered from left to right as neat polycarbonate, composites reinforced with woven-PET then
with nonwoven-PET, respectively for each grade.

Figure 2-42: The mean ultimate tensile strength for all polycarbonate matrix samples,
samples are ordered from left to right as neat polycarbonate, composites reinforced with
woven-PET then with nonwoven-PET, respectively for each grade.
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Figure 2-43: Maximum strain analysis for all polycarbonate matrix samples. Samples are
ordered from left to right as neat polycarbonate, composites reinforced with woven-PET then
with nonwoven-PET, respectively for each grade.
2.9 Conclusions
In conclusion, self-reinforcement of PET with nonwoven-fiber has been used to improve
mechanical strength. Miscibility had had influenced interfacial adhesion as the tensile strength
increased marginally ~14%, although statistically not significant. This proves that
reinforcement with nonwovens is not the optimum choice. Moreover, the brittle nature of
PETG matrix material may have influenced early crack propagation at the edges since sample
preparation involved stressing the edges with the tensile die punch. Immiscible matrices such
as PLA will not balance the transfer of load between the matrix and the fiber thus at some point
the interface fails leading to composite failure below the strength of PLA. Furthermore,
reinforcement of partially-miscible/immiscible polycarbonate with polyethylene terephthalate
will not improve the tensile properties compared to neat polycarbonate also because of
interface failures.
Because it is very likely that the PET fabric has lower strength than the matrices, there was a
concern of fractured fiber before the ultimate strength of the matrix. However, fiber failure
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postulation contradicts the evidence that PETG reinforced with NW-PET had higher strength
than NW-PET reinforced PC, especially when neat PETG had lower strength than PC.
2.10 Future work
Future work for this project will need to assess the interfacial adhesion between the PET fiber
and the tested matrix resins. In the case the adhesion is poor compared to those for PETG-PET
for example, it may be necessary to introduce sizing as a way of increasing interaction between
matrix and PET interfaces. Fiber fragmentation testing could not be done over the course of
this thesis. Performing single-fiber fragmentation would have deduced the critical fiber length
lc for each matrix and the maximum interfacial strength.
Other testing to assess other aspects of mechanical properties may be needed as tensile testing
only provides the behavior of the composites in tension. Compression, flexural and impact
testing will be the next logical step for such composites.
Polymer-polymer composites may not provide the strength of high-performance composites.
However, they may provide some ductility that cannot be achieved with inorganic
reinforcement. One of the methods that can be explored is hybrid fibers, consisting of multiple
material components to tailor performance. For example, fibers that have a soft shell and a
hard core may provide stiffness as well as toughness. A further exploration into other miscible
polymer reinforcement can be interesting to open possibilities into recycling composites.
2.10.1 Wetting and surface tension
One of the significant experimental methods that could extend this part of the thesis is the
surface tension analysis and wetting kinetics of the molten polymer onto the PET fiber. Wetting
behavior in polymer melts is influenced by the viscoelastic behavior of the polymer melt, the
surface chemistry of the wetted solid, the vapor interaction with the surfaces prior to contact
and the low molecular weight additives within the selected polymer melts. Therefore,
depending on the grade of polymer and the different low molecular weight additives present
in it; will yield different surface tension components. Moreover, the temperature at which the
interfaces are created is very important. Nonetheless, some methods that can be used for
interfacial testing can be seen below:
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-

Determine the various components to the surface tension of the solid surface of each of
matrix resins and the PET fiber using the sessile drop method. The sessile drops would
be liquids of known surface tension components. A systematic way is to use a one nonpolar liquid to determine the dispersive component of the surface tension of the solid.
Then, two liquids of known γ+ and γ- components of the surface tension to determine
the tested solids’ polar surface tension values.

-

Use the pendant drop method to measure the surface tension of the matrix melts at a
specific temperature.

-

Determine the wetting kinetics (equilibrium angle of melt on solid surface, dynamic
angle, time dependence, etc.) from the interaction between the melt of the matrix
polymer and solid reinforcement (in fiber or plate form) using the Wilhelmy method.
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Chapter 3
Additive Manufacturing of Dual-Extruded Layered Composites
3.1 Introduction to polymer additive manufacturing processes
Additive manufacturing (AM) aims to selectively build structures in a layered manner until a
complete component is built. There are many terminologies to additive manufacturing, here
only the ASTM recognized categories for polymers and their composites will be mentioned
(Table 3-1).
Table 3-1: ASTM categories for polymer additive manufacturing [75].
Material form
AM Process
Description of operation
used
Binder jetting

Powders are bound by a liquid-binding agent
and selectively deposited

Powders

Material extrusion

Solid material is forced through a heated
nozzle/orifice and deposited

Solid (Pellet,
Filament)

Material jetting

Droplets of material are selectively deposited

Liquids

Powder bed fusion

Thermal bonding of powder particles by a heat
source

Powders

Photo-sensitive liquid polymer is selectively
Vat
built by means of a light source to activate
photopolymerization
polymerization

Liquids

This part of the thesis will solely be based on additive manufacturing using material extrusion
of filaments. Material extrusion has many used terminologies such as Fused
Deposition Modeling (FDM) and Fused Filament Fabrication (FFF). A schematic of the
process can be seen in Figure 3-1 below. The feeding gears push a solid filament to pass
through a hot liquefier to soften/melt the filament. As the filament feeding continues, pressure
is built at the nozzle entry. The molten polymer exits the nozzle to become deposited on a
printing bed forming extrudates/roads. Subsequent deposition is made on top of the previously
deposited layer and so on until the required geometry is built.

74

Figure 3-1: Schematic of material extrusion in additive manufacturing.

3.1.1 Some advantages and disadvantages of fused filament fabrication
Although printing using FFF has its many challenges, it is one of the most widely used
processes to date for additive manufacturing. This is due to the ease of use, low cost of the
printers and availability of polymer feedstock. Users of this technology suffer from many
issues including: poor adhesion to the print bed, poor layer adhesion at the road-road interface,
viscoelastic swelling and buildup of the polymer at the nozzle, grinding by the feeding gears
and buckling of the filament. Buckling occurs as a result of low filament stiffness when nozzle
pressures exceed a critical value [76]. Moreover, void/space formation between the printed
layers is one of the major issues with extrusion-based printing [77], which is illustrated in
Figure 3-2 below.

Figure 3-2: Schematic representing a cross-section of deposited FFF layers showing one
possibility of space unoccupied by material, simplified from [77].

Using a filled filament feedstock will eventually lead to nozzle clogging in the printer. Glassbead filled polycarbonate filaments have been studied to assess the blockage effects at the
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printing nozzle [78]. Results showed that clogging occurrence is dependent on the ratio
between the nozzle diameter dnozzle and the spherical particle diameter dparticle (dnozzle/dparticle).
Die swelling in FFF is an issue that is inherited from any extrusion-based processing. As the
polymers are forced through the nozzle in a printer head, they become stressed from the
compression. This deformation is stored as elastic energy so that when the extrudate leaves the
nozzle, it will adopt a plug-flow velocity profile that is unrestrained at the extrudate boundary.
The relaxation in stresses simulate springs as the polymer molecules expand radially to a
diameter larger than the nozzle. This phenomenon is known in rheology, and road thickness
can be controlled by extrusion flow rate and the liquefier temperature and nozzle diameter [79].
Dimensional accuracy is yet another problem in FFF and it is the constancy of the printed part
geometry to the digitally designed dimensions [76]. Another common inconvenience in some
FFF equipment is the placement of the filament feeding gears; where filament feeding can
become arrested if the hard gears crush the soft filament [80].
3.1.2 Importance of build bed material
Most 3D printers are equipped with a standard bed material, such as glass or aluminum, and
those may be sufficient for printing filaments the manufacturer of the equipment intended for.
However, in research, as new polymers are needed for new applications in FFF, the build plate
material will be of importance. This has to do with the proper adhesion between extruded roads
and the build bed. For semi-crystalline materials such as polypropylene, it has been difficult to
produce parts in FFF due to the lack of adhesion to the build bed. The first deposited layer
delaminates and results in a poor print quality and following layers are not deposited to the
intended resolution. Warpage is yet another possible reason why good adhesion to the build
plate is necessary. Semi-crystalline polymers are not often used for extrusion 3D printing due
to crystallization-related shrinkage. This shrinkage occurs as the polymer molecules are
ordering into their crystalline form in a non-uniform manner where they become more
crystallized in the regions of lower temperature. Low adhesion to the build plate is attributed
to polypropylene having low surface tension and no polar contribution to the Lewis acid-base
surface tensions. As a result, the change in interfacial free energy with many surfaces like glass
will be unfavorable (ΔF12 > 0 and work of adhesion W12 is low). Spoerk et al. [81] tested several
polypropylene (PP) melts for interfacial tensions on heated glass (to 70ºC) and found γLS to be
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high (~16.5 mN/m). When PP melt was tested for contact wetting angles on a polymeric nonpolar surface of the same/similar structure, it was found that the interfacial tensions tended
towards zero. On the other hand, when printing on the same build bed material as the extruded
filament, not only will the part be adhered to the surface, but also molecular diffusion will
occur. The printed part effectively become fused with the build plate and will not be parted
from it without damage (cohesive failure).
To overcome challenges in adhesion between the deposited material and build plate,
researchers resorted to tuning FFF parameters and manipulating the build plates in several
ways [70-72], including:
-

Addition of fillers to filaments to retain part dimensional stability and warpage.

-

Increasing the nozzle/build bed temperatures to those above the Tg of the deposited
material, which influences the adhesion forces between the part and the build plate in
some cases.

-

Decreasing the first deposited layer in thickness.

-

Increasing the surface roughness of the build bed material (e.g. by sanding) to enhance
the surface area in contact with the extruded roads hence an enhanced wetting and
enhanced adhesion due to mechanical-interlocking. However, this will only be true if
the is known to partially wet the surface (i.e. wetting angle is θ < 90º) [44].

-

Printing on a layer of film, water-soluble adhesives and coatings.

-

Having the build material to be similar to the extruded material to overcome large
surface free energy changes.

3.1.3 The need for composites in FFF
While FFF processes are not without flaw, they have an advantage over other AM technologies
such as lower cost of equipment and materials, ease of processing and flexibility in material
(unlike vat polymerization for example where many of the used polymers are acrylate based)
[82]. Change of filaments is quick since the process depends on solid thermoplastic and not
require full servicing of machine such as particle cleaning in SLS. However, FFF parts have
the disadvantage of contained porosity within the part. This issue arises from the limited
welding time between extruded roads as a consequence of thermal history of the extrusion.
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Polymer-polymer road interface neck growth does not regularly reach maximum value. As the
part is built, micro voids (space) form within the printed object as opposed to processing using
conventional manufacturing [83]. Consequently, the FFF part underperforms thereby
rendering it unsuitable for the same load-bearing applications if it was processed otherwise.
Therefore, research have resorted to reinforcing filaments with particles and fibers such as
glass beads and carbon fibers. Despite the increased mechanical strength of these parts, they
still possess voids that confine their use as a replacement for functional applications [84]. With
increased strength in fiber-reinforced FFF parts, voids act as discontinuities in load/shock
transfer between polymer molecules and interrupt chain motion and sliding needed for
ductility. As a result, toughness and ductility are severely lowered thereby provoking brittle
failure. For example, one of the applications of polycarbonate thermoplastics is housing
applications for intricate parts. If the part needed is conventionally manufactured, its durability
and impact properties meet the standards needed. On the other hand, if manufacturing was
done using FFF of same material, the printed part may not provide equivalent protection from
impact.
3.1.4 Layered composites using dual extrusion
New FFF printers nowadays are equipped with more than one nozzle (see Figure 3-3) or
coaxial nozzles for manufacturing multi-material parts. In the multi-nozzle setup, at least two
nozzles are present in the print head, while in the coaxial nozzle two or more materials can be
extruded from the same nozzle; hence sharing a common axis [85]. In the former, simultaneous
extrusion of polymers is not possible while the co-axial nozzle may permit dual extrusion
simultaneously in the form of a core/shell structure.
There is little work revolving around additive manufacturing using thermal melting of multicomponent polymeric structures. However, looking at previous studies, polymer blends of a
few polymers used today in FFF have been evaluated for miscibility [86]. Binary blends of
poly-lactic acid (PLA) and polyamide (PA) have been found partially-miscible with strong
interfacial adhesion that had been attributed to the hydrogen bonding between PLA and PA.
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Filament #1

Liquefier

Filament #2

Direction of Travel

Extruded Road

Composite FFF Part
Build Plate
Figure 3-3: Schematic of dual extrusion additive manufacturing.

In this part of the project, a layer-by-layer composite of binary-combinations of PC, PETG and
PLA are printed using FFF. The objective is to observe the strength of these composites
compared to single-extruded 3D prints of each PLA, PC and PET.
3.2 Preceding work in dual extrusion additive manufacturing
Gray et al. [87] had processed composite polypropylene (PP) with thermotropic liquid
crystalline polymer (TLCP) into a filament for additive manufacturing using FFF. The TLCP
was a random co-polyester based on 73% mole hydrobenzoic acid and 27% mole 2-hydroxy6-napthoic acid. The filaments were produced by extrusion in core-shell configuration. The
filament making process was done using two extruders due to higher processing temperature
needed for TLCP (320 ºC compared to 283ºC for PP). Thus, PP was not subjected to the same
high temperature extruder residence time as for TLCP. FFF parts of both pure PP and TLCP/PP
(40/60 wt. %) composite were printed and the latter had a 150% higher tensile modulus.
Dual extrusion has also been utilized in FFF with secondary support material where complex
features such as protruding or hollowed out sections are printed. For example, polyvinyl
alcohol (PVA) is a water-soluble support that dissolves when the built part is submerged in
water. As a result, the 3D printed part built using the insoluble primary filament is left intact
[88].
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In education, functional anatomical models have been developed in a step to eliminate the
inflexible models available for anatomical studies [80]. Polylactic acid (PLA) was used for
representation of stiff structures such as bone and organ cartilages. A thermoplastic elastomeric
filament (Filaflex™) was printed to simulate the function of soft connections such as muscles,
ligaments and arytenoids. In this case, the FFF equipment used was a single nozzle co-axial
printer, which aided in accuracy of the print since no calibration between separate nozzles is
needed. The resulting dual-extruded parts served as a dissectible and functional unit where
they simulated muscle response with the use of a retractor. In spite of the capability of
interactive parts, dual extrusion still has the limitation of higher fabrication time and irregular
part quality as different materials are selected. Moreover, printing of hollow segments was
deemed unsuccessful due to the weak nature of the flexible filament in overhang. Furthermore,
sole availably of a single nozzle prevented the use of support materials in this case. Thus, as
the demand for intricate multi-extruded parts gets higher, new equipment with the ability to
support more filament extrusion option will be needed.
Lately, dual extrusion in FFF commercial printers have been promoted to build multi-colored
parts. The extrusion process involves two or more filaments of the same material but of
different colors to have different contrast in the built part as intended by the designer. Kuipers
et al. [89] have created halftoned 3D prints using dual-extrusion. The principle method used is
called hatching where selective white/black lines are designed into a part to be perceived as
tones of an image. Alternate black/white roads are deposited in the 3D printed part so that even
layers are black and odd layers are white. For areas that need to appear dark, the black outlines
are extended whilst the white roads outlines are contracted so the black colored roads are the
ones showing on the surface. For a gray tone, balancing the respective widths of the roads’
outlines provides the proportion of white to black and a lighter tone is achieved due to the stairstepping effect. Moreover, designing these parts includes considerations for the viewing angle
as the stair-stepping effect will be viewed differently from different altitudes.
Dual extrusion has also been explored for applications that are thermo- and acid-liable such as
in drug delivery in pharmaceuticals. In a recent study [90], drug-containing filaments with a
secondary coating material to resist early release after delivery were used in dual-extrusion.
The core and coatings of the printed drug were made from a pre-processed composite filament.
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The filament used for the core of the tablet comprised of polyethylene glycol (PEG),
pantoprazole (as the drug) and polyvinylpyrrolidone (PVP). The filament used for the tablet
coating was manufactured using cellulose acetate phthalate (CAP), polycaprolactone (PCL),
triethyl citrate (TEC) and hydroxypropyl methyl cellulose phthalate (HPMCP). The printing
was successful and by using differential scanning calorimetry, no sign of drug degradation was
found. Furthermore, a similar study also using PVP as the polymer filament for core of the
tablet, was loaded with a concentration of a drug (theophylline, budesonide or diclofenac
sodium) among other fillers; showed feasible resistance to the low pH (HCl) and controlled
release by adjustment of size of the methacrylic acid co-polymer shell printed around the drugcarrying core [91]. Similarly, Haring et al. [92] further investigated dual extrusion in
pharmaceutical drug delivery using dual-micro-extrusion. Their study involved programmable
temporal release of an FDA approved drug for diabetes. Three profiles were created and tested
for different release mechanism. A typical core-shell (drug-dormant) profile was programmed
as a high dose concentration release once dissolution of the shell material had elapsed. A multilayered printed profile (drug-dormant-drug) was designed to provide a pulsed dosage triggered
at two stages. Finally, a gradient printed profile intended for constant controlled release of the
drug at low concentrations until the core is reached. A schematic in Figure 3-4 illustrates the
printed cross-section of these designs.

Figure 3-4: Cross-section of possible concentration profiles of programmable dual-extruded
temporal-release pharmaceuticals, redrawn from [92].

Peng et. al. [93] produced filaments in the form of a core-shell structure. The filament core
material was polycarbonate and the shell layer an ionomer (polyethylene-co methacrylic acid)
that had been partially neutralized by zinc. Printed parts using FFF effectively had PC as
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reinforcement fibers while surrounded by the ionomer. Due to the low Tg for the ionomer (90⸰C
compared to 145⸰C for PC), there was an additional welding time that enabled the ionomer
material to effectively fuse with adjacent layers of printed roads. Using this method led to
better energy transfer between the two materials and increased resistance to impact.
Furthermore, the orientation of PC layout during printing influenced the impact strength where
it was higher when the PC fibers were perpendicular to crack growth direction of the notched
specimen. Nevertheless, for the lowest achieving orientation, the impact strength had increased
by more than 390% when printing using 45% volume fraction of ionomer. However, although
the ionomer has a good ductility that influenced the toughness in the composite, it had a low
tensile modulus and strength. Therefore, increasing the volume fraction of the shell led to
decreased tensile properties compared to neat PC.
Kim et al. [94] experimented on dual-extruded prints using acrylonitrile butadiene styrene and
poly lactic acid. They printed ASTM D638 type-I specimens and separated two halves of the
specimen via printing the 2nd polymer in between and along the direction of the load. While
the proceeding lacked in expressing miscibility concerns but rather resorted to structural design
of the specimen, one aspect of their study does reveal that the failure of such sample design
occurs at the interface, the failure cross-section is different from a specimen printed with a
single material. This is expected due to poor adhesion between ABS and PLA as there are no
reported miscibility between these two polymers.
3.3 Bond formation between polymer roads in FFF
Developing complete adhesion between two roads of the same filament material is a process
governed by time and temperature. Part integrity and mechanical strength is reliant on the
success of this bond formation. Polymer weld theory proposes that strength of the part is
dependent on the diffusion that occurs by reptation of polymer chains across the interface. An
interface may reach the properties of the bulk polymer if the conditions that lead to full healing
and complete diffusion are met. Parts produced by FFF are usually partially healed and
polymer chain diffusion is not complete. This causes failure to occur at the interface by either
chain pullout or chain fracture. Thus, thermal history of the interfaces will dictate the weld
strength, and strength is increased with weld time (σ proportional to tweld (1/4)) [95].
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Bellehumeur et. al. [96] investigated the dynamics of bond formation in acrylonitrile butadiene
styrene (ABS) by gauging experimental neck growth (see Figure 3-5) against an existing
developed model [97]. The relationship that governs neck growth y/a using the angle formed
at the interface; Ø = sin-1(y/a), depends on road initial radius 𝑎0 , surface tension of the polymer
melt () and polymer viscosity () (equation 3-1). The sintering occurring at elevated
temperature is driven by surface tension. The rate of sintering is increased as the zero-shear
viscosity η0 is lowered since neck growth increases as viscous flow is promoted (when the
relaxation time is shorter) [98].
𝑑∅
Γ 2−5/3 𝑐𝑜𝑠∅𝑠𝑖𝑛∅(2 − 𝑐𝑜𝑠∅)1/3
=
𝑑𝑡 𝑎0 𝜂 (1 − 𝑐𝑜𝑠∅)(1 + 𝑐𝑜𝑠∅)1/3

3-1 [96]

Figure 3-5: Road-road bond formation process in FFF: (1) initial contact between roads, (2)
neck growth, (3) chain reptation and diffusion across the interface.
Moreover, as a road is deposited in FFF, the polymer cools with time and is governed by a
temperature exponential decay as in equation 3-2.
𝑇 = 𝑇∞ + (𝑇0 − 𝑇∞ )𝑒 −𝜔𝑥

3-2 [96]

Where T∞ is the extrusion temperature while T0 is the temperature of build environment (can
also represent the build plate temperature). The variable x is the position of the nozzle with
respect to time from the moment a road deposition starts (𝑥 = 𝑣𝑡). The decay coefficient  is
‘assumed’ constant , and depends on extrusion velocity (v), density of the polymer (), thermal
conductivity (k), specific heat (CP), heat transfer coefficient (h) and road dimensions (a, b) (see
appendix B). Bond formation was found to differ when observing the evolution of neck growth
(y/a) under isothermal conditions than in a non-isothermal setup. While the model in equation
3-1 agrees well with experimental data for isothermal sintering, it over-predicts neck growth

83
for non-isothermal conditions. Higher extrusion temperature provides the necessary heat to
allow for extra neck growth as it sustains the interface above the observed critical sintering
temperature (200 ºC for the grade of ABS studied). The build plate temperature will only affect
the formation of bonds if the heat transfer coefficient between the filaments and the
surroundings are kept at a minimum [96].
3.3.1 Influence of some process parameters on mechanical properties of FFF parts
Limited neck growth (y/a) between extruded filaments pose as regions of weakness since
incomplete growth results in the creation of voids as was seen in Figure 3-2. Abbott et al. [99]
have studied the effects of extrusion temperature, deposition velocity, layer height and build
orientation for ABS. It was found that higher extrusion rate lead to higher neck growth and
thus strength. Flow rate of extrusion during printing also influences the interlayer adhesion.
For a constant temperature, higher volume rates increase the swelling of the polymer thus
increasing the area of contact at the road interface. The result is near-exponential increase in
tensile strength [100] where an increase in volumetric flow rate from 6.5 to around 10 mm3/s
leads to increase in strength from <5 MPa to nearly 50 MPa. Davis et al. [101] also studied
the tear energy from interlayer shearing for ABS using a modified ASTM D1938 standard and
found that increased extrusion temperature and deposition velocity led to increased tear energy.
Layer height will influence part performance depending on the length of road interlayer
contact; hence depending on orientation. Layers that have a high length tend to perform better
if the layer height is larger while roads that do not share a long interface will need lower layer
height. Evidently, in tensile strength, there will be a plateau in performance for dimensionless
neck growth of 0.6 and higher. This plateauing behavior was also observed in [102] for tear
energy as a function of temperature for ABS. The tear energy of the plateauing region is an
order of magnitude below the performance of ABS in the bulk.
3.3.2 The role of polymer weld theory, thermal history, viscosity and miscibility on
mechanical properties of FFF parts
According to Bartolai et al. [95], reptation-driven diffusion depends on higher weld times and
low reptation time of the polymer; both of which are critical for the weld between fused roads
to reach the ultimate strength as governed by the equation 3-3.
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𝜎𝑤𝑒𝑙𝑑 = (

𝑡𝑤𝑒𝑙𝑑
) ∙ 𝜎𝑈𝑇𝑆
𝜏𝑟𝑒𝑝

3-3 [95]

Moreover, weld time is very dependent on temperature and its history over time. Seppala et al.
[102] have converted the time the weld interface remains above Tg to their equivalent
isothermal welding time using the time-temperature superposition horizontal shift factor (aT)
from rheological analysis. Reptation times are strongly temperature dependent and have an
inverse relationship (τrep ~1/T). Consequently, even if the interface seems above Tg for what
seems enough for reptation at the extrusion temperature, the actual welding time is much lower
in reality. Infrared data for 3D printing of ABS (extrusion velocity = 100 mm/s and temperature
of 210ºC) show thermal profile of the interface to be above Tg for nearly 2 seconds. The
temperature decline accompanies a decline in the diffusivity since diffusion has an Arrhenius
dependence on temperature (Log(D) ~ 1/T). Using the horizontal shift factor aT obtained from
rheological analysis and plugging in equation 3-4 below, an equivalent isothermal welding
time (tiso) can be calculated. For ABS at 210 °C extrusion temperature and 100 mm/s extrusion
velocity, tiso = 0.115 milliseconds. In other words, the actual window for the weld to reach final
strength is about one tenth of the time needed for polymer molecules to reptate across the
interface and retain virgin strength. This is not enough time for diffusion since the reptation
time for ABS can be 10 times as high.

𝑡(𝑇=𝑇𝑔)

𝑡𝑖𝑠𝑜 =

∫
0

𝑑𝑡
𝑎 𝑇 (𝑡)

3-4 [102]

Fortunately, increasing extrusion temperature high enough would allow for higher diffusion
times. For ABS, a change in extrusion temperature from 210ºC to 270ºC increases the welding
time nearly 100% (from tiso = 0.115 ms to tiso ~ 0.01 s) accompanied with approximately two
orders of magnitude increase in tear energy. However, increasing temperatures to an upper
bound for a polymer involve a risk of filament degradation. Moreover, as critical extrusion
temperatures are approached, the interfacial strength plateaus [102].
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It may then be beneficial to consider dual extrusion as a potential processing method for better
mechanical strength of FFF parts. If two polymers of different glass transition temperatures
are used and an increased welding time avails, then hypothetically neck growth is extended
and the seams between roads close. However, diffusion across the layers is still needed for
mechanical strength. Therefore, miscibility of the dual-extruded roads become of importance
which will depend on studies of polymer blends. The downside to this is the limited number
of materials which are qualified for filament production; limiting the possible combinations of
layered FFF composites. Nonetheless, if a polymer such as polycarbonate is reinforced with a
polycarbonate-based blend filament of lower Tg, the composite may heal properly since
miscibility is known and welding time is maximized.
3.4 Experimental setup
3.4.1 Material selection
Polycarbonate, glycol-modified polyethylene terephthalate and polylactic acid have been
chosen for these experiments. The reason for choosing PETG as the tie layer between the PC
layers is its low Tg and potential partial miscibility. Material deposition in this part of the
project was done using filaments, unlike the pellets used to make composites in Chapter 2. In
contrast, filaments are usually processed from a pellet feedstock. Subsequently, these filaments
are yet to be subjected to an additional melting during FFF and cycling heat [95].
Unfortunately, there was no molecular data provided by filament manufacturers. Nonetheless,
the materials available were Polymaker PC-Plus™ of 1.2g/cm3 density and 115ºC Tg, semicrystalline polylactide (Makers Tool Works Blue PLA), amorphous and clear poly(ethylene
terephthalate) of 1.34 g/cm3 density and 62ºC Tg (Innofil 3D InnoPET™). The InnoPET does
not crystallize thus indicating a modified co-polymer version of PET; most likely to be glycolmodified PET (PETG). From this point onwards, samples made from the above grades will be
assigned their formal abbreviation; PC for Polymaker polycarbonate, PETG for glycolmodified polyethylene terephthalate from InnoPET, and PLA for polylactic acid.
The main difference during polymerization of PETG than regular PET is copolymerization
with poly(1,4-cyclohexylenedimethylene terephthalate) (PCT). It was reported that it can be
as much as 31 mol% of PCT in the copolymer [103]. Obvious differences between PET and
PETG are their optical properties. PET is naturally a white opaque material (if it is allowed to
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crystallize) whilst PETG is an amorphous clear plastic. However, PET and PETG share
similarities such as mechanical deformation mechanism [103].
3.4.2 Extrusion printing conditions for each material filament
The printer used was Ultimaker 3 with dual extrusion setup using 0.4 mm nozzles. Deposition
of roads was made on a glass build plate. Filament size requirement was a diameter of 2.85
mm. Table 3-2 lists the most relevant printing parameters used for 3D printed specimens. It
should be noted that PETG was extruded at 230ºC, a 10ºC above the recommended temperature
by the filament manufacturer. This decision for an increased extrusion temperature was made
due to the high Tg for PC (115ºC). To make the printing consistent throughout the experimental
trials, neat PETG samples were also extruded at 230ºC.
Table 3-2: 3D Printing conditions for single and dual extruded samples.
Extrusion Printing Infill
Extrusion
Infill
Build
Material
temperature speed
mode
orientation
orientation
(%)
(ºC)
(mm/s)
Single

PLA

200

60

100

± 45º

XY

Dual

PLA/PETG

200/230

60

100

± 45º

XY

Single

PETG

230

60

100

± 45º

XY

Dual

PETG/PC

230/270

60

100

± 45º

XY

Post fusion (annealing) attempts have been made following printing of dual-extruded PCPETG and PLA-PETG composites. The samples were placed in a vacuum oven at temperatures
above the Tg of either material in the composite. PC-PETG annealing temperature was held at
115ºC for two hours. Because the annealed PC-PETG samples were swelling during annealing,
thus to retain their shape, light pressing in a hot-press for 30 minutes was done at two
temperatures (115ºC and 130ºC). The PLA-PETG composites were only annealed at 85ºC for
two hours.
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3.4.3 Relevancy of miscibility in dual extrusion
From miscibility predictions in Chapter 2, it was found that PC is partially miscible with PET
(or PETG) for low molecular weight. Moreover, PLA is completely immiscible regardless of
the polymer’s molecular weight. It is important to note that in fiber reinforced composites; the
mechanism of reinforcement is not based on phase integration but rather wetting and adhesive
strengths. Nonetheless, since miscibility is connected to the solubility parameters and in turn
the interfacial free energy per unit area, then miscible polymers give an insight into the affinity
of two different polymers towards each other. Equation 1-13 by Luciani et al. [37] has provided
that when there is a difference in solubility parameters between two interacting polymers, then
a net interfacial tension arises. An increased interfacial tension acts as a repelling force to
separate the polymer surfaces in contact. Therefore, the work of adhesion is lower than the
cohesive forces within each polymer thereby favoring interfacial failure (debonding).
In additive manufacturing, the road-road interface is brought to a high temperature which is
above Tg for both amorphous polymers. As such, there is a new consideration in this case;
namely chain diffusion. In polymer welding, chain diffusion occurs by reptation motion across
the heated (above chain mobility temperature) interface. This diffusion responds to a
thermodynamic driving force which is strongly dependent on miscibility. From the works of
Green and Kramer [104], the diffusion rate of polymer chains in inter-diffusion experiments
have shown reliance on miscibility. From the relationship D = 2ΦΑΦB (χcritical - χAB)DT, the
inter-diffusion, D, is arrested once the Flory-Huggins χAB parameter approaches the critical
value. The transport coefficient DT = NAΦΑDA* + NBΦBDB*, where D i* is the diffusivity of
polymer i , Φi the volume fraction and the Ni degree of polymerization. The diffusivity D* can
be measured using tracer experiments of deuterated chains of the same polymer matrix using
a spectroscopy technique such as a forward recoil spectrometer.
For immiscible polymers, Helfand and Tagami [105] had established in their self-consistent
field theory that immiscible polymers will in fact have a small inter-pentration depth on the
order of 10s of angstroms. The small interpenetration arises from the tendency not to allow a
gap forming between the phases. Therefore, interfaces would not allow the driving forces for
phase separation to completely detach. The small interpenetration depth λ, has been mention
in Chapter 1, equation 1-14. Moreover, the interfacial free energy between two polymers into
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χ𝐴𝐵

contact is 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝛽𝜌0 𝑘𝑇√(

6

) . Where β is the effective length per monomer unit, ρ0 is

the pure density, k is Boltzmann’s constant and T is the temperature. Building onto this logic,
and since the χAB parameter is related to the surface free energy of the interface, thus
immiscible polymers with lower interfacial free energy will have better stress transfer.
It is a high possibility that adhesion is promoted instead of diffusion as temperatures are
lowered at the road-road interface; resulting in slowing down of the stages following neck
growth. Consequently, mechanical strength then leans toward dependence on interfacial
tensions and the forces of adhesion between roads; which is developed at the neck growth stage
[98].
3.5 Characterization and testing of extruded FFF parts
3.5.1 Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) refers to dynamic stress-strain testing solid samples to
gain information about their mechanical and thermal properties from response to forced
oscillations over time. Testing can occur at constant or multiple frequencies (ψ) in addition to
changes in temperature. A change in frequency is intended to reveal the temporal effects on
the material’s relaxation behavior and mechanical performance [106]. Information is processed
in terms of storage (E’) and loss (E”) moduli. E’ represents the stiffness of the sample while
E” represents the energy dissipated during cyclic loading. The value of Tg is somewhat
confusing in DMA, since there are multiple values derived by different methods. The peak of
𝐸"

the loss modulus E”(ψ) is used to represent Tg but so does the peak of the loss factor (tan 𝐸′ ),
which is always higher than the value of the former.
The equipment used was TA Instruments Q800 dynamic mechanical analyzer. Samples were
printed according to equipment manufacturer specification and ASTM standards for single
cantilever beam testing. The dimensions were 35 mm by 12 mm by 2 mm and designing was
made by computer aided design software (Autodesk® Tinkercad™). Actual values were
measured using a caliper and were adjusted in the TA Instruments program prior to testing.
The Tg values for the 3D printed parts are listed in Table 3-3. Unfortunately, since the
composites only share a small volume of interfaces with respect to each layer, information
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about the interface/interphase could not be distinguished. Moreover, Tg values were influenced
by the presence of the second component of the composite. Therefore, information about the
composites’ Tgs becomes unreliable.
Table 3-3: DMA Tg results for single extruded samples of PLA, PETG and PC and dual
extruded samples of PC-PETG and PETG-PLA layered composites.
DMA sample material
E” peak Tg (ºC)
tan() peak Tg (ºC)
Lulzbot™ PC

155.58

160.44

PLA

66.55

72.02

Innofil PET

79.33

84.82

Lulzbot PC-PETG
composite

84.83

149.64 – 162.43

PLA-PETG composite

67.29

84.07

3.5.2 Tensile testing
Tensile testing was done using Instron 5866 universal testing machine according to the ASTM
D638 type-I standard [74]. The specimens were designed in a computer aided design software
(Solidworks™). The dimensions of the specimens according to the standard are shown in Table
3-4. The crosshead speed was 5 mm/min and testing was performed at room temperature.
Table 3-4: Tensile ASTM D638 type-I specimen dimensions [74].
Dimension (see drawing)
Value for type I (mm)
W (width of narrow section)

13

L (length of narrow section)

57

WO (overall width)

19

LO (overall length)

165

R (radius of fillet)

76
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3.5.3 Flexural testing
Flexural testing for plastics refers to a 3-point bending. However, due to unavailability of the
necessary fixtures for that, a 4-point bending fixture was used instead (see Figure 3-6 for a
schematic of 4-point bending). The sample is supported from the bottom by stationary two
cylindrical-pin fixtures a span length L= 40 mm apart, and bending is applied by a moving
dual-pin fixture positioned in the center with respect to the bottom fixture. The inner (loading)
span is half the support span (L/2 = 20 mm). The fixture setup is in accordance with ASTM
standard C1161−13 [74]. Flexural specimens were configured in Ultimaker® Cura™ software
and 3D printed into rectangular prism of depth d = 6 mm, width b = 8 mm and 90 mm in length.
The specimen size was not made to the standard’s specific configuration for the fixture span
length due to the inability to 3D print an infill when building a smaller sample. The crosshead
speed was set at 1 mm/min.
P

L/2
L

Figure 3-6: Schematic of 4-point flexural testing.

Despite the 4-point bending setup being referred to as “pure bending” [44], a specimen under
bending is subjected to both tension and compression forces. The surface directly in contact
with the moving fixture is in compression, while the surface away from the fixture is in tension.
Due to the multiple interfacial adhesion of polymeric roads in FFF, it is expected that the
transition from tension to compression is not gradual. Therefore, there can be residual shear
stresses at the interfaces. Because of the possibility of incomplete diffusion and/or
immiscibility, the tension-bending transition is disrupted at some position and the residual
shear stresses arise. In contrast, a homogeneous specimen (e.g. an injection molding specimen)
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would not exhibit this behavior for 4-point bending. Therefore, it is expected that each layer
has both compression and tension stresses at the interfaces, which is depicted in a schematic
representation of the cross-section (Figure 3-7).

Figure 3-7: Schematic showing the possible accompanying interfacial shear as a result of
tension-compression force transition in bending. The transition is expected in imperfect
interlayer adhesion.

The flexural strength σF has been performed using equation 3-4. Where P is the load in Newton,
Ls, b and d are the support span, width and depth, respectively in mm.
𝜎𝐹 = (4/3)(𝑃𝐿𝑠 /𝑏𝑑 2 )

3-4 [74]

3.6 Results and discussion
3.6.1 Tensile results of 3D printed articles
Stress-strain behavior of the tensile testing is depicted in the following subsections. It was
commonly observed that the specimens undergo an initial yield transition at stresses below 5
MPa. This yield is followed by a brief constant stress creep-like behavior due to the viscoelastic
nature of the solid polymers tested. The tensile specimens then transitions to a secondary yield
or ‘ultimate tensile strength’. The statistical analysis of the moduli, the ultimate tensile strength
and maximum elongation (strain at break) are discussed in section 3.6.2. The elastic moduli
calculated are based on the maximum slope in the elastic region prior to the first yield point.
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3.6.1.1 3D printed tensile stress-strain curves
Tensile stress-strain behavior of 3D printed PLA is shown in Figure 3-8.

Figure 3-8: Tensile stress-strain relationship of pure 3D printed PLA, with 100% infill at +/45⸰ orientation.
Tensile stress-strain behavior of 3D printed PETG is shown in Figure 3-9.

Figure 3-9: Tensile stress-strain relationship of pure 3D printed PETG, with 100% infill at +/45° orientation.

93
Tensile stress-strain behavior of as-printed PLA and PETG dual-extruded composite is
shown in Figure 3-10.

Figure 3-10: Tensile stress-strain relationship of 3D printed PLA-PETG layered composite,
with alternating 100% infill at +/- 45° orientation.
Figure 3-11 shows the tensile stress-strain behavior of dual-extruded PLA and PETG 3D
printed composite, annealed at 85°C for 2 hours.

Figure 3-11: Tensile stress-strain relationship of 3D printed PLA-PETG layered composite,
with alternating 100% infill at +/- 45⸰ orientation, which has been post-annealed for 2 hours
at 85°C.
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Tensile stress-strain behavior of as printed PETG and PC dual-extruded composite is shown in
Figure 3-12.

Figure 3-12: Tensile stress-strain relationship of 3D printed PLA-PETG layered composite,
with alternating 100% infill at +/- 45⸰ orientation, which has been post-annealed for 2 hours
at 85°C.
Figure 3-13 shows the tensile stress-strain behavior of PETG and PC composite, annealed at
115°C for 2 hours.

Figure 3-13: Tensile stress-strain relationship of 3D printed PC-PETG layered composite,
with alternating 100% infill at +/- 45⸰ orientation, which has been annealed post-printing for
2 hours at 115°C.
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Figure 3-14 shows the tensile stress-strain behavior of PETG and PC dual-extruded composite,
annealed at 115°C for 2 hours.

Figure 3-14: Tensile stress-strain relationship of 3D printed PC-PETG layered composite,
with alternating 100% infill at +/- 45⸰ orientation, which has been annealed post-printing for
2 hours at 130°C.
3.6.2 Tensile testing analysis summary of FFF articles
Analysis was made using Excel box and whisker plots with five data points. The plots’ quartile
calculation are made inclusive of the median and showing the mean, the inner and outlier
points.
Figure 3-15 below shows the tensile modulus analysis between 3D printed neat PLA, neat
PETG and the dual extruded PLA-PETG composite. There is no direct change in the composite
compared to PETG. Annealing above the Tg of PLA-PETG composite for two hours does not
appear to have any effect at all. Nonetheless, modulus only means that all these samples have
quite similar resistance to the initial extension.
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Figure 3-15: Tensile modulus analysis between single extruded specimens of PLA, PETG
and their dual-extruded composite. Annealing of PLA-PETG composite was done at 85ºC for
2 hours.

When viewing the ultimate tensile strength in Figure 3-16, it is now more apparent that both
PLA and PETG can outperform their composite. In fact, when comparing the strength means,
the best case for PLA-PETG (annealed samples) composite has 203% decline in tensile
strength compared to pure PETG. If the PLA-PETG interface had any inter-diffusion, the
decline in strength might not have occurred. Furthermore, the strain at break also decreases in
the PLA-PETG annealed composite compared to single-extruded PETG (Figure 3-17). These
results, however, do not convey what had been observed during the experiment. As the tensile
load increased, there were signs of subtle layer-delamination. Ultimately, the composite
exhibited catastrophic failure by way of scattering splinters of each fractured layer. This occurs
due to two reasons; the first being that inter-diffusion had not occurred between these polymer
pair. The second reason is that as the tensile extension progressed, both materials share a
common strain to a point but as PETG layers are stronger than those of PLA, the load shifts
dramatically after cracks/breaks randomly occur at different sites of PLA layers. Therefore,
catastrophic failure was bound to occur. Annealing did increase the strain marginally but that
can be explained by individual intra-layer adhesion.
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Figure 3-16: Mean tensile strength analysis between single extruded specimens of PLA,
PETG and their dual-extruded composite, Annealing of PLA-PETG composite was done at
85ºC for 2 hours.

Figure 3-17: Tensile strain at break analysis between single extruded specimens of PLA,
PETG and their dual-extruded composite, Annealing of PLA-PETG composite was done at
85ºC for 2 hours.
In the case of the marriage between PC and PETG, no significant modulus or strain change
was identified based on Figures 3-18 and 3-20. Moreover, Figure 3-19 illustrates that PCPETG annealed composites’ mean strength declined by at least 12% relative to PETG,
regardless of the annealing temperature.
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Figure 3-18: Tensile modulus analysis between single extruded specimens of PETG, as
printed dual-extruded PC-PETG composite and annealed PC-PETG composite. Annealing
was performed at 115ºC for all post-fusion attempts; then pressed lightly in a hot press to
retain specimen shape at 115ºC (condition 1) and 130ºC (condition 2)for 30 min in each case,
respectively.

Figure 3-19: Ultimate tensile strength analysis between single-extruded specimens of PC,
PETG, as-printed dual-extruded PC-PETG composite and annealed PC-PETG composites.
Values for PC are taken from Polymaker™ technical data sheet for printing conditions at
255ºC, 60 mm/s, 100% infill but no information about infill raster angle, Annealing was
performed at 115ºC for all post-fusion attempts; then pressed lightly in a hot press to retain
specimen shape at 115ºC (condition 1) and 130ºC (condition 2)for 30 min in each case,
respectively.
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Figure 3-20: Tensile strain at break analysis between single-extruded specimens of PETG
and dual-extruded PC-PETG composites. Values for PC are taken from the technical data
sheet for extrusion at 255ºC, 60 mm/s, 100% infill but no information about infill raster
angle. Annealing was performed at 115ºC for all post-fusion attempts; then pressed lightly in
a hot press to retain specimen shape at 115ºC (condition 1) and 130ºC (condition 2)for 30
min in each case, respectively.
Figure 3-21 below shows the typical fracture type in the 3D printed specimens. Single-extruded
PLA, PETG and PC specimens had typical straight brittle failure which is consistent with
defect related crack propagation. As the stress is increased, defects/voids act as stress
concentrators which transfer stress laterally towards other defect sites (path of least resistance).
PC-PETG composites showed jagged brittle that contrasts the discrepancy between the ductile
behavior of PC and the brittle behavior of PETG. As the stress is transferred at the interfaces,
each material will respond differently to the crack propagation as opposed to having a clear
straight brittle behavior such as in the PLA break type. The jagged break type in PETG-PC
composites thus indicate that a dual-extruded specimen is not the ideal choice for better
mechanical performance since once the stress from each layer transfers to a different material
layer, the mechanical response will be completely different. Therefore, even for a miscible or
partially-miscible polymer, having materials that have a stark difference in ductility will tend
towards breaking in the more dominant response. On the other hand, PLA-PETG specimens
has missing pieces that have been scattered away during failure. Poor interfacial adhesion in
PLA-PETG specimens is the main cause for this catastrophic failure as the stress transfer is
inefficient. In contrast, immiscible polymer interfaces that have high interfacial tensions do
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not lead to good adhesion; and in the PLA-PETG case, each layer will behave independently
from others when the interfaces fail; causing catastrophic failue.

Figure 3-21: Tensile break type in materials 3D printed using ASTM type-I. From left to
right: untested PC-PETG specimen, PC-PETG failed composite, failed pure PLA specimen
and PLA-PETG composite. It is notable that PLA-PETG specimen has a missing portion,
which is due to the catastrophic failure it exhibited.

3.6.3 Flexural results and discussion
Due to bending tests not being performed to standard, strength values may not represent values
obtained through 3-point bending. Nonetheless, load-deflection graphs in Figures 3-22 to 3-24
convey the point made earlier for 3D printed PLA-PETG composites in tensile testing, where
catastrophic failure had occurred. PLA in 4-point bending strains to just below 50% when
break occurs (Figure 3-22). On the other hand, PETG specimens had not reached breaking
point and testing was terminated at 75% strain. It is believed that printing PETG at 230 ºC,
combined with shorter toolpath led to optimum interlayer welding (Figure 3-23). As depicted
in Figure 3-24, PLA-PETG composites exhibit oscillations during bending; owing to multiple
interface failures. When the resulting shear from bending reaches the interlayer shear strength,
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the interface fails, and separates the samples into several intact collection of layers. As the
testing progresses, the oscillations occur following the same pattern. For comparison, Table 35 below shows the failure stress of each specimen while considering the first drop in
compressive load to represent the interface failure.
Table 3-5: Flexural stress at failure for 3D printed PLA, PETG and PLA-PETG composite
under 4-point bending.
4-point mean flexural
Material
Break type
strength (MPa)
PLA

116

Brittle fracture

PETG

>167

No break

PLA-PETG

54 16

Interface failure
(delamination)

-1400

Compressive Load (N)

-1200
-1000
-800
-600
-400
-200
0
0

-0.5

-1

-1.5

-2

-2.5

-3

-3.5

Deflection (mm)

Figure 3-22: Load-deflection behavior of 3D printed PLA in a 4-point flexural test.
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-1800

Compressive Load (N)

-1600
-1400
-1200
-1000
-800
-600
-400
-200
0
0

-0.5
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-1.5

-2

-2.5

-3

-3.5

-4

-4.5

-5

Deflection (mm)

Figure 3-23: Load-deflection behavior of 3D printed PETG in a 4-point flexural test.
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Figure 3-24: Load-deflection behavior of 3D printed PLA-PETG layered composite in a 4point flexural test.

3.7 Conclusions
Dual extrusion additive manufacturing is yet to be well understood. Rising applications in
pharmaceuticals is at the forefront of this technology where designing capsules with bio-
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responsive polymer coatings and drug-impregnated cores deliver customized drug-delivery to
patients through controlled release. In direct consumer applications, dual extrusion is being
offered as solutions for support materials such as water soluble PVA but also for dual-colored
parts from the same polymer for attractive and complementary designs. However, in
applications where enhanced overall mechanical properties are a consideration, the need for
miscible composite polymers arises from the welding time restriction during material
deposition. For well fused roads, not only do interfacial free energies changes need to be low
for good adhesion but also molecular inter-diffusion must occur across the melt-interface. This
can only be done if molecules can reptate from one filament to the other and produce an
entanglement with molecules of the adjacent filament. On one hand, filaments of the same
material already are miscible with each other thus diffusion occurs naturally. Conversely, two
immiscible polymers cannot produce any molecular entanglement and thus the presence of a
clear two-phase interface results in a part with poorer mechanical properties than the first case.
Results of dual-extruded PETG-PC and PLA-PETG composites had shown no improvement
upon their constituent materials’ performance in single extrusion. Flexural testing revealed the
weak nature of the PLA-PETG interface via a number succession delamination during testing.
While in tensile testing, the PETG-PC composite had not shown the catastrophic failure
exhibited in PLA-PETG but a normal fracture occurred. It is clear that PLA-PETG
combination is completely immiscible while PETG-PC has higher attraction forces but not
strong enough to outperform either PC or PETG.
3.8 Future work
Expanding on the list of miscible polymers such as PMMA and PLA or PA and PLA should
be the next step for this study. If there is an annealing influence on road neck growth, then new
ways of shorter annealing times can be explored. Microwave technology is at the forefront for
enhanced post-fusion times, which will have its unique challenges. Moreover, the study should
gauge the difference in mechanical performance between simply increasing extrusion
temperatures against the performance of post-fused samples.
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Appendix A
Supplementary to chapter 2
Derivation of fiber volume fraction:

𝑉𝑓
𝜐𝑓 = =
𝑉𝑐

𝑚𝑓
(𝜌 )
𝑓

𝑚𝑐
𝜐𝑓 𝜌𝑓 + 𝜐𝑟 𝜌𝑟

=

𝑚𝑓 (𝜐𝑓 𝜌𝑓 + 𝜐𝑟 𝜌𝑟 )
𝑚𝑓
=
∙ (𝜐𝑓 𝜌𝑓 + (1 − 𝜐𝑓 )𝜌𝑟 )
𝜌𝑓 𝑚𝑐
𝜌𝑓 𝑚𝑐

𝜐𝑓 − 𝜐𝑓 ∙

(𝜌𝑓 − 𝜌𝑟 )𝑚𝑓 𝑚𝑓 𝜌𝑟
=
𝜌𝑓 𝑚𝑐
𝜌𝑓 𝑚𝑐

Rearranging gives:
𝜐𝑓 =

𝑚𝑓 𝜌𝑟
𝜌𝑓 𝑚𝑐 − 𝑚𝑓 (𝜌𝑓 − 𝜌𝑚 )
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Appendix B
Supplementary to chapter 3
Temperature history of bond formation
Decay coefficient ω:
𝜔=

√1 + 𝛼𝛽 − 1
2𝛼

𝑤ℎ𝑒𝑟𝑒 𝛼 =

𝑘
𝜌𝐶𝑣

𝑎𝑛𝑑 𝛽 = ℎ𝑃/ 𝜌𝐶𝑣
Where k is the thermal conductivity, ρ is the density of the polymer (this analysis is for a singleextrusion FFF), C is the heat capacity, ν is the extrusion velocity.
Coefficient of convection h= 50 ~100 W/m2K
Cross section of the filament with dimensions a and b.
𝑃 =

64−3𝑄 4
64−𝑄 2

𝑎−𝑏

and A= π ab are the perimeter and area of the ellipse, where 𝑄 = 𝑎+𝑏 as seen in

the schematic below (Figure B-1).
a
b
Figure B- 1: Deposited road cross-sectional dimensions

