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To enhance the crack propagation and initiation properties and heat deflection temperature of poly(lactic
acid) (PLA), PLA/poly(1,4-cyclohexanedimethylene isosorbide terephthalate) (PEICT) blend systems were
prepared and glass fibers (GF) were incorporated as reinforcements. Due to high shear force during
extrusion and injection molding the length of GF was reduced and was oriented towards the flow
direction. Although the reinforcing effect of the GF deviated from the theoretical values calculated by
the Halpin—Tsai equation, both tensile and flexural properties were greatly enhanced with increasing GF
content. Dynamic mechanical and thermal testing showed improved storage modulus throughout the
entire temperature range showing outstanding reinforcing ability. By incorporating GF into the PLA/
PEICT blend, the crack propagation and initiation properties were enhanced compared to pristine PLA.

Such an increase in crack propagation properties was the result of enhanced modulus with the added
Received 2nd June 2025 GF. M b f the | d modulus, the heat deflection t tures of the GF reinforced
Accepted 19th July 2023 . Moreover, because of the increased modulus, the heat deflection temperatures of the reinforce
blends were drastically increased showing a value of 914 °C at 20 wt% GF loading. The high

DOI: 10.1039/d3ra03692h performance reached by the biomass-based composites developed in this research shows great
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1. Introduction

As one of the most important renewable polyesters, PLA has
received considerable attention due to its excellent mechanical
properties and biodegradability.’ In spite of this interest, PLA
is severely limited in its development and application in
a variety of fields due to its inherent brittleness, poor thermal
stability and low ductility nature. To enhance the mechanical
and thermal performance of PLA, modifications such as copo-
lymerization,*® blending,*” plasticization,® and the incorpora-
tion of reinforcements>'® have been made. Among these,
blending is one of the methods that can effectively improve the
physical properties of PLA. Recently numerous studies have
been conducted focusing on methods to improve the interfacial
adhesion between two polymers. Wang et al. reported the PLA/
poly(butylene adipate-co-terephthalate) (PBAT) having high
strength and high toughness via a melting-reactive blending
method with the use of a multi epoxy compatibilizer."* In the
study, they demonstrated an impact strength of 29.6 k] m~> for
60/40 blends of PLA and PBAT prepared via reactive compati-
bilization, which corresponds to 12.3 times that of PLA.
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possibility of replacing these conventional petroleum-based polymer systems.

Through the notched impact strength test, the authors
confirmed the improvement in crack propagation properties,
however, did not address crack initiation characteristics. In
a previous study, we reported toughened PLA and poly(1,4-
cyclohexanedimethylene isosorbide terephthalate) (PEICT)
blends prepared via reactive compatibilization with the aid of
glycidyl methacrylate oligomer (GMA)."> PEICT is a newly
commercialized co-polyester containing isosorbide and 1,4-
cyclohexane which result in transparency and high impact
resistance. According to the results of our study, PLA achieved
44.11 k] m~2 in an unnotched impact strength test, which was
related to crack initiation, when it was reactively compatibilized
with PEICT at a ratio of 60 : 40.

Short fiber reinforced polymers are cost effective and rela-
tively easy to produce making them an attractive method in
improving the properties of polymer materials.">'* Short fiber
reinforced polymers are conventionally produced using melt
compounding or in situ polymerization which is advantageous
for mass scale industrial applications. However, the perfor-
mance of short fiber reinforced polymers is greatly altered by
dimension and orientation of the fiber limiting their structural
applications compared with continuous fiber reinforced
composites. Short fiber reinforced composites are generally
used to enhance the properties of high-performance commodity
polymers to reach the performance of engineering plastics or to
further enhance the properties of engineering plastics.
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Synthetic fibers such as glass fibers or carbon fibers show
outstanding mechanical properties and have been extensively
studied as filler material for PLA.*>*¢ Although nano fibers such
as carbon nanotubes and carbon nanofibers show superior
mechanical properties, they are expensive in cost and aggrega-
tion in the polymer matrix remains a challenge. On the other
hand, glass fibers have excellent mechanical properties and
their dispersion in polymer matrix is relatively well established.
Moreover, the glass fiber industry is highly developed giving
glass fibers low costs and abundance in supply."”

Glass fiber reinforced PLA have been extensively studied for
tissue engineering applications. For such applications phos-
phate glass fibers are used due to the similar compositions with
bone structure.” These studies focus on the cyto-compatibility
and mechanical properties of the composites. In comparison
the use of E-glass fibers (E-glass) are less reported in these
studies the improvement of mechanical strengths to replace
conventional industrial polymers was the main objective. Var-
savs et al. investigated the enhanced ductility and toughness of
glass fibers on PLA and thermoplastic polyurethane blends.*
Lin et al. PLA/PC blend reinforced with GF and reached 200%
increased notched Izod impact strength.”® Lu et al. enhanced
the tensile strength of PLA/HDPE blends.** Wang et al. prepared
PLA/GF composites with significantly increased impact strength
and explored its foamability.” However, no research has been
conducted so far to improve both crack propagation and crack
initiation properties of PLA.

Herein, improvements to the crack propagation and initia-
tion properties and heat deflection temperature of PLA were
attempted by using GF as reinforcements for PLA/PEICT blends.
To ensure good interfacial adhesion organic silane sized GF
targeted for polycarbonate, polybutylene terephthalate, and
polyethylene terephthalate was selected. The PLA/PEICT/GF
composites exhibited enhanced fracture failure and thermal
properties showing a promising potential for replacing ABS/GF
composites.

2. Experimental
2.1 Materials

PLA (Ingeo 2003D), PEICT (Ecozen T90), and GMA (JONCRYL
ADR4468) was purchased from NatureWorks (USA), SK Chem-
icals (Korea), and BASF (Germany) respectively. Silane modified
e-glass chopped fiber (GF) (CS321) was purchased from KCC.
The average diameter and length of the pre-compounded GF
was 10 um and 3 mm.

2.2 Preparation of PLA/PEICT/GF composites

To remove any moisture, PLA, PEICT, and GF were dried at 80 °
C for 12 h prior to processing. After drying the components were
melt compounded using a co-rotating twin screw extruder (BA-
19, Bautek, Korea) with a length/diameter (L/D) ratio of 40 and
a screw diameter of 19 mm. PLA, PEICT and GMA were fed
through the main feeder and GF was fed separately through
a side feeding system to ensure minimum shear breakage of GF.
The ratio of the PLA/PEICT/GMA was fixed and the ratio of GF to
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Table 1 Ratio of the components in the PLA/PEICT/GF composites
in wt%

Designations PLA PEICT GMA GF
PLA 100 0 0 0
PEICT 0 100 0 0
PLA/PEICT 60 39.25 0.75 0
PLA/PEICT/GF5 57 37.2875 0.7125 5
PLA/PEICT/GF10 54 35.325 0.675 10
PLA/PEICT/GF15 51 33.3625 0.6375 15
PLA/PEICT/GF20 48 31.4 0.6 20

the blend components were varied as listed in Table 1. The
individual heating zones of the extruder were set to 190, 220,
230, 230, 230, 230, 220, and 210 °C from hopper to die. The
screw speed was set at 100 rpm and a sufficient distance
between the main feeding system and the side feeding system
was calculated to ensure at least 80 seconds of residence time
for the completion of in situ reaction. The extrudate strand was
immediately cooled in a water bath and cut to appropriate size
for further processing using a pelletizer.

After compounding the prepared samples were dried in
a convection oven at 80 °C for 12 h and sealed in vacuum bags
till further analysis. For the preparation of test specimen, the
samples were injection molded using WIZ50E (LS Mtron, Korea)
50 tons electric injection molding machine. A three-cavity mold
with two rectangular bars with dimension 130 x 13 x 3 mm®
and a dumbbell shaped test specimen following ASTM D638
type I was employed. Injection molding parameters including
melt temperature, mold temperatures injection speed, packing
pressure, and packing time were 230 °C, 30 °C, 80 mm s
88 MPa, and 7 s, respectively.

2.3 Characterization

The length of GF after melt processing were investigated by
dissolving the PLA/PEICT/GF composite in chloroform. The
solution was then observed using a Keyence USA VHX 5000
optical microscope. The length of at least 100 GF was measured
for each sample using the internal software of the microscope.
The mechanical performance of the PLA/PEICT/GF composites
were evaluated by conducting tensile, flexural, and Izod impact
tests at least ten specimens were tested for each test and the
average values and standard deviations were acquired for each
sample. Tensile tests conducted following ASTM D638 using
a Instron 4465 (UK) universal testing machine fixed with 10 kN
loadcell. The head speed rate of the tensile measurements was
equal to the length of the tensile specimen described in ASTM
D638 type I. Flexural tests were conducted by the three point
bending method following ASTM D790 using MCT 1150 (AND,
Japan) testing machine fitted with 500 N load cell due to limits
set by the testing machine the tests were conducted with
a crosshead speed of 10 mm min~"'. Izod impact tests were
conducted using WL2200D (Withlab Korea) testing machine
with impact energy of 6 ] and impact speed of 3.46 m s~ . For
a thorough understanding of the impact failure mechanics both
notched (ASTM D256 test method A) and reversed notched Izod

© 2023 The Author(s). Published by the Royal Society of Chemistry
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impact tests (ASTM D256 test method E) were performed. The
morphologies of the cryo-fractured surfaces and impact frac-
tured surfaces were investigated using scanning electron
microscopy (SEM) (JSM-6340F, JEOL, Japan). Dynamic
mechanical analysis (DMA) was conducted in dual cantilever
mode using a Q800 DMA apparatus (TA Instrument). The
measurements were carried out through 25-140 °C with
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a heating rate of 2 °C min~ " at a constant frequency of 1 Hz with
amplitude of 20 um. The heat deflection temperatures (HDT)
were determined from the storage modulus according to the
correlations established by Takemori.*® Thermogravimetric
analysis (TGA) was performed using a Pyris 1 TGA (PerkinElmer,
USA) over a temperature range of 30-800 °C and a heating rate
of 10 °C min". The thermal degradation was performed under
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Fig. 1 SEM images of cryo-fractured surfaces and GF length distribution of PLA/PEICT/GF 5 wt% (a), 10 wt% (b), 15 wt% (c), and 20 wt% (d)

composites.
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a constant nitrogen flow of 100 mL min ' to ensure
a completely nonoxidative thermal degradation.

3. Results and discussion

3.1. Morphology of PLA/PEICT/GF composites

The SEM images of the cryo-fractured surfaces of the PLA/
PEICT/GF composites and the length distribution of the pro-
cessed GF are shown in Fig. 1. The properties of polymer
composites are highly affected by the dispersion of the fillers in
the matrix. The SEM images show relatively well dispersed GF
with no noticeable agglomerates even at high GF loadings. The
uniform distribution of GF in the polymer matrix gives evidence
that the silane-sized GF has good compatibility with the PLA/
PEICT blend. Good compatibility between matrix and filler
indicates low interfacial tension between two components,
which could benefit the final properties of the composites.
The length by diameter ratio of the fiber in a fiber reinforced
polymer composites is a key factor in the reinforcing ability of
the fiber. As observable in the Fig. 1, the fiber length distribu-
tion of GF in the composites range from 10 to 600 um. The
distribution of fiber lengths shows that the majority of GF
lengths range at 200-300 um, while a significant increase in
shorter fibers is observable at higher loadings. The average
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length of the GF at 5% loading is 270.0 pm and decreases
gradually at higher loadings to 228.4 um at 20% loading. The
significant decrease in length from the original 3 mm to few
hundred micrometers is due to the shear induced breaking
during the twin screw extrusion. For higher loadings collision
between the fibers may have accelerated the fiber breakage as
reported in many studies.

3.2. Mechanical properties of PLA/PEICT/GF composites

The tensile properties of the GF reinforced PLA/PEICT
composites are shown in Fig. 2(a)-(c). Both tensile strength
and modulus increase linearly with the added GF content. As
shown in Table 2, the tensile strength and modulus are
increased to 96.39 MPa and 2.37 GPa at 20% loading from
62.75 MPa and 1.22 GPa of the pristine blends. The pronounced
increase in the tensile properties is in good coherence with
previous works'>** where the strength and rigidity of the poly-
mer matrix is greatly enhanced by GF. The reinforcing effect of
the GF on the PLA/PEICT blends resulted from the decrease in
mobility of the molecular chains and stress transfer from matrix
to reinforcements. For such a reinforcing effect to come into
play, sufficient interfacial adhesion between the matrix and
reinforcing fiber is a prerequisite. Thus, showing that the silane
sized GF had good compatibility with the PLA/PEICT blends.
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(a) Tensile strength, (b) Young's modulus, (c) elongation at break and (d) flexural modulus of PLA/PEICT/GF composites.
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Table 2 Tensile properties and flexural properties of PLA/PEICT/GF composites
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Young's modulus (GPa)

Tensile strength (MPa)

Elongation at break (%)

Flexural modulus (GPa)

PLA

PEICT
PLA/PEICT
PLA/PEICT/GF5
PLA/PEICT/GF10
PLA/PEICT/GF15
PLA/PEICT/GF20

1.66 & 0.03
0.93 &+ 0.01
1.22 £+ 0.02
1.55 4 0.02
1.89 £+ 0.05
2.10 &+ 0.07
2.37 £0.14

61.23 £ 0.61
43.59 £+ 0.28
62.75 £ 0.68
72.02 £ 0.26
81.47 £ 0.58

88.2 £ 0.68
96.39 £ 1.43

6.32 = 0.03 2.26 £ 0.01
108.14 £+ 7.58 0.91 + 0.01
21.58 £+ 5.39 1.52 £ 0.01
6.72 £ 0.33 1.80 & 0.04
6.49 + 0.33 2.09 £ 0.02
7.39 £0.39 2.30 £ 0.02
6.48 +0.24 2.66 £ 0.02

Theoretical models on the reinforcing effect of fibers are an
efficient method to predict the expected properties of compos-
ites. The Halpin-Tsai model includes the morphological prop-
erties of the reinforcements making it an adequate tool for GF
reinforced composites. The Halpin-Tsai equation can be
expressed as follows:**

E - LT
l_nVr
E,
-1
n—E'“
=7
E—m+5

where E., Ey,, and E; are the modulus of the composite, matrix,
and reinforcements respectively. The shape factor £ is expressed
in the following equation

_ 2
~d

where [ and d are the length and diameter of the reinforcement
respectively. The volume fraction V; of the reinforcement was

§

estimated using the following equation and the volume taken
up by void within the composite was neglected.
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where w; is the weight fraction of the reinforcement, p, and py,
are the densities of the reinforcements and matrix. Experi-
mental values were used for the modulus of the matrix (E,,) and
the length of the reinforcements (I). The rest of the values were

3 pm=124gcm >

taken from known values p, = 2.58 g cm™
and E, = 76 GPa.

The calculated theoretical values are compared with the
experimental data in Fig. 2(b). Significant deviation is observ-
able between the experimental values and theoretical predic-
tions, which increases with GF content. However, both values
show linear behavior and the difference between the two values
is also linear. The cause for such results could be speculated
from the imperfect stress transfer between the reinforcement
and matrix.

The elongation at break of the PLA/PEICT/GF composites is
described in Fig. 2(c). Typically, GF reinforced polymer
composites show a tendency to lower elongation at break with
increasing GF content. It is due to the fact that the rigid GF is
not ductile compared to the polymer matrix, which restricts the
composites from deforming before breaking.> It is remarkable
that the elongation at break decreased with the addition of GF
to PLA/PEICT, while ductility still remained higher than that of
PLA.

The flexural modulus of the PLA/PEICT/GF composites is
depicted in Fig. 2(d). The flexural modulus of the blends linearly
increases with the GF contents and the tendency is coherent
with the tensile values. As shown in Table 2, at 20 wt% GF
loading the flexural modulus of the blends reach up to 2.66 GPa
which is 75% higher than that of the pristine blend. In addition,
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Fig. 3 Notched (a) and reversed notched (b) impact strength of PLA/PEICT/GF composites.
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the flexural modulus surpasses that of pristine PLA 2.26 GPa
from 15 wt% GF loading. The increase in flexural modulus of
the blends can be attributed to the stiff nature of GF and
mechanical anchoring effect.>® Furthermore, the high interfa-
cial adhesion between the GF and PLA/PEICT blends contrib-
uted to stress transfer leading to enhanced flexural modulus.
The fracture mechanics of the PLA/PEICT/GF composites
were studied by notched and reversed notched Izod impact
tests, as shown in Fig. 3. As observed in Fig. 3(a), the notched
impact strength linearly increases with increasing GF contents.
The notched impact strength shows similar linear increase
behavior to the tensile properties. Such behavior could be
related to the crack opening mode during crack propagation in
fracture mechanics where the force is transferred toward the

100 pm

Fig. 4
GF20.
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perpendicular direction (tensile load) of impact. Notched
impact strength reached 1.841 k] m ™~ for at 20 wt% GF loading
which is about 55% increase from 1.184 k] m ™ of the pristine
PLA/PEICT blends. This improvement related to crack deflec-
tion, debonding, and pull-out mechanism of fiber reinforce-
ments, which reduce crack propagation rates. Comparing the
pristine PLA/PEICT blend and PLA, it is observable that the
crack propagation rates are clearly corelated to the Young's
modulus, where the Young's modulus of PLA/PEICT blend is
about 75% of the pristine PLA and the notched impact strength
is about 85%. Even with the lower crack propagation perfor-
mance of PLA/PEICT blends, the GF reinforced composites
surpassed the notched impact strength of PLA from 10 wt% GF
loading.

100 um

100 um

Impact fractured surfaces of (a) PLA, (b) PLA/PEICT, (c) PLA/PEICT/GF5, (d) PLA/PEICT/GF10, (e) PLA/PEICT/GF15, and (f) PLA/PEICT/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The reversed notched impact strength in Fig. 3(b) shows that
the reversed notched impact strength of PLA/PEICT is 170%
higher than that of PLA. This result which is consistent with our
previous finding is due to the energy dissipation through the
ductile PEICT in the blends.> However, with the addition of GF
the reversed notched impact strength decreases considerably
from 19.083 k] m > of the pristine blend to 11.379 k] m > at
5 wt% GF loading. The reason for this drastic decrease in
reversed notched impact strength of the PLA/PEICT/GF
composites could be speculated from the rigidness and the
relatively low compatibility of GF than PEICT. In addition, the
GF fibers in the composite could have hindered the energy
dissipation to PEICT. With higher GF loadings a linear increase
in the reversed notched impact strength is observable. As both
shear and tensile forces act in the reversed notched impact, this
phenomenon could be attributed to the tensile component of
the crack initiation.

The impact fractured surfaces of the PLA/PEICT/GF
composites are shown in Fig. 4. The fracture surface was
observed at the center of the specimen along the flow direction.
The high shear force, resulting from high-speed flow during
injection molding, causes the GF to align along the injection
direction as shown in Fig. 4. Therefore, a perpendicular force is
applied to the GF during impact fracture. However, the GF in
Fig. 4 are parallel to the impact direction which is due to the
weaker shear flow at the center.””*® As the GF loading increases
this phenomenon is more pronounced. The dominant flow
associated at the center of the molds is fountain flow leading to
this parallel orientation of GF. The fractured surfaces of PLA
and PEICT show smooth clean surfaces, while the PLA/PEICT/
GF composites show much rougher surfaces. These rough
surfaces are more prominent along the GF which is caused by
fiber pull-out during fracture. Fiber pull-out is one of the major
components of energy consumption during fracture mechanics
in fiber reinforced composites. In addition, the majority of the
fibers have been pulled out of the PLA/PEICT matrix demon-
strating that fiber pull-out is the main failure mechanism. For
fibers that have not been pulled out it is noticeable that the
polymer matrix around it show signs of tearing. This indicates
the presence of strong interfacial adhesion between the PLA/
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PEICT blend and GF. Accordingly, it can be concluded that
the silane sizing was effective in compatibilizing the GF with the
matrix, in addition, the improved interfacial adhesion signifi-
cantly enhanced the impact strength of the composites.

3.3. Dynamic mechanical thermal analysis of PLA/PEICT/GF
composites

Dynamic mechanical and thermal analysis were conducted on
samples, and the storage modulus (G) and loss tangent (tan 6)
against temperature are plotted in Fig. 5. Initially all G’ values
are at level at a relatively high value until reaching a certain
temperature the G’ values show a drastic decrease. This
decrease is more drastic for the pristine polymers PLA and
PEICT where they reach the lowest G’ values. For the blend and
their composites, the drastic decrease levels at about 70 °C and
a plateau region is formed till 90 °C. At temperatures above 90 ©
C the G’ values decrease and reach a low-level plateau. These
sudden drop in G’ indicates the transition from glassy to
rubbery state. For the blended samples, these transitions
appear for each polymer component.

The addition of GF increases the G’ in all temperature ranges
showing that GF is an effective reinforcement. The enhanced G’
throughout the entire temperature range is due to the signifi-
cantly higher transition temperature of GF than that of the
polymer matrix. Furthermore, G’ is increases with increased GF
content which is a synergetic effect of good dispersion of GF and
good interfacial adhesion between the polymer matrix and GF.
At lower temperatures, the increase in G’ is comparably greater
when GF loading is increased from 10 wt% to 15 wt%. This
phenomenon could be attributed to formation of GF network
structures. As GF concentration increases to 20 wt% the
increase in G’ is stalled giving further evidence to the formation
of GF network and that the GF concentration has reached the
percolation threshold.

In Fig. 5(b) the tan ¢ of the samples are presented, at low
temperatures the internal damping remains at zero with tan
o values at zero. At elevated temperatures tan ¢ increases rapidly
showing a transition from glassy to rubbery state. The temper-
ature at tan 6 peaks is commonly interpreted as glass transition
temperatures (T,). The T, of PLA and PEICT appear at 65.5 °C

(b)

—=— PLA
—e— PEICT
—A— PLA/PEICT
2.0 —v— PLA/PEICT/GF5
—&— PLA/PEICT/GF10
PLA/PEICT/GF15
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o 1.54
&
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0.5
0.0+
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Temperature (°C)

Fig. 5 Storage modulus (G') (a) and loss tangent (tan 6) (b) plotted against temperature of PLA, PEICT, PLA/PEICT blend, and PLA/PEICT/GF

composites.
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Table 3 Thermal properties of PLA, PEICT, PLA/PEICT blend, and PLA/
PEICT/GF composites

Ty (°C)

PLA PEICT HDT (°C)
PLA 65.5 63.0
PEICT 94.0 89.2
PLA/PEICT 64.7 92.4 66.5
PLA/PEICT/GF5 66.1 94.2 69.3
PLA/PEICT/GF10 65.3 92.8 71.2
PLA/PEICT/GF15 65.9 93.6 78.3
PLA/PEICT/GF20 66.1 93.5 91.4

and 94.0 °C respectively as shown in Table 3. For the PLA/PEICT
blends and their composites the tan ¢ show two peaks corre-
sponding to PLA and PEICT. For the PLA/PEICT/GF the T,
related to PLA appear at slightly elevated temperatures and the
T, related to PEICT appear at decreased temperatures with the
addition of GF. However, comparing the size GF to the molec-
ular segments related to Ty, GF is too macro to interfere with the
molecular mobility.*® Although some reports take focus on the
increase and decrease of Ty, the shifts appearing in this study
are within error range. Therefore, these shifts could be inferred
as results of difference in thermal conductivity of GF and the
polymer matrix.

The heat deflection temperature (HDT) was calculated using
the correlations established by Takemori from the storage
modulus operated at dual cantilever mode.*”® According to
Takemori the HDT values of a standard ASTM HDT specimen
could be interpreted as the temperature where the tensile
modulus (E,o) reaches 0.75 GPa. This value can be extrapolated
to the shear modulus (G') of dual cantilever DMTA by using the
following equation.

E=2(1+vG

where v is the Poisson's ratio, assumed at a constant value of
0.33 for all compositions.

The established HDT values of PLA, PEICT, PLA/PEICT
blend, and PLA/PEICT/GF composites are shown in Table 3,
and their relations are plotted in Fig. 6. It can be observed that
the PLA/PEICT blends show a slight increase in HDT compared
to PLA, which is the effect of PEICT's higher transition
temperature. The addition of GF increases the HDT of the
blends with increasing GF contents. At 20 wt% GF loading the
HDT reaches 91.4 °C, considering the HDT of pristine PLA,
PEICT, and PLA/PEICT are 63.0 °C, 89.2 °C, and 66.5 °C
respectively, this value is quite significant. The increase in the
HDT by GF is the result of the rigid fibers resisting the defor-
mation under load.** According to Wang et al. PLA/GF
composites with 20 wt% GF increased the HDT of pristine
PLA increased the HDT by 3 °C. This result is comparable to
PLA/PEICT/GF20 composites where the HDT is increased by 28 ©
C from pristine PLA. This result is due to the enhancement in
storage modulus by GF for both PLA and PEICT dominant
regions as observed in Fig. 5. Moreover, these results show that
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Fig. 6 HDT of PLA, PEICT, PLA/PEICT blend, and PLA/PEICT/GF
composites determined by Takemori's correlation.
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Fig. 7 TGA (a) and DTGA (b) thermograms of PLA, PEICT, PLA/PEICT
blend, and PLA/PEICT/GF composites.
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Table 4 Maximum degradation temperatures of PLA, PEICT, PLA/
PEICT blend, and PLA/PEICT/GF composites

Tdm (OC)

Step 1 Step 2
PLA 371.2
PEICT 425.7
PLA/PEICT 377.5 405.5
PLA/PEICT/GF5 382.6 421.5
PLA/PEICT/GF10 381.6 421.7
PLA/PEICT/GF15 380.5 422.4
PLA/PEICT/GF20 383.0 425.4

the silane sized GF had good interaction with both PLA and
PEICT.

3.4. Thermal degradation properties of PLA/PEICT/GF
composites

The thermal stability of the PLA/PEICT/GF composites was
investigated using TGA (Fig. 7). The precise weight percent of
the loaded GF can be determined using TGA due to the high
degradation temperature of GF. The residual mass of the PLA/
PEICT/GF in Fig. 7(a) show that the blend compositions were
relatively precise leaving respective residual mass for each
loading. This result also demonstrates that the GF was well
dispersed in the matrix. The maximum degradation tempera-
tures of the specimens are listed in Table 4. The blends show
two maximum degradation rates representing the degradation
of PLA and PEICT. With the addition of GF the temperature at
peak degradation rate tends to shift to higher temperature than
the pristine blends. This phenomenon is independent of the GF
content, therefore could have been the result of a difference in
thermal conductivity.**

4. Conclusion

The PLA/PEICT/GF composites were prepared by in situ reactive
melting compounding and injection molding. Due to the high
shear force generated during the processing process, the glass
fibers were oriented in the direction of flow. As predicted by the
Halpin-Tsai equation, glass fiber generally reinforced the PLA/
PEICT matrix. As the glass fiber content increased, the tensile
and flexural properties of the PLA/PEICT/GF composites
improved, and DMTA analysis revealed that the storage
modulus increased in all temperature ranges. It was confirmed
that the relatively large size of the glass fiber did not influence
molecular motion, since no change in the temperature of the
glass transition was observed in the PLA/PEICT/GF composites.
In terms of impact resistance, it was confirmed that the addi-
tion of glass fibers reduced crack initiation force, but was
effective at suppressing crack propagation, which could be
attributed to the improved modulus of elasticity. GF reinforced
composites, however, showed improved crack propagation and
initiation characteristics compared to pristine PLA. Moreover,
the addition of glass fiber greatly improved the heat deflection
temperature of the PLA/PEICT blend, which reached the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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maximum value of 91.4 °C in PLA/PEICT/GF20 sample. The
PLA/PEICT/GF composite newly presented in this study
demonstrated high impact strength and thermal properties that
were comparable to high impact strength polystyrene (HIPS)
and acrylonitrile butadiene styrene copolymer (ABS). As these
polymers are actively used in the automobile and electronics
industries, the biomass-based polymer composite prepared in
this study has considerable potential as a substitute for
petrochemical-based polymers.
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