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ABSTRACT: As the demand for polymer-matrix composites (PMC) expands in order to replace traditional materials, processing of the

PMC is increasingly vital, as the morphology and properties are processing dependent. Typically, thermoplastic PMCs are processed

in at least two heat-intensive steps, including a pre-compounding step in order to achieve good mixing followed by a part fabrication

step. The key aim of this study is to prepare a fiberglass-reinforced poly (trimethylene terephthalate) (FG-PTT) composite using a

one-step, high shear melt-processing method that achieves both compounding and part fabrication. The morphology, thermal proper-

ties, and mechanical properties are characterized to determine the effect of FG reinforcement on this renewable biopolymer. This

novel method produces a FG-PTT composite with superior mixing and tensile strength, as well as enhanced toughness, in one proc-

essing step, reducing polymer degradation and fiber attrition, as well as, time, energy, and cost requirements. VC 2015 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2015, 132, 42714.
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INTRODUCTION

Thermoplastic polymer matrix composites (PMC) are sought to

replace traditional materials, like glass, aluminum, steel, and con-

crete, in a wide array of applications, offering many benefits,

including variability in processing and part fabrication. The final

part properties are directly dependent upon the processing

method and resultant morphology. Dispersing and distributing

pigment, modifiers, fillers, particles, reinforcing agents, and other

various compounds within a thermoplastic matrix are difficult.

Twin screw extrusion is commonly used for compounding in

order to achieve good mixing followed by a second processing

step, like injection molding, for part fabrication. However, sub-

jecting the polymer to multiple processing steps has its disad-

vantages, including every time a polymer is subject to heat and

shear forces there is potential for degradation, chemical or oth-

erwise; multiple processing steps have been found to coarsen

the morphology of a previously well mixed system1; mechanical

properties are dependent upon morphology; particles may tend

to agglomerate during extrusion; and particle aspect ratio

reduction because of attrition. Additionally, multiple processing

steps increase energy usage, manufacturing costs, coordination

steps, and time. However, single screw extrusion with new mix-

ing element designs offers several advantages over twin screw

extrusion,2 which has changed the function of single screw

extrusion from only plasticating to both plasticating and mix-

ing.3 For homogeneity, dispersive mixing followed by distribu-

tive mixing is optimal.4

After years of experimental observation, the authors discovered

a high compounding mixer (HCM) for use with single screw

extrusion, which provides enhanced mixing and toughness

without sacrificing modulus and strength.5,6 For example, proc-

essing an immiscible polymer blend (IMPB) of polystyrene (PS)

and high density polyethylene (HDPE) using this HCM screw

design results in a fine morphology of good mixedness (approx-

imately 1 lm HDPE domains) and fractures at 12% strain, as

shown in Figure 1.7 Conversely, processing the same materials

and concentration with a typical, commercially used mixer in

the screw design results in a more coarse-grained structure

(approximately 10 lm HDPE domains) with similar modulus

and strength but fractures at only 5% strain, as shown in Figure

1. Thus, the authors incorporated HCMs into the screw design

of an injection molding machine in order to compound and

fabricate parts in a one-step, novel injection molding process.

Along with processing improvements, polymer selection for the

matrix of a PMC determines its properties and applications. Poly

trimethylene terephthalate (PTT), is a linear aromatic polymer

with three methylene groups in the backbone; belongs to the

polyester family, along with polyethylene terephthalate (PET), and

poly butylene terephthalate (PBT); and has engineering-grade

properties. PTT is synthesized from 1,3-propanediol (PDO) with
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either terephthalic acid or dimethyl terephthalate, followed by

polymerization. Production of PDO is possible from petrochemi-

cal sources, as well as, from renewable resources via biological

processes.8 Thus, PDO may be bio-sourced for the fermentation

process; however, PTT is not bio-degradable. The chemical struc-

ture of PTT is shown in Figure 2. The crystallization of PTT has

been widely studied, including the crystal structure,9,10 morphol-

ogy,11 crystallization kinetics,12–14 and melting behavior.15 The

mechanical properties and structure,14,16 as well as aging effects

on the mechanical and thermal properties and structure,17 have

been investigated. Its beneficial properties, similar to high-

performance PBT, are derived from a unique, semi-crystalline

molecular structure featuring a pronounced "kink”.

The initially intended application of PTT was in the textile

industry as a fiber because of its superior resiliency and chemi-

cal resistance.17–19 PTT has found new opportunities in carpet,

textile, film, packaging, and engineering thermoplastics14,20 mar-

kets because of (1) breakthroughs in PDO synthesis that has

made PTT available in industrial quantities14 and (2) efforts

since the 1990s by DuPont to develop cost-effective production,

processing, and applications of PTT.8

Many studies compare PET, PBT, and PTT, since they poten-

tially compete for the same engineering-grade thermoplastic

market.8,14,16,20,21 The crystallization rate from fastest to slowest

for these three polyesters is PBT, PTT, and PET, each one hav-

ing a crystallization rate an order of magnitude higher than the

other.12 The crystallization rate of PTT and short-comings of

PET and PBT suggest that PTT may be best suited for injection

molding applications.12,14 PTT offers similar physical properties

of PET (including strength, stiffness, toughness, and heat resist-

ance), dimensional stability, electrical insulation, chemical resist-

ance, and better processability than PET.14 PTT “is a viable

candidate for engineering structural applications, which are

presently addressed by nylon 6/6, PET, and PBT.”20

To improve properties of polyesters, fiberglass (FG) reinforcement

is commonly used to provide a high-end engineering thermoplas-

tic composite that may compete more directly with thermosets

and high temperature thermoplastics in very demanding applica-

tions. There are a small number of studies that have investigated

FG-reinforced PTT, with comparisons to FG-reinforced PET and

FG-reinforced PBT.14,20,22 FG-reinforced PTT had the highest

stiffness and toughness relative to FG-reinforced PET and FG-

reinforced PBT and had superior tensile strength and heat deflec-

tion temperature relative to FG-reinforced PBT.20

The aim of this work was to develop a novel, one-step melt-proc-

essing method to produce a FG-PTT PMC at various concentra-

tions and characterize the mechanical and thermal properties, as

well as the morphology. This novel method is a patent-pending,

one-step processing method that accomplishes both compound-

ing and part fabrication and allows reinforcing agents, powder or

liquid pigments, and fillers to be added with the bulk polymer

Figure 1. PS/HDPE processed using single screw extrusion: (a) SEM

micrograph at 8.57 lm scale produced with HCM, (b) SEM micrograph

at 8.57 lm scale produced with standard mixers (PS phase was leached

with toluene from the cryogenically fractured surface for better contrast

and appears black), and (c) Corresponding tensile stress–strain curves.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Chemical structure of PTT.
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resin directly into an injection molding machine with a novel

screw design in the plasticating unit.23 Advantages of processing

the FG-PTT PMC by this novel method include: (1) a better final

part because of good mixing, less fiber attrition during process-

ing, and less heat history to the polymer, (2) a less expensive

final part because of elimination of the costly compounding step,

(3) energy and cost savings, and (4) easier materials handling

and logistics since only basic ingredients are necessary to store

just prior to final part manufacture, rather than precompounded

and proprietary mixtures.

EXPERIMENTAL

Materials

Two components were used for this experimental mixing study,

including FG and polytrimethylene terephthalate (PTT). No proc-

essing aids were used to promote fiber–matrix adhesion. The FG

(manufactured by Eager Polymers) is typical micron-sized

chopped strand E Glass (d 5 20 mm, L 5 4 mm) with a silane

coating appropriate for mixing with polyester resins. PTT (manu-

factured by DuPont), contains 20–37 weight % renewably sourced

material and has a melting temperature of approximately 2278C.

Processing

Prior to melt-processing, PTT was dried at 1508C for about 12

hours. FG-PTT components were dry-blended in concentrations

of 0, 10, 15, 20, and 30 wt % FG in PTT. Dry-blended compo-

nents were added directly to the hopper of a Negri Bossi V55–200

IM machine with a novel screw design, including two HCM ele-

ments and melt-processed at 100 RPM, and processing tempera-

tures for zones 1, 2, 3, and the nozzle were 2468C, 2428C, 2408C,

and 2408C, respectively. The stainless steel mold temperature was

not controlled and was approximately room temperature. Stand-

ard ASTM D638 Type 1 tensile specimens and D256 impact speci-

mens with cross-sectional dimensions of approximately 3.4 mm

by 12.5 mm were produced. After processing, specimens were

conditioned at room temperature prior to mechanical property

testing, according to ASTM D 638 and D 256.

Characterization

Morphology Analysis. A Hitachi S-2600 scanning electron

microscope (SEM) was used for morphology analysis. SEM

samples were prepared by cryogenic fracture at liquid nitrogen

temperatures. The fractured specimens were mounted on alumi-

num studs and gold coated. The specimens were fractured par-

allel and perpendicular to the extrusion axis to show fiber

orientation and distribution.

Thermal Property Test. Thermal properties were determined

using a TA Instruments Q1000 Differential Scanning Calorime-

ter (DSC) using a heat/cool/reheat method over a temperature

range from 08C to 2508C at a rate of 108C/min under a blanket

of dry nitrogen. The first heating curves are displayed to show

the effect of processing method, as well as the cooling curves

and second heating curves. Glass transition (Tg), cold crystalli-

zation (Tcc), crystallization (Tc), and melting (Tm) temperatures

were measured. The heat of fusion during cold crystallization

(DHcc), heat of crystallization (DHc), and heat of fusion during

melting (DHf) were determined from the areas under the cold

crystallization, crystallization, and melting peaks, respectively,

and normalized to the PTT content. Two specimens per concen-

tration were tested and the average data reported.

Tensile Test. Tensile mechanical properties were determined

using a MTS QTest/25 Elite Controller with a 5 kN load cell

and extensometer (MTS model 632.11B-20 with a 1 inch gauge

length) at a cross head speed of 5 mm/min, according to ASTM

D 638 of Type I specimens with dimensions 3.4 mm x 12.5 mm

x 165 mm (thickness x width x length). At least five specimens

per sample were tested, and all error bars indicate standard

deviation per sample. Modulus, ultimate tensile strength, per-

cent strain at fracture, and total energy absorbed were calculated

and the average of the five specimens reported.

Impact Test. Notched Izod impact resistance was determined

using an Instron Dynatup POE 2000, according to ASTM D256

with an average impact velocity of 3.4 m/sec and 1.64 kg

weight. Specimen dimensions were 3.4 mm x 12.5 mm x

63 mm (thickness x width x length). At least 10 specimens per

sample were tested, and average impact resistance reported with

error bars indicating standard deviation per sample.

RESULTS AND DISCUSSION

Morphology

The morphology of the FG-PTT PMC for 10%, 15%, 20%, and

30% FG in PTT is presented in Figures 3 and 4 at a 300 mm

scale and 1003 magnification. In Figure 3, the images were

taken perpendicular to the machine direction and reveal good

fiber distribution throughout the PTT matrix. In Figure 4, the

images were taken parallel to the machine direction and reveal

fiber orientation in the machine direction. In other words, the

fibers appear to be pointing in the same direction. In Figure 5,

images of 15 and 30 wt % FG in PTT were taken perpendicular

to the machine direction at a 30 mm scale and 10003 magnifi-

cation. The fiber–matrix gap spacing appears quite small and

there is very little fiber-pull out, indicating good fiber–matrix

bonding and near optimal fiber aspect ratio.

When fiber-pull out occurs and is dominant over fiber break-

age, one may observe the fracture surface by eye or by optical

microscope and see the fibers. Qualitatively, few short fibers

were seen on the fracture surface of the FG-PTT composites

produced using the novel method, as compared with long fibers

visible on the fracture surface of FG-PTT composites prepared

by standard processing methods in our labs. Good fiber–matrix

bonding is required to allow load transfer between the reinforc-

ing agent and the matrix and is evident in the mechanical prop-

erty enhancement with increasing FG concentration.

Effect of FG Content and Processing Method on

Thermal Behavior

First heating, cooling, and second heating curves for one speci-

men of each FG-PTT composite are shown in Figure 6, and the

tabulated results for Tg, Tcc, DHcc, Tc, DHc, Tm, and DHf appear

in Table I. In the first heat scan, the Tg, Tcc, and Tm are inde-

pendent of FG concentration and remain nearly constant at

approximately 458C, 668C, and 2278C, respectively. Cold crystalli-

zation occurs for all concentrations, but DHcc decreases with FG

content. These values are similar to those found in the literature

for neat PTT and clay-PTT nanocomposites.15,24 In the second
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heat scan, the Tg remains constant with the addition of FG to

PTT at 528C, which is 78C higher than the first heat scan and

cold crystallization does not occur. The Tm remains constant with

addition of FG to PTT in both the first and second heat scans.

With addition of FG to PTT, the Tc values of all concentrations

of the FG-PTT composites are elevated from the neat PTT value

of 1698C to an average of 1808C. Similar to previous work, the

increase in Tc with the addition of FG indicates that FG has a

nucleating effect on PTT and an increase in crystallization

rate.22 However after 10% FG in PTT, FG begins to hinder

migration and diffusion of polymer molecular chains to the sur-

face of the nucleus and Tc values no longer increase.22 In some

cases, organoclays also act as nucleating agents and enhance

crystallization rates of PTT.25–27 The degree of supercooling

(DT 5 Tm 2 Tc) decreases with the addition of FG, further sup-

porting the notion that crystallization rate is higher for FG-PTT

composites than for neat PTT.25

The polymer crystallinity (Xc) is estimated from DSC measure-

ments according to eq. (1), in which DHf is the heat of fusion

during melting, DHcc is heat of fusion during cold crystalliza-

tion, and DHf8 is the equilibrium heat of fusion of 100% crys-

talline PTT.28,29 For PTT, DHf8 is 30 kJ/mol.30 The percent

crystallinity of the as molded specimens is calculated from the

first heat scan and appears in Table I. Xc increases with the

addition of FG to PTT, from 21.4% to 26.3% for neat PTT and

30% FG in PTT, respectively:

Xc5
DHf 2DHcc

� �

DH 8
f

(1)

Effect of FG Content and Processing Method on Tensile

Properties

Tensile stress–strain curves for 0%, 10%, 15%, 20%, and 30% FG

in PTT appear in Figure 7, for which a representative curve from

each sample is shown, and the corresponding data is shown in

Table II. The 0% FG in PTT sample fractures on average at 178%

strain and is not shown on the graph so that the scale is appro-

priate for the composites. With the addition of FG to PTT, the

average values of tensile modulus and tensile strength increase, as

shown in Table II and Figure 8. Surprisingly, % strain at fracture

remains fairly constant with increasing FG concentration. Typi-

cally, % strain at fracture decreases with increasing chopped fiber

content as the modulus increases and the composite becomes

more brittle. The total energy absorbed until tensile strength

increases with FG concentration. Thus, the FG-PTT PMC pre-

pared using the novel method is stiff and strong while maintain-

ing some ductility and offering enhanced toughness.

Figure 3. Morphology of the FG-PTT PMC by scanning electron microscopy at a 300 mm scale oriented perpendicular to the machine direction for 10,

15, 20, and 30 wt % FG in PTT.
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These mechanical properties are similar to values found in the

literature for an FG-PTT composite prepared by twin screw

extrusion followed by injection molding using a mold tempera-

ture of 358C for 0, 15, and 30% FG in PTT (unfilled data

points),22 as shown with the novel processed composites (shaded

data points) in Figure 8. However, tensile strength at 30% FG in

PTT prepared using this novel method is 20% higher than the

composite shown in the literature prepared by twin screw extru-

sion followed by injection molding. This strength enhancement

of the novel method is due to good fiber–matrix bonding and

optimal fiber aspect ratio. Moreover, it has been shown that mul-

tiple processing steps cause degradation in PTT, resulting in

Figure 4. Morphology of the FG-PTT PMC by scanning electron microscopy at a 300 mm scale oriented parallel to the machine direction for 10, 15, 20,

and 30 wt % FG in PTT.

Figure 5. Detailed morphology of the FG-PTT PMC by scanning electron microscopy at a 30 mm scale oriented perpendicular to the machine direction

for 15 and 30 wt % FG in PTT.
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yellowing, molecular weight reduction, and decrease in tensile

and impact break properties with each successive step.31 Thus, a

one-step process that is able to compound and fabricate parts is

highly desirable for this type of condensation polymer. Further-

more, mechanical property results, in conjunction with the mor-

phology analysis, show that twin screw extrusion is not required

to obtain good mixing (i.e. good dispersion and distribution of

particles) and thus good mechanical properties for fiber-

reinforced thermoplastic composites.

Tensile strength of 100% PTT is similar to values quoted in the

literature when the mold temperature is 208C; however, tensile

strength is dependent upon the mold temperature used during

processing.14 As the mold temperature increases, tensile strength

of PTT also increases and is attributed to a simultaneous increase

in the degree of crystallinity.14 Thus, tensile strength of PTT and

FG-PTT composites is dependent upon processing method and

mold temperature used during injection molding.

Effect of FG Content and Processing Method on Izod

Impact Resistance

Average Izod impact resistance is shown in Figure 9 for the FG-

PTT composite prepared using this novel method. Remarkably,

impact resistance at 30% FG prepared using this novel method

is 35% higher than values quoted in the literature,22 indicating

superior fiber–matrix adhesion because of processing method.

Table I. Thermal Analysis Results Measured from DSC of 0%, 10%, 15%, 20%, and 30% FG in PTT

% FG

Tg (8C) Tcc

(8C)
DHcc

(kJ/mol)
Tc

(8C)
DHc

(kJ/mol)

Tm (8C) DHf (kJ/mol)
DT
(8C)

Xc

(%)1st Heat 2nd Heat 1st Heat 2nd Heat 1st Heat 2nd Heat

0 44 52 64 4.4 169 10.4 227 228 10.8 10.5 59 21.4

10 45 52 66 3.6 179 11.5 227 228 11.0 11.4 49 24.4

15 45 51 66 3.0 180 11.1 227 228 10.5 11.0 47 24.8

20 46 51 66 1.9 181 11.0 227 228 9.7 10.8 46 25.7

30 45 52 66 2.7 180 11.5 227 228 10.5 11.3 47 26.3

Figure 7. Average tensile stress–strain curves for 0, 10, 15, 20, and 30 wt

% FG in PTT.

Figure 6. DSC thermograms at 108C/min of 0%, 10%, 15%, 20%, and 30%

FG in PTT: (a) first heat scans, (b) cooling scans, and (c) second heat scans.
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CONCLUSIONS

A successful one-step, novel injection molding processing

method was developed and achieved a well-mixed FG-PTT

composite with good fiber–matrix bonding. Thermal property

results indicate that FG is an effective nucleating agent and

increases the crystallization rates of PTT. Mechanical property

results indicate that this novel method produces FG-PTT com-

posites with enhanced ductility, toughness, and Izod impact

resistance without sacrificing tensile modulus or tensile strength.

Furthermore, at higher FG concentration, this FG-PTT compos-

ite offers superior strength and Izod impact resistance compared

with values quoted in the literature.

The key advantages of this novel method include cost, time,

and energy savings. Additionally, the novel method offers

reduced fiber attrition and polymer degradation and enhanced

mechanical properties. This novel method is applicable to poly-

mer blends and other PMCs and will aid the polymer manufac-

turing industry by reducing the costs and energy required for

traditional two-step pre-compounding followed by part fabrica-

tion methods.
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