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ABSTRACT 

Traditional thermoset composites often require lengthy production cycles and have 
negative environmental impacts when reaching their end-of-life. Recyclable thermoplastic 
composites have the potential to increase production efficiencies through rapid manufacturing 
techniques such as hot press forming. The result is a faster manufactured product that not only 
cuts production time, but also benefits from favorable mechanical properties of advanced 
thermoplastic matrices. Integrating these materials into structural applications requires the ability 
to characterize, calibrate and successfully model these composites. The scope of this work was to 
mechanically characterize a PET/Glass fiber laminate for the purpose of developing 
computational material cards and acting as a guide for the challenges that may manifest during 
the characterization process. Composite panels were manufactured on a 150-ton press and cut 
into individual test specimens. The cut tensile, compression, and shear specimens were then 
analyzed under a microscope for edge quality and fiber-matrix interface characteristics. Tensile, 
compression and shear tests were all performed according to ASTM standards, and the quasi-
static tests were used to develop finite element material cards.  
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1. INTRODUCTION 
1.1 Introduction/Literature Review 

Polymer matrices can be split into two categories: a thermoplastic or thermoset. A 
thermoset typically undergoes a chemical transformation to cross link polymer chains into a final 
product that is irreversible and nonrecyclable. A thermoplastic material has a melting point at 
which the material’s intermolecular bonding weakens and allows it to become a viscous fluid 
that readily flows until the temperature drops below the melting point and the intermolecular 
forces strengthen and strengthen the material. This is advantageous as it allows a thermoplastic 
to be formed, reheated and reformed in a streamlined process for a rapidly formed recyclable 
structure.  Reinforcements can be added to give the thermoplastic resin higher performance. 
Thermoplastic composites are manufactured at increased temperatures above the glass transition 
point of the polymer matrix. This allows the now viscous resin to flow readily and impregnate 



the fibers before the temperature is lowered and solidified into its final shape. Thermoplastic 
composites can be thermoformed which is attractive from a manufacturing standpoint due to 
shear speed. Pre-impregnated thermoplastic composite sheets can be placed between two platens 
of a machined shape and be thermoformed at a temperature in which the resin plastically flows 
into its final shape and is then cooled and removed from its mold. This process is typically 
quicker as the cooling schedule of most thermoplastics is shorter than the curing schedule of 
thermoset resins. The result is a recyclable material system that is easily and rapidly 
manufactured [1].  

Furthermore, thermoplastics match and even outperform thermoset resins. Nishida et al. 
drew comparisons of thermoset and thermoplastic resins using the same carbon fiber plain weave 
fabric at similar volume fractions[2]. From the study, the authors found that thermoplastics and 
thermosets behave somewhat similarly in interfacial shear strength and quasi-static tensile 
properties, however, thermoplastics outperformed thermosets with both mode 1 and 2 inter-
lamina fracture toughness as well as interlaminar shear strength and Izod impact strength. 

Recyclability and faster manufacturability with higher performance allows thermoplastic 
reinforced composites to meet the demands of industrial materials. However, to streamline 
research and development for integrating these materials into commercial products, finite 
element validation must be done to validate the design process. Due to the variance in 
mechanical properties of polymers under different means of manufacturing (heating and cooling 
temperatures and rates, degrees of consolidation, etc.), it is crucial to mechanically characterize 
the thermoplastic composite under the same manufacturing conditions as its final processing 
conditions. This captures the realistic strength properties that the processed material has and 
eliminates finite element validation errors.  

Implementing composite materials requires finite element analysis validation to ensure a 
safe and proper design. Commercial finite element packages offers a variety of composite 
material cards suited for a multitude of applications which each requires specific experimentally 
determined mechanical properties. Unfortunately, manufacturer datasheets only provide limited 
properties such as estimates for tensile strength and elastic modulus in the fiber direction, but the 
finite element packages require additional tensile, compressive, and shear properties in all three 
principle directions. Abaqus CAE is a common finite element package used for modeling 
composite laminates with conventional 2-D shell [3], 3D continuum shell [4], or 3D solid 
elements [5]. The convenience of the Abaqus CAE interface is that the composite material cards 
only require physical material characteristics, such as an orthotropic stiffness matrix for elastic 
response and crack energy release rates for damage evolution behavior. While this method is 
convenient from a material card development perspective, the damage evolution behavior can be 
computationally expensive for dynamic progressive damage modeling compared to other 
packages. A common composite material card for the automotive industry is the LS Dyna 
MAT_054 card; a progressive ply failure model. MAT_054 allows the utilization of quasi-static 
mechanical data as damage parameters are used to account for strain-rate effects in high loading 
rate applications. Though the material card has crash related parameters for dynamic loading 
events [6]–[9]; the material card has been successfully shown to describe modes of failure in 
quasistatic testing [10],[11]. The broad range of suitable applications, simple material 
characterization parameters, and high computational efficiency explains the extensive utilization 
of MAT_054 in industry.  

The purpose of this work was to complete the necessary manufacturing and mechanical 
characterization tests to develop an experimentally based finite element material card for future 



use in dynamic progressive damage models. Mechanical characterization was performed using 
ASTM standards, and the data was analyzed to extract the necessary material parameters for 
finite element modeling. During the course of this work, 3-D finite element methods were 
utilized in Abaqus CAE to inform the development of tabbing procedures for the mechanical 
characterization tests.   

2. METHODS 

2.1 Manufacturing 

Toray Cetex® TC940 PET/GF (polyethylene terephthalate) semicrystalline polyester 
unidirectional composite tape was chosen as the representative thermoplastic composite. The 
high strength and low cost of the TC940 make it an exceptional material for structural 
applications in the automotive and sporting good industries. TC940 is a prepreg thermoplastic 
composite system with 60% unidirectional glass fiber by weight. The recommended processing 
temp for this material is 254–277°C (490–530°F), per the manufactures recommendations [12]. 
The unidirectional tape comes in 0.26mm thick and 165mm wide tape. Core composite density 
of the material is 1.89g/cm3.  

Manufacturing was done on a Grimco Press Model D150-9-22 150-ton press outfitted 
with electrically heated platens and a closed loop chiller system for expedited cooling. As 
illustrated in Figure 1, 610mm x 610mm polished aluminum plates acted as the lower and upper 
caul plates. When manufacturing hot formed thermoplastic structures, a release coating or film is 
often needed to ensure the part can be removed without damage. For consolidating the flat test 
panels in this study, 0.0508mm thick polyimide film (Kapton®) was utilized as a release ply 
between the PET / GF laminates and the caul plates. The polyimide film was rated with an 
operating temperature of up to 750 °F, which was well above the processing temperature of the 
PET composite used in this study. The release film was cut into 610mm x 610mm squares and 
allowed to overhang the edges of the platens to ensure that no excess PET was allowed to flow 
outside and touch the platens. Another 610mm x 610mm aluminum picture frame was placed on 
top of the polyamide release film and lower platen. This aluminum plate had a 308mm square 
hole cut out of its center and was used as a hard stop for its final consolidation thickness. 
Polyimide tape was placed around the perimeter to ensure the edges remained non-stick. 



 
Figure 1 Manufacturing Stack Up for Compression Molding  

The hydraulic press had a maximum clamping force of 150 tons, maximum operating 
temperature of 750 °F, programmable heating and cooling cycles, and both air and water cooling. 
The manufacturing cycle was as follows: (i) preload at 70,000lbs force, (ii) heat to 510°F 
(maintain 70,000lbs force), (iii) dwell at 510°F for 15 minutes (maintain 70,000lbs force), and 
(iv) cool to 175°F (maintain 70,000lbs force until cool). Cooling began at 510°F with air and 
water cooling to allow platens to cool without over pressurizing from excess water vapor. During 
the cooling stage, a cooling rate of approximately 60°C/Min was achieved. The composite plate 
was then removed from the mold and manufactured into the specified test specimens. 

2.2 Finite Element Methods 
With high tensile strength unidirectional composites, high compressive loads in the grip area 

are needed to anchor the specimen down while tensile testing. Due to the compliance of the PET 
matrix material under compression, in order to avoid the composite material crushing under the 
grip pressure, tabbing material is required to act as a stress transfer medium. To transfer the 
tensile stress to the tabs, high amounts of shear stress is generated at the composite-tab interface. 
A high shear strength adhesive is needed to act as a stress transfer medium at the interface. 
However, adding a thick adhesive bond line and abrupt composite tabbing material, a stress 
concentration manifests at the front of the tab closest to the gauge length causing premature 
failure. Beveling of the composite tab aids in transferring the tensile load to the tabs for a proper 
tensile strength measurement. Finite element analysis was performed in Abaqus CAE to estimate 
the shear strength needed at the tab-composite specimen interface and to analyze the 
effectiveness of a beveled tab. Micromechanics and existing manufacturing data [12] was used to 
approximate the strengths and stiffnesses of the TC940. The G-10 tabbing material properties 
were obtained from literature [13]. A generic methacrylate adhesive property was used as a 
preliminary material for the tabbing adhesive.  Figure 2 illustrates the planes of symmetry 
through the tensile coupon model for finite element evaluation.  



 
Figure 2 Finite Element Planes of Symmetry 

2.2.1 Beveling Tabs 

A 1.5mm thick and 57.15mm long G-10 fiberglass composite was used as the tabbing 
material. The 0/90 layup of the G-10 and relatively low hardness provides a good load bearing 
material to cushion the compressive loads from the tensile grips. Figure 3 are the simulations 
demonstrating the need for beveled tabs. The left image shows the through thickness composite 
and G-10 tabbing material stresses under peak tensile loading of the TC940 for the 12.5º beveled 
tabs. The right image depicts the same experimental set up, aside from having no bevel on the 
grip tab. Clearly, a stress concentration develops at the adhesive bond area in the composite with 
the potential to prematurely rupture the specimen a lower tensile strength outside of the gauge 
length of the specimen.  

 
Figure 3 (Left) Stress Transition with 12.5º Bevel in Tabs. Right: Stress Transition with No Bevel in Tabs. Due to symmetry, only 

one quarter of the specimen is shown (see Figure 2 for planes of symmetry). 

2.2.2 Tensile Grip/Adhesive Selection 
Two styles of grips were available for the tensile testing; a set of 150kN wedge action 

grips as well as 10kN rated screw driven grips (Figure 4). The wedge action grips have a 
50.4mm grip depth compared to the 25.4mm grip depth of the screw driven grips. The wedge 
action grips have increasing compressive force with higher tensile loads. These grips self-tighten 
as the tensile load from the composite specimen pulls the wedge into the grip end. These grips 
have a deeper grip area allowing for a larger pressure distribution, but the compressive force 
acting on the composite was strictly dependent on how high the ultimate tensile load of the 
composite specimen is. 



 
Figure 4 Tensile Grips- Right: Wedge Action Grips Left: Screw Driven Grips 

The screw driven grips have grip depth of 25.4mm. These grips allow for complete user 
control on the compressive force acting on the tensile specimen when a known torque is applied. 
This allows no additional compressive forces to build during a tensile test eliminating the risk of 
the sample crushing in the grips. However, since these grips have a smaller load bearing area 
than the wedge action grips, more force may need to be applied in order to prevent grip slippage 
under higher tensile loads. 

An approximation of the force used to tighten the screw driven grips was made by 
converting a tightening torque to an axial load on the 25.4mm square grip. It was estimated that 
around 19MPa (2750PSI) would be applied over the 12.7mm by 25.4mm grip area. The wedge 
action grips clamping force was estimated by following an industry white-paper by R-tech 
materials [14]. Using the projected tensile strength of the material, and assuming a 10º wedge 
angle, it was estimated that around 21MPa (3000PSI) was applied over the 12.7mm by 25.4mm 
grip area at peak load. Figure 5 demonstrates the Tresca shear stresses in the tabbing adhesive 
with the two Instron grips in question for clamping the material. In the figures, the composite and 
the tabbing material are hidden from view to more clearly depict the stresses in the adhesive. The 
screw driven grips were found to reduce the Tresca shear stress in the adhesive when compared 
to the wedge action grips. The crushing force on the composite at peak loads for both the wedge 
action and screw driven grips was found to be satisfactory as both the adhesive and the G-10 
composite was able to carry and distribute the loading onto the composite successfully. 
Compressive loads for each grip were below the 90º compressive strength found in compression 
testing. 



 
Figure 5 Tresca Maximum Shear Stress in Adhesive; Left: Screw Driven Grips Right: Wedge Action Grips 

2.3 Mechanical Characterization Tests 

2.3.1 Compression Testing  
Compression testing was conducted in accordance with ASTM D695 Standard Test 

Method for Compressive Properties of Rigid Plastics [15]. The ASTM standard describes 
compressive axial loading of dog bone coupons for plastic materials. Preliminary studies found 
that using a modified Boeing fixture with a dog bone shaped specimen led to difficulties testing 
compressive properties. Proper edge quality was critical in obtaining representative data and lab 
samples would have to be professionally finished without purchasing a sample preparation 
machine or sending material out for professional manufacturing. For this reason, ASTM D695 
was tested with prismatic lab specimens. Rectangular specimens were avoided as highly precise 
cuts would be needed to ensure the lab specimen was completely parallel and symmetric on 
every face. To avoid introducing any eccentricity in sample manufacturing, it was determined 
lathing a rectangular bar of the composite into a cylindrical rod would yield the best lab 
specimen. The axisymmetric sample has no edges for stress concentrations and was consistently 
manufactured on the lathe. The surface finish quality was analyzed for manufacturing defects. 
 Compressive testing was performed on an Instron 5984 universal testing system with 
150kN load cell (0.5% tolerance) and two spring assisted platens. Cylindrical samples of 
12.7mm diameter and 25.4mm length were loaded in the center of the platen and preloaded so 
the specimen would not shift upon initial contact loading.  
2.3.2 Tensile Testing 45º Shear 

Shear testing was conducted with a 45º tensile coupon per ASTM D3518 Standard Test 
Method for In-Plane Shear Response of Polymer Matrix Composite Materials by Tensile Test of 
a 45° Laminate [16]. The ASTM standard describes a testing method for obtaining shear 
modulus and shear strength properties using a simple 45º laminate tensile coupon. ASTM D3518 
provides an easier alternative to shear testing when compared to an Iosipescu antiseptically 
loaded notched specimen test (ASTM D5379). An Iosipescu test requires specialty equipment to 
load the sample asymmetrically as well as demands complex specimen geometry that is difficult 
to manufacture. The shear testing was performed on an Instron 5984 universal testing system 
with a 150 kN capacity load cell (0.5% tolerance) and a 150kN rated wedge action grips. An 
Instron 2663-901 video extensometer was used to track longitudinal strains. 
2.3.3 Tensile Testing- 0° and 90°  



Tensile testing for both the 0° and 90° TC940 composite laminates was conducted 
following ASTM 3039 Standard Test Method for Tensile Properties of Polymer Matrix 
Composite Materials. The ASTM standard describes tensile testing techniques for unidirectional, 
cross ply, and randomly/discontinuously reinforced plastics. Both 0° and 90° tensile samples 
were tested on an Instron 5984 universal testing system with a 150kN capacity load cell (0.5% 
tolerance) and both 150kN wedge action and 10kN screw driven grips. An Instron 2663-901 
video extensometer was used to track longitudinal strains in accordance with. Tabs were added 
to the ends of the specimens due to weak compressive strength. Previous work done by the 
author found that compressive failure in the grips was common leading to crushing and eventual 
shearing of the material. 

Knowing the shear strength needed at the interface, Plexus MA310 methacrylate adhesive 
was used to bond the tabs to the TC940.  Methacrylate adhesives give desirable elongations and 
better adhesion to thermoplastic type resin systems. A bevel angle of 12.5º was cut into the tabs 
to alleviate any stress concentrations at the grips. To bevel the angle into the composite tabs, a 
section of angle iron was cut so the back face of the angle iron made a 12.5º angle from 
horizontal. The fixture was then placed onto a magnetized surface grinder set up and the G-10 
was fixed to the back of the fixture. The bevel was then ground down into a proper finish with 
the final 12.5º angle.  

 
2.3.4 Lab Specimen Manufacturing 

After removing the polyamide film from the bulk composite laminate, the panels were 
labeled, and the thickness was measured as a verification step to make sure that proper 
consolidation was achieved. The processed material was analyzed for manufacturing defects 
such as air voids or cracks using a Nikon SMZ25 Microscope. Microscope images show 
acceptable fiber matrix wetting and consolidation (Figure 8). 

 
Figure 6 Fiber Matrix Interface Left: Transverse Direction Right: Fiber Direction 

 Figure 8 shows a single ply fiber bundle embedded in the laminate stack up. As seen in 
the image, fiber banding of widths close to 0.25mm is observed. This is expected as the ply 
thickness of the TC940 is 0.26mm. The plies are separated by an intermediate resin rich area of 
PET. 



3. RESULTS AND DISCUSSION 
3.1 Compression Testing 

Compression testing in the 90º led to failure at consistent strain and stress. Under 
compression load, the composite behaved linear elastic until a somewhat brittle failure. The 
slight ductility experienced after failure can be attributed to the slight load bearing ability from a 
cone/split failure mode (Figure 11). Here, the crack propagates axially from the center to the 
outermost sides and continues to crush until the crack reaches the side and collapses.  The 
compressive strength was nominally found to be 68.6MPa with an average failure strain of 
.013mm/mm and compressive modulus of 5.7GPa. 

 
Figure 7 TC940 PET/GF  0 Degree Compression Stress-Strain 

Table 1 TC940 PET/GF 0 Degree Compression Testing 

Test Item ID # Diameter 
(mm) 

Height 

(mm) 
Peak Load 

(kN) 
Strain 

(mm/mm) 
Compressive 

Modulus (GPa) 
Compressive 

Strength (MPa) 
C0-Specimen 1 10.890 25.650 38.996 0.025 18.300 418.668 
C0-Specimen 2 10.890 23.150 41.275 0.024 20.600 443.137 
C0-Specimen 3 10.890 24.200 35.679 0.021 18.200 383.061 
C0-Specimen 4 10.890 24.690 29.879 0.018 18.800 320.789 
C0-Specimen 5 10.890 24.540 34.107 0.017 22.000 366.184 
C0-Specimen 6 10.890 25.080 30.407 0.019 19.300 326.453 

Average 10.890 24.552 35.057 0.021 19.533 376.382 
Standard dev 0.000 0.848 4.559 0.004 1.491 48.942 
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Figure 8 Toray TC940 PET/GF 90 Degree Compression Stress-Strain 

Table 2 Toray TC940 PET/GF60 90 Degree Compression Data 

Test Item ID # Diameter 
(mm) 

Height 

(mm) 
Peak Load 

(kN) 
Strain 

(mm/mm) 
Modulus 

(GPa) 
Comp. 

Strength (MPa) 
C90-Specimen 1 13.420 24.080 8.150 0.011 5.182 57.621 
C90-Specimen 2 13.420 22.490 10.616 0.014 5.637 75.053 
C90-Specimen 3 12.500 30.710 7.503 0.014 5.687 61.143 
C90-Specimen 4 12.500 30.970 9.891 0.013 6.485 80.598 

Average 12.960 27.063 9.040 0.013 5.748 68.604 
Standard Dev 0.460 3.820 1.261 0.001 0.469 9.510 

Compression testing in the 0º led to failure at consistent strain and stress. Under 
compression load, the composite behaved linear elastic until a somewhat brittle failure. The 
slight ductility experienced after failure can be attributed to the slight load bearing ability from a 
columnar failure mode (Figure 11). Under peak compressive load, the composite specimens 
experienced a somewhat explosive failure as splinters of composite fractured through the sample 
in fiber direction throughout the entire length.  Since the fiber bundles has somewhat rigidity, 
they could bear weight until the sample began to mushroom and collapse. The compressive 
strength was nominally found to be 376MPa with an average failure strain of .021mm/mm and 
compressive modulus of 18.2GPa. 
3.1.2 Failure Modes 
 ASTM D695 does not define failure modes. However, it was observed that these 
compressive specimen failure modes were similar to that of concrete specimens under failure 
mode classification in ASTM C39-03 [17]. Seeing as concrete is a composite, parallel 
conclusions can be made when classifying failure modes. In Figure 11 two distinct failure modes 
can be observed. The left figure (0º fiber direction) depicts a columnar failure.  The right figure 
(90º fiber direction) depicts cone and split failure modes. Both failure modes are recognized as 
complete failures with representative data for compression properties. 
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 Figure 9 Typical Compression Failure Modes 0 Degree (Left) and 90 Degree (Middle) Edge Quality (Right) 

3.2 45º Shear Testing 

 ASTM D3518 calculates shear strength from tensile force by simply dividing the 
tensile stress by two. To obtain the shear modulus, the engineering shear strain was found. Since 
the testing apparatus could not obtain a strain in the y direction (𝜺𝜺𝒚𝒚), a Poisson’s ratio was 
assumed and 𝜺𝜺𝒚𝒚 was calculated. A Poisson’s ratio of 0.25 was chosen for the TC940. From here, 
the shear modulus was calculated over a sampling window of 4000𝝁𝝁𝝁𝝁 from 1500𝝁𝝁𝝁𝝁 − 𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓. 
It should be noted that due to the lower range of the engineering shear strain, tightening the 
sample before the test started actually induced microstrain in the sampling range before the test 
started. The true longitudinal strain was then calculated, and the sample window was adjusted to 
satisfy ASTM standard. The shear stress and engineering shear strain was plotted in Figure 12 
and the shear data can be seen in Table 3. 

The shear samples experienced a nonlinear elastic stress strain relationship with a ductile 
failure. When under higher loads, edge fibers and plies began to straighten and delaminate 
through the thickness. Near peak shear stress, delamination occurred at nearly every ply and 
tensile failure began radiation though the thickness. The shear strength was found to be 27MPa 
with a shear modulus of 2.3GPa and strain to failure of 0.0457mm/mm. 



 
Figure 10 ASTM D3518 Shear Stress Data 

 
Table 3 Shear Data for 45º Laminate 

Test Item ID 
# 

Thickness 

(mm) 
Width 

(mm) 
Length 

(mm) 
Shear 

Modulus 
(GPa) 

Shear  
Strength 
(MPa) 

Elongation 
(%) 

T45-Sample 1 5.910 25.600 76.551 2.467 26.014 4.602 
T45-Sample 2 5.860 25.000 76.699 2.083 26.495 4.641 
T45-Sample 3 5.930 25.530 76.736 2.379 27.3405 2.459 
T45-Sample 4 5.870 25.550 76.695 2.070 27.966 6.747 
T45-Sample 5 6.050 25.520 77.195 2.155 26.751 5.226 
T45-Sample 6 5.970 25.600 76.772 2.735 27.3745 3.774 

Average 5.932 25.467 76.775 2.315 26.990 4.575 
Std. Dev. 0.0705 0.231 0.219 0.261 0.703987 1.432 

3.3 Tensile Testing 
Tensile testing for both the 0º and 90º unidirectional samples proved to be difficult due to 

the extraordinarily strong tensile strength and relatively weak compression strength in the 90º 
orientation. Grip crushing, tab failure, and longitudinal splitting were all observed failures 
indicative of faulty tests at stress levels below a representative value for the 0º tensile tests. The 
tabbing and grip failure modes were approached using the finite element formulations and 
refined tabbing procedures described. However, longitudinal splitting is the inhibiting failure 
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mode preventing representative data. The longitudinal splitting is suspected from eccentricities in 
the fiber straightness in the composite panel. As the thermoplastic matrix transitions into a 
molten state, fiber drift occurs with the now liquid resin flowing into void areas in the mold. 
Cutting the unprocessed plies to the exact width and length of the mold is crucial in obtaining 
straight unidirectional composites. Grip crushing and premature failure were all observed when 
testing the 90º test specimens. It is suspected there is microcracks within the composite causing 
premature failure in the matrix loading direction. Future work is needed to eliminate these 
observations to refine specimen manufacturing for more representative tensile testing.  Though 
premature failure occurred in both orientations of tensile testing, the linear elastic behavior of the 
composite was captured. Elastic moduli of the 0º and 90º were 35.3GPa and 6.5GPa respectively. 

 

Figure 11 Tensile Testing 0º Direction 

Table 4 Tensile Testing for 0º Laminate 

Test Item 
ID # 

Thickness 

(mm) 
Width 

(mm) 
Tensile Stress 

(MPa) 
Tensile Modulus 

(GPa) 
Strain at 

Break (%) 
T0-Sample 1 1.24 11.03 535.468 33.728 1.665 
T0-Sample 2 1.24 9.00 552.411 31.234 1.602 
T0-Sample 3 1.24 13.80 517.507 39.697 1.895 
T0-Sample 4 2.00 25.40 346.037 36.653 0.962 
T0-Sample 5 1.22 13.61 346.000 37.731 0.962 
T0-Sample 6 0.26 25.20 469.062 32.861 1.479 

Average N/A N/A N/A 35.317 N/A 
Std. Dev. N/A N/A N/A 3.226 N/A 
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Figure 12 Stress-Strain 90º Laminate 

Table 5 Tensile Testing for 90º Laminate 

Test Item ID 
# 

Thickness 
(mm) 

Width 
(mm) 

Tensile Stress 
(MPa) 

Tensile Modulus 
(GPa) 

Strain 
(%) 

T90-Sample 1 2.00 25.96 12.9121 6.871 0.205 

T90-Sample 2 2.00 25.94 13.7106 6.298 0.216 

T90-Sample 3 2.00 25.96 19.6742 6.393 0.285 

Average N/A N/A N/A 6.521 N/A 

Std. Dev. N/A N/A N/A 0.307 N/A 

3.4 Manufacturing Challenges 
Due to the weak transverse strength of the unidirectional composite panels, extreme care 

was needed to ensure smooth mold removal without inducing damage into the material. This 
process became increasingly difficult as the coefficient of thermal expansion (COTE) differences 
between the composite and the mold made it difficult to remove after cooling. The composites 
S2 fibers are extremely stable under thermal loading whereas the PET was much more 
susceptible to thermal expansion under increasing temperatures. Above the glass transition 
temperature of the PET, the load carrying ability of the polymer decreased with increasing 
temperature. This region allows for slipping in any mismatch in thermal expansion between the 
PET and S2 fibers as well as the PET and the tool interface. However, as the polymer cools and 
begins to carry load, high amounts of residual stresses build at the tooling interface. Though a 
layer of release film was applied at the interface, the high pressure of the compression process 
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was believed to inhibit a freely sliding interface. This caused high residual stresses in the 
manufactured sample and induced cracks before the composite was even released from the mold. 
A steel mold having a lower COTE, more similar to the composite, is recommended to eliminate 
these cracks.  

4. CONCLUSIONS 
This work characterized a PET/GF unidirectional composite prepreg for the commonly used 

finite element software model, LS Dyna MAT_054. A hot press manufacturing process was 
described and the composite quality was evaluated under a microscopic. Compression, shear and 
tensile tests were performed following ASTM standards and specimen design validations 
through finite element simulations to determine the best specimen manufacturing technique. 
Compression results showed a 0º compressive strength was nominally found to be 376MPa with 
an average failure strain of .021mm/mm and compressive modulus of 18.2GPa. The compressive 
strength in the 90º direction was nominally found to be 68.6MPa with an average failure strain of 
.013mm/mm and compressive modulus of 5.7GPa. The shear strength was found to be 27MPa 
with a shear modulus of 2.3GPa and strain to failure of 0.0457mm/mm. Although, manufacturing 
challenges limited the amount of tensile data obtained for both 0º and 90º tensile specimens, 
elastic moduli were recorded and observed to be 35.317GPa and 6.521GPa respectively. Design 
improvements were suggested for future approached for more successful tensile testing.  

 Advanced material cards such as MAT_054 require additional damage parameter that are 
specific to a material and the application in which it is used. These damage parameters cannot be 
experimentally determined and must be obtained by trail and error. Performing calibration tests 
such as a 0º-90º open hole test of a drilled composite tensile specimens can be used to hone in on 
rough damage parameter values, though further calibration would be needed in the exact 
application.  
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