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Abstract: The thermomechanical and viscoelastic properties of a glass fiber polyethylene
terephthalate glycol (GF/PETG) continuous unidirectional (UD) tape were investigated using
differential scanning calorimetry (DSC), thermo-mechanical analysis (TMA), and dynamic
mechanical analysis (DMA). The study identified five operational conditions based on Army
Regulation 70-38 Standard. The DSC results revealed a glass transition temperature of 78.0 + 0.3°C,
guiding the selection of temperatures for TMA and DMA tests. TMA provided the coefficient of
thermal expansion in three principal directions, consistent with known values for PETG and GF
materials. DMA tests, including strain sweep, temperature ramp, frequency sweep, creep, and stress
relaxation, defined the linear viscoelastic region and temperature-dependent properties of the
material. The frequency sweep indicated an increase in modulus with rising frequency, identifying
several natural frequency modes. Creep and stress relaxation tests showed time-dependent
behavior, with strain increasing under higher loads and stress decreasing over time for all tested
input values. Viscoelastic models fitted to the data yielded R? values of 0.99, demonstrating good
agreement. The study successfully measured thermo-mechanical and viscoelastic properties across
various conditions, providing insights into how temperature influences the material’s mechanical
response under extreme conditions.

Keywords: fiber reinforced composites; continuous thermoplastic tape; material characterization;
extreme environments; thermomechanical properties; viscoelastic properties

1. Introduction

Polymer composite materials are commonly used in the automotive and aerospace industries
due to their strength-to-weight ratio. The extreme environment application of polymer composite
materials is drawing attention to new developments in space, superconducting magnets, and
electronic technologies [1]. Applications include liquid propellant tanks, satellites, spacecraft, aircraft
structures, support elements, electrical insulation for superconducting magnets, and Arctic
exploration structures [2]. Due to the viscoelastic nature of polymer material, their properties are
dependent on multiple factors like temperature, frequency, deformation, and time [3] which can
affect the mechanical and structural performance of the composite part. Understanding material
behavior at extreme temperatures is of interest for predicting mechanical failure under extreme
conditions [4]. Requirements for polymer materials in these extreme applications are complicated as
the material must withstand loading under multiple conditions. The thermo-mechanical properties
at low temperatures are critical. At low temperatures, polymers are below their glass transition
temperature, showing little viscoelastic behavior [5]. The coefficient of thermal expansion (CTE) is
required for predicting thermally induced stresses when different materials are combined and
exposed to a range of temperatures [1]. For continuous composite materials, both the fiber and matrix
material influence the deformation. For the fiber material, there is a difference in CTE in the
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longitudinal and transverse directions [6]. For glass fibers, the material contracts in both directions
as its cool-down [7]. Differences in CTE values create complex stress states when there is a
combination of material expansion and contraction within the composite system, which can increase
the interface strength between the components [2]. For other fiber materials at low temperatures, it
develops cracks in the interface, which also increases the surface roughness of the fiber [8]. The
increase in surface roughness also contributes to the interfacial strength between the fiber and matrix
through mechanical interlocking [2].

It has been shown that the temperature-dependent properties of polymer materials depend on
material structure. At low temperatures, the strength and modulus of most polymers increase while
the elongation to failure decreases to extremely low values [2,9,10]. At these low temperatures, a
reduction in polymer chain mobility increases the binding forces between the polymer molecules and
increases the material strength. Moreover, the lower the temperature, the longer it takes stress to relax
[11]. This behavior limits the use of polymers at extreme temperatures when flexibility and elasticity
are required [2]. For polymer systems, the rate-dependent behavior [13] and the frequency-dependent
behavior [14] have been demonstrated using various methods. For a polyethylene terephthalate
glycol (PETG) material, the increase in frequency input shifts the glass transition temperature to a
higher value [12]. For other polymer systems, the increase in modulus has been shown with an
increase in frequency input [13]. High-frequency input can cause vibrational characteristics (natural
frequencies, damping ratio, and mode shapes) in the polymer material, which induces inherent
material nonlinearities [3]. Thermal lag through multiple heating ramps has been measured for other
material systems, which can influence the temperature-dependent properties of the polymer material
[14]. As polymers are also time-dependent, long-term behavior in the extreme environment is of
interest for predicting part performance, as dimensional stability and strength can be affected [15].
Long-term input of fixed deformation (stress relaxation) and load (creep) can cause the material to
relax and deform and can be significantly influenced by environmental conditions. The mechanisms
by which the polymers can flow are affected at low temperatures [4]. For continuous composite
systems, the fiber material can alter the creep behavior of the matrix, affecting the creep rate and the
creep magnitude [15]. Creep behavior has three stages: elastic deformation (instantaneous) and
primary and secondary creep. For creep, increasing temperature and input load increases material
deformation [16-18].

The work presented in this study is part of a larger research focus to understand polymer
material behavior under extreme environment. Several research objectives have been identified for
this work. These are 1) introduce an existing material for extreme environment applications, 2)
investigate the thermomechanical properties of a continuous GF/PETG tape material under extreme
environments, 3) evaluate the storage modulus under a range of environmental conditions, 4)
evaluate the viscoelastic behavior via creep and stress relaxation to predict long-term performance in
variable environmental and loading conditions, 5) identify the effect of input frequency on part
performance, and 6) identify models to predict the material viscoelastic behavior. Five operational
conditions have been identified using the Army Regulation 70-38 Standard [19]. Various tests were
performed to measure the material response within the temperature range. The coefficient of thermal
expansion, elastic properties, and the viscoelastic properties were measured. Moreover, viscoelastic
models have been identified to fit the experimental data showing the need for complex models for
the prediction of properties.

2. Materials and Methods
2.1. Materials

A glass fiber reinforced polyethylene terephthalate glycol (GF/PETG) continuous unidirectional
(UD) tape (Polystrand™ IE 5843.1) from AVIENT was used in this work. The matrix material, PETG,
is widely used in additive manufacturing due to its stiffness, strength, and chemical and UV
resistance [20]. The GF/PETG UD tape material has a glass fiber mass content of 58 % and a thickness
of 0.203 mm, based on the supplier material data sheet.
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2.2. Operational Conditions

Using composite materials to design shelter structures in extreme environments is of interest.
Error! Reference source not found. shows the temperatures selected with the design type and daily
cycle designation following the Army Regulation 70-38 Standard [19]. A temperature range covering
all five daily cycles was selected to measure the thermomechanical properties of the GF/PETG
material.

Table 1. Temperatures selected based on operational conditions using the Army Regulation 70-38

Standard.
Temperature . . Ambient Relative

Daily II)—Iigh ©c) DesisnType Daily Cycle Humidity (%RH)
-57 Extreme Cold Extreme Cold (C4) Tending toward saturation
-37 Cold Cold (C2) Tending toward saturation
-6 Basic Mild Cold (CO0) Tending toward saturation
24 Basic Constant High Humidity (B1) 95-100
49 Hot Hot Dry (Al) 3-8

2.3. Differential Scanning Calorimetry (DSC)

A TA Differential Scanning Calorimeter DSC2500 (TA Instruments, New Castle, DE, USA) was
used for the thermal characterization of the materials. TA’s Tzero pans and lids were utilized for
testing. Between 3 mg to 10 mg of material was used per specimen. A total of four specimens were
tested. Following ASTM E793 —06, D3418 —21, and E1269 — 11, a 10 K/min ramp was used. The testing
procedure consists of a heating-cooling-heating process. The first heating provides the properties
resulting from the manufacturing process. The cooling serves as an annealing process. This allows
the material to reach a thermodynamic equilibrium. The second heating provides the properties of
the polymer material without processing effects. The Tg value was measured using the specific heat
capacity versus the temperature curve of the second heating ramp. The measured Ty is 78.0 +- 0.3 °C.
The magnitude of the measured Tg value of the PETG matrix material is according to that found in
the literature [21-24]. The measured Tg value allows determining the upper limit for the TMA and
DMA testing.

2.4. Thermo-Mechanical Analysis (TMA)

A TA Thermomechanical Analyzer TMA Q400 (TA Instruments, New Castle, DE, USA) was
used for the thermo-mechanical characterization of the materials. The TMA measures the change in
deformation as a function of temperature. The coefficient of thermal expansion (CTE) was calculated
using the initial length of the material. Based on the ASTM E831-19 standard, the sample length was
under 10 mm. The CTE was measured in all three principal directions. The CTE was computed
between -50 °C and 50 °C. A minimum of three repetitions was performed for all directions. A heating
ramp of 5 °C/min was used for the tests.

2.5. Dynamic Mechanical Analysis (DMA)

A TA Dynamic Mechanical Analyzer DMA850 (TA Instruments, New Castle, DE, USA) was
used to characterize the materials. Strain sweep, temperature ramp, frequency sweep, creep test, and
stress relaxation test were performed on the GF/PETG material. ASTM D5023, D7028, E1640, and
D2990-17 were referenced when selecting the input parameters. A three-point bending clamp with a
span of 50 mm was used for the material characterization to avoid clamping effects on the material’s
mechanical response. Samples were machined along the fiber direction (1-dir) and transverse to the
fiber direction (2-dir), as schematically depicted in Figure 1.
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Figure 1. Schematic of sample orientation. The lines correspond to the fiber direction.

2.5.1. Strain Sweep Test

A strain sweep test was performed on samples in the 1-dir and 2-dir. The test was performed
using a frequency of 1 Hz. The strain percentage used was between 0.001 and 0.1. The strain sweep
was performed at -50°C, 30°C, and 60°C. The strain sweep test was performed at multiple temperature
values to determine a strain percentage value that falls within the linear viscoelastic region (LVR) for
all three temperature values.

2.5.2. Temperature Ramp Test

A temperature ramp test was performed on samples in the 1-dir and 2-dir. The test was
performed using a frequency of 1 Hz. A 5°C/min temperature ramp was used following the ASTM
standard. A strain percentage of 0.005% and 0.01% was used for samples in the 1-dir and 2-dir,
respectively, determined by the strain sweep test. The temperature ramp was performed from -70°C
to 100°C. The temperature range was selected to include the five operational conditions in Table 1. A
15-minute soak time was provided for homogenizing samples before the start of the test.

2.5.3. Frequency Sweep Test

A frequency sweep test was performed on samples in the 1-dir and 2-dir. The test used a
frequency range of 0.1 Hz to 150 Hz. A soak time of 15 min was provided for homogenizing samples
before the start of the test. A strain percentage of 0.005% and 0.01% was used for samples in the 1-dir
and 2-dir, respectively. The strain sweep test determined these values. The frequency sweep test was
performed at -70°C, -25°C, 0°C, 30°C, and 60°C.

2.5.4. Creep and Stress Relaxation Test

Creep test and stress relaxation test were performed on samples in the 2-dir. A 15-minute soak
time was provided for homogenizing samples before the test. Each test was performed for 30 minutes.
Table 2 shows the temperature, load, and strain % values used for the creep and stress relaxation test.

Table 2. Temperature, load, and strain % values for creep and stress relaxation tests.

Test Temperature (°C) Load (N) Strain %
Creep 70 50 -25 0 15 30 45 60 5,10 -
Stress Relaxation 70 50 25 0 15 30 45 60 - 0.005, 0.01, 0.1

A master curve was created by applying the time-temperature-superposition (TTS) principle to
predict long-term material performance. An Arrhenius fit was used to predict the shift factor. The
concepts are described in detail in the following subsection.
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2.6. Manufacturing of Samples

Two-inch-wide tapes were laid by hand to produce plates measuring 14 inches by 14 inches. A
layup of [015] was used for DMA testing, while a layup of [02s5] was used for TMA testing. These layups
were selected based on the respective ASTM standards. A Monarch compression molding press
(model: CMG30H-15-CPX) (Carver Inc., Wabash, IN, USA) was then used to consolidate and bond
the materials into plates. Table 3 shows the processing parameters used to manufacture the GF/PETG
material. These parameters were selected based on the results from previous work [25].

Table 3. GF/PETG UD tape compression molding processing parameters.

Parameters Value
Pressure (psi) 100
Processing temperature, °C (°F) 168.3 (335)
Heating rate, °C/min (°F /min) 8 (14.4)
Dwell time (min) 10
Cooling rate, °C/min (°F /min) 25.6 (46)
Run time per part (min) 50

2.7. Conditioning of Samples

Before testing, specimens were conditioned for at least 40 hours at 23.0 + 2°C and 50 + 10%
relative humidity according to Procedure A of the ASTM D618-21 standard.

3. Modeling of Viscoelastic Behavior

Polymer materials, at a specific temperature and molecular weight, may behave as a liquid or as
a solid, depending on the time scale (speed) at which the molecules are deformed [26]. This material
behavior is generally referred to as the viscoelastic behavior. This work focused on linear
viscoelasticity, which is valid for material systems that undergo small deformations. In linear
viscoelasticity, the stress relaxation test, creep test, the time-temperature-superposition (TTS)
principle, and the Boltzmann superposition principle are often used to explain the behavior of
polymer materials during deformation.

3.1. Time-Temperature-Superposition (TTS)

The TTS principle describes the relationship between time scale and temperature. The time-
temperature equivalency of the creep test and stress relaxation test can be used to reduce data at
various temperatures into one master curve for a reference temperature (curve), Tret. A master curve
is generated by fixing the reference curve and shifting the remaining curves horizontally until the
ends of all curves become superimposed. The density changes are usually small and negligible,
eliminating the need for tedious corrections. The magnitude of each curve’s shift can be plotted as a
function of the temperature difference from the reference temperature using a shift factor. Several
shift factors are available. As the temperatures for frequency sweep, stress relaxation test, and creep
tests are below the T; of the material, this work used the Arrhenius shift factor defined by Equation

).

o= (-5)(2- )

where Ea is the apparent activation energy, R is the universal gas constant, T is the temperature in
Kelvins, and T is the reference temperature in Kelvins. For the TTS to apply, the material must be
homogeneous, isotropic, and amorphous. The material must also be linear viscoelastic under the
deformation of interest. This work applied the TTS principle to the samples oriented in the 2-dir to
predict the material performance at long time scales. This is because the material response in the 2-
dir is assumed to be predominantly of the matrix material.
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3.2. Boltzmann Superposition Principle

The Boltzmann superposition principle states that the deformation of a polymer component is
the sum or superposition of all strains that result from the various loads acting on the part at different
times. The material response to a specific load is independent of already existing loads. By adding all
strain responses, the deformation upon which several loads act at different points in time can be
computed [26]. The Boltzmann superposition principle holds if the polymer follows a linear
viscoelastic behavior.

3.3. Stress Relaxation and Creep Test

In a stress relaxation test, a material is deformed by a fixed amount (input), while the stress
required to hold the input deformation is recorded over time (response). The stress relaxation
modulus can be defined by Equation (2).

E (t) =29 @)

where E: is the relaxation modulus, €. is the input strain, and o(t) is the measured stress. The stress
relaxation of a polymer material is time and temperature dependent. Relaxation time refers to the
time applied stresses take to relax within the material. Low temperatures lead to significant relaxation
times, while high temperatures lead to small relaxation times.

A creep test measures the material deformation (response) under a fixed load or stress (input).
The creep test is performed at a constant temperature using a range of applied stress. There are three
phases of creep in polymer materials. These are primary, secondary, and tertiary creep. An initial
elastic strain is caused upon the application of the fixed load. The initial strain is followed by the
primary and secondary creep phases, also called the steady state. The fixed load causes the polymer
chains to untangle and rearrange, resulting in greater chain alignment [27]. During tertiary creep, the
strain rate increases, leading to eventual failure [28]. The creep modulus is defined by Equation (3).

0o

EC = € (t) (3)

where Ec(t) is the creep modulus, 0. is the input stress, and ¢(t) is the measured strain.

3.4. Stress Relaxation Modeling

Several viscoelastic models exist to predict the material response under constant stress or strain.
A Prony series is a model used to predict the viscoelastic response of a material. In this work, the
stress relaxation is modeled using the Prony series [29]. The Prony series has a form as defined by
Equation (4).

t
o) = YN, 0 & )

where o is the material stress response, Ai is the relaxation time (viscosity divided by the storage
modulus, % ), and oiis the stress coefficient. The Prony series is fitted to the data and compared using

3 (Prony3), 4 (Prony4), and 5 (Prony5) terms.

3.5. Creep Modeling

Several physical models for creep behavior exist for polymer composite materials. Among them,
the four-element Burgers model [30] and the Findley empirical power law model has been used for
composite materials [27,31]. The Burgers model connects a Maxwell and Kelvin unit in series. The
Burgers model divides the creep strain into three parts: 1) the instantaneous deformation, 2)
viscoelastic deformation, and viscous deformation. The Burgers model is represented by Equation

).
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t

et) = + & [1 — exp (_Z)] + j—it )

where & = UO/EI’ & = GU/EZ, A = 711/E1, A, = WZ/EZ, 0o is the input stress, E1 and E: are the

elastic modulus of the Maxwell and Kelvin springs, and n1 and 72 are the viscosities of the Maxwell
and Kelvin dashpots. The Findley model is represented by Equation (6).

gt) = at? + ¢, (6)

where ¢ is the instantaneous strain, and a and b are material constants.

4. Results and Discussion
4.1. TMA Results

A temperature ramp was performed in all principal directions to calculate the dimension change
as a function of temperature. The coefficient of thermal expansion (CTE) was computed from -50 °C
to 50 °C (below Tyg). Figure 2 shows the TMA data for the GF/PETG material. Above 75 °C, a shift in
deformation is observed. This change in deformation is attributed to the material changing phases
from solid elastic to viscoelastic. Residual stresses due to thermal gradients during cooling can affect
the material behavior when reaching Ts.

-60 -40 -20 0 20 40 60
Temperature (°C)

Figure 2. Dimension change as a function of temperature for GF/PETG material. Black lines represent
along the fiber direction (1-dir), Red lines transverse to the fiber direction (2-dir), and Blue lines
through thickness (3-dir).

Table 4 shows the average CTE and standard deviation for all principal directions. In practice,
all fibers should be oriented in the 1-dir. However, due to processing, the fibers can shift, inducing
the orientation of fibers within the plate/material. The average CTE in the 2-dir and 3-dir are within
the same magnitude. Visual inspection of the samples showed that some plates have minor fiber
orientation in the 2-dir. The CTE value in the 1-dir is that of the glass fiber material [32]. For the 2-dir
and 3-dir, the values are similar to that of neat PETG material [33]. The difference between the 2-dir
and 3-dir can be attributed to the minor fiber orientation resulting from the manufacturing process.
The CTE is linear within the temperature range of interest, as shown in Figure 2.
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Table 4. Average LCTE for GF/PETG in all principal directions.

Direction Average CTE (ue/C) Standard deviation (pe/C)
1-dir 7.7 0.3
2-dir 47.8 5.2
3-dir 46.5 5.8

4.2. DMA Results
4.2.1. Strain Sweep Test Results

To identify the LVR, a three-point bending strain sweep test was performed. Due to the
equipment limitations and stiffness of the samples in the 1-dir, they did not deform above 10~ strain
%. The storage modulus was used as a reference for selecting the LVR. Figure 3 shows the strain
sweep results for samples in the 1-dir and 2-dir. The storage modulus of the samples in the 1-dir is
significantly higher than that of the 2-dir. The storage modulus of the samples in the 2-dir
corresponds primarily to the matrix material, while for samples in the 1-dir, it is represented by the
fiber material.

50 10
& 40 o sl
S S
w v
230+ S gf
= =
o o =
o O
=201 = 40
Q Q
()] [}
o © 50%C
210+ L2 2 30°C
2 w 60°C
0 | | ‘ 0 ‘ ‘ ‘ ‘ ‘
0 0.005 0.01 0.015 0 0.02 0.04 0.06 0.08 0.1
Oscillation strain (%) Oscillation strain (%)

(a) (b)
Figure 3. Strain sweep results of GF/PETG UD in the (a) 1-dir and (b) 2-dir.

Figure 3a show that for all three temperatures, the modulus increases with strain. There is no
significant difference in modulus when comparing the temperature. Figure 3b show that the storage
modulus behaves mostly linear over the strain range. The storage modulus increases as temperature
decreases, becoming stiffer. As temperature increases, the modulus decreases. This behavior is
expected and goes according to what is found in the literature. To help determine the strain
percentage within the LVR, the strain limit was calculated using the tensile and flexural strength and
modulus based on the material datasheet (MDS). The tensile strain limit was 3.1% and 0.4% for the
1-dir and 2-dir, respectively. For the flexural strain limit, a value of 2.4% was calculated for the 1-dir.
Using the storage modulus as the reference property and the reference strain limits, the strain
percentage selected is 0.005% for samples in the 1-dir and 0.01% for samples in the 2-dir, which are
situated at the beginning of the LVR (as shown in Figure 3), which are below the critical strain. These
values were used for the temperature ramp and frequency sweep test, and the strain percentage was
used as a reference for selecting the input values for the stress relaxation test.

4.2.2. Temperature Ramp Test

A three-point bending temperature ramp test measured the temperature-dependent flexural
modulus. The flexural modulus is used as a proxy to compare material properties to tensile properties
[34]. Figure 4 shows the temperature ramp test result for GF/PETG. The temperature ramp was
performed from -70 °C to 110 °C. The temperature range was selected to include the five operational
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conditions shown in Table 1 and DSC results. The maximum temperature was chosen according to
the Ty measured via DSC. Both the storage and loss modulus decrease with temperature. The increase
in stiffness and brittleness is attributed to the extremely low temperatures. The modulus steadily
decreased from the lowest temperature up to the T;. After Tg, the modulus decreases significantly as
a result of the phase change of the matrix material. Regarding the magnitude of the values at ambient
temperature (15-25°C) for both the strain sweep and temperature ramp, these are within the same
magnitude for both the 1-dir and 2-dir when compared to the material datasheet and values found
in the literature [25].

50 11.5 107 11.5
40t 8 I
L T I I 1 T e 1
Q30 T = Tz Q96 TTTTe I = 2
» = » - ©
= < 3 =
= ' = '
101 2
 —r—
0 0 0 0
-70 50 -30 -10 10 30 &0 70 90 -70 -50 -30 -10 10 30 50 70O 90
Temperature (°C) Temperature (°C)
(@ (b)

Figure 4. Storage modulus (black), loss modulus (red), and tand (blue) as a function of temperature
for (a) 1-dir and (b) 2-dir.

4.2.3. Frequency Sweep Test

A three-point-bending frequency sweep was performed to measure the frequency and
temperature dependency on properties. For samples in the 1-dir and 2-dir, a strain percentage of
0.005% and 0.01%, respectively, was used. Figures 5-7 show the storage modulus, loss modulus, and
tand values as a function of frequency for multiple temperature values, respectively. The lower the
temperature, the higher the storage modulus is. This is due in part to the increase in stiffness resulting
from the temperature change. As frequency increases, the storage modulus also increases [13,35] for
both sample orientations. These results were expected. Increasing the frequency input does not allow
the material to relax to its initial stage. The frequency increase diminished the loss modulus’s
response as it cannot respond to the input loading. As a result, the storage modulus takes control of
the material behavior, becoming stiffer with increased frequency loading. When comparing the
storage modulus to the other test (strain sweep and temperature ramp), these are within the same
order of magnitude and are comparable to the material datasheet [25].
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Figure 5. Storage modulus as a function of frequency for (a) 1-dir and (b) 2-dir.
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Figure 6. Loss modulus as a function of frequency for (a) 1-dir and (b) 2-dir.
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Figure 7. Tand modulus as a function of frequency for (a) 1-dir and (b) 2-dir.

Figure 6a shows the effect of temperature on the loss modulus for samples in the 1-dir. The
difference in magnitude due to the impact of temperature is not apparent in the results. The stiffness
of the glass fibers may influence the material response. In comparison, the material response for
samples in the 2-dir (Figure 6b) is dominated by the PETG matrix, showing the effect of temperature
on stiffness.

Figure 7 shows distinct peaks at multiple frequency values. These peaks can be attributed to the
natural frequency of the PETG material. These are frequency values at which the material system
tends to vibrate in the absence of an input-damping force. A summary of ranges where frequency
peak values are present is shown in Table 5. Bradley [3] measured the vibrational behavior of simple
supported PETG plates at 30°C and 70°C. Frequency values for the first three modes are within the
range of peak values shown in Table 5. Kannan [36] and Mansour [37] performed a vibrational
analysis of 3D-printed PETG material. Natural frequency modes are also within the same order of
magnitude compared to the measured results for clamp-free end conditions. These results reassure
us that the values gathered are, in fact, the natural frequency of the PETG material.

Table 5. Tand peak values for samples in the 1-dir and 2-dir.

Orientation  Frequency (Hz)—Zonel Frequency (Hz)—Zone2 Frequency (Hz)—Zone 3
1-dir 39-56 70-90 112
2-dir 39-50 74-90 150
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The frequency sweep DMA testing results provide valuable insights into material behavior
across a wide range of frequencies. By evaluating the elastic and viscous responses, we can better
predict how materials will perform under different conditions. As the input frequency increases, the
material properties, such as stiffness and damping, also tend to increase. Excessive vibrations in the
system (like walking, equipment vibration, and the vibration due to high winds) can lead to structural
and functional issues. Developing a protocol for material characterization is essential to predict
material behavior under working conditions and external environmental factors.

4.2 4. Strain-Temperature-Frequency Dependency

The strain sweep, temperature ramp, and strain sweep test results were combined into two plots.
Figure 8 shows the strain-temperature and frequency-temperature dependence on storage modulus.
Each data point is the average of three specimens.
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Figure 8. Storage modulus as a function of (a) strain percentage and temperature and (b) frequency
and temperature.

When combining the test data, the impact of deformation, temperature, and frequency on the
material properties can be observed. An increase in strain % showed a slight increase in the storage
modulus. Subsequently, an increase in temperature results in a decrease in storage modulus. An
increase in frequency input increased the storage modulus as the response is predominantly elastic.
Here, the high-frequency values do not allow the damping effect of the material to interact and
respond to the deformation. As the temperature increases, the storage modulus decreases. Multiple
frequency modes can be observed, which seem dependent on temperature. The frequency-
dependency on storage modulus is higher for samples in the 2-dir. In the 2-dir, the response is
predominantly of the matrix material. In the 1-dir, the response is predominantly of the fiber material.
The results shown here provide a better visualization and understanding of part performance under
different environmental conditions and inputs. Part performance of a polymer material is complex
and depends on multiple factors. Understanding the application of the composite part allows for the
determination of material characterization techniques required to obtain reliable data for predicting
material behavior.

4.2.5. Stress Relaxation Test

A three-point-bending stress relaxation test was performed at strain % values of 0.005, 0.01, and
0.1. Temperatures used for the stress relaxation test are shown in Table 2. Figure 9 shows the stress
as a function of time and the shift factor as a function of temperature for GF/PETG UD tape. These
results are for samples oriented in the 2-dir only. Three repetitions were performed for each
temperature value. Outliers were removed from the master curve dataset.
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Figure 9. Stress relaxation master curve at (a) 0.005%, (b) 0.01%, (c) 0.1%, and (d) shift factor for
GF/PETG UD tape created at a reference temperature of 60 °C.

The results for the 0.005 and 0.01 strain percentages appear noisy. This may be due in part to the
low strain values selected for the test. The master curve was created using the TTS principle at a
nominal reference temperature of 60°C. The shift factor was predicted using an Arrhenius model.
Error! Reference source not found. shows the activation energy, Trr, and R? value for all three strain
values.

Table 6. Summary of the Arrhenius fitting parameters for the stress relaxation test.

o Activation Energy, Ea Reference Temperature, Tret 5

Strain % (kJ/mol) <C) R
0.005 47.81 61.16 0.66
0.01 159.86 61.11 0.44
0.1 129.25 60.99 0.32

The strain % values selected are within the LVR, as shown in Figure 3. Figure 9 shows that the
stress value also increases as input strain increases. This is expected, as higher deformation results in
higher stress values. When looking at the stress development over time, it decreases with increasing
time as stress relaxes. This is expected as the polymer molecules relax due to an input deformation.
The molecules slip and displace each other to reach an equilibrium state. High temperatures lead to
small relaxation times, whereas low temperatures cause the material to have larger relaxation times.
This behavior results from the free volume between the polymer molecules, which are reduced at
low temperatures, restricting their movement [26]. When looking at the data and master curve plot,
it is essential to mention that multiple plates were manufactured for testing. The samples were
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selected randomly throughout the plates. Variability was observed in the test results during the
shifting of the curves and the creation of the master curve. The activation energy is different for all
strain values. Higher activation energy lowers the reaction as more energy is needed for this reaction
to occur. The R? values decrease with increased strain value, suggesting that the Arrhenius regression
model fits poorly as the strain % input value increases. This can be due to a variety of factors like 1)
material properties are affected by variability of processing parameters, 2) range of fiber orientation
resulting from fiber wash, 3) experimental error during the sample setup, and 4) variability of
properties due to sample location within the manufactured plate. Although these factors can be
present in any material processing, it is essential to consider the repeatability of properties. Moreover,
due to the fiber wash and resulting fiber orientation, the material may be non-homogeneous and may
have a small degree of anisotropy. The CTE values can also corroborate this, which suggests some
fiber orientation along the 2-dir.

Prony series were used to predict the material’s stress relaxation response. Table 7 show the R?
values for the Prony series using multiple numbers of terms. The Prony series parameters are shown
in Appendix A.1. The Prony series can predict up to 99% of the material response, depending on the
number of terms used. The more terms used, the better the prediction.

Table 7. Prony series R? values for stress relaxation test.

. Strain Percentages
Prony series terms

0.005 % 0.01 % 0.1 %
3 0.97 0.99 0.98
4 0.98 0.99 0.99
5 0.98 0.99 0.99

The results obtained from stress relaxation testing can significantly aid in predicting residual
stresses due to fixed strains, such as those found in bolted joints and connections. Higher torque on
a bolt result in higher input strain and, consequently, higher stress values. This may cause the
material to take longer to relax at these elevated stress levels. The models used with the experimental
data can assist designers and modelers in predicting material performance during the manufacturing
and deployment of shelters. For example, designers can predict and mitigate potential issues like
warping by understanding how a material relaxes in response to strains caused by thermal events.
The predictive capabilities can help ensure that the final product maintains structural integrity and
functionality over the intended lifespan.

2.4.6. Creep Test

A three-point bending creep test was performed using an input load of 5N and 10N.
Temperatures used for the creep test are shown in Table 2. Figure 10 shows the master curve, Burger’s
model, Findley’s model, and shift factor for each loading condition. These results are for samples
oriented in the 2-dir only. Three repetitions were performed for each temperature value, and outliers
were removed from the master curve dataset.
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Figure 10. Creep test (a) master curve and (b) shift factor for GF/PETG UD tape created at a reference

temperature of 60 °C.

The master curve was created using the TTS principle at a nominal reference temperature of 30
°C. The shift factor was predicted using an Arrhenius model. Table 8 show the activation energy, T,
and R? values of all input loads. The fitting parameters for Burger’s and Findley’s models are shown
in Table 9 and Table 10, respectively.

Table 8. Summary of the Arrhenius fitting parameters for the creep test.

Activation Energy, Ea Reference Temperature, Tref

Load (N R2
™ (g/mol) Q)
5 162.23 30.73 0.50
10 75.76 30.44 0.41
Table 9. Burgers model fitting parameters.
Load (N) el el Al A2 R2
5 0.05627 0.02038 1.659E8 0.1982 0.99
10 0.1221 0.07217 8.569E7 3.231E5 0.97
Table 10. Findley model fitting parameters.
Load (N) a (strain %) b (-) o (strain %) R2
5 4.77E-4 0.2962 0.0614 0.98
10 4.668E-5 0.4672 0.1249 0.99

Figure 10 shows that the higher the initial input force, the higher the initial deformation will be.
As time progresses, the strain increases, showing the material’s viscoelastic response. Like stress
relaxation, multiple plates were manufactured for testing, and samples were selected randomly
throughout the plates. Variability was observed in the test results during the shifting of the curves
and the creation of the master curve. The data shows the first and second stages of creep as the strain
increases in the first few hours after the sustained loading. No tertiary creep occurred in either
loading condition. The activation energy decreases with an increase in input load. Higher activation
energy lowers the reaction speed as more energy is needed for this reaction to occur. The R? values
suggest that the Arrhenius model can predict 50% and 41% of the material response under the input
load.

Both Burger’s model and Findley’s model fit the experimental data well, with R? values above
0.97. Burger’s model seems to produce lower strain values during the first half of the data, while the
empirical Findley’s model fits better throughout the data. This was expected as both models have
been shown to perform well for other composite systems [27,30,31].
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The results found here can aid in predicting the resulting deformation due to a constant input
load. The higher the input load, the higher the deformation the material or structure will experience.
As a result, the structural integrity will be compromised, and the safety of the operator will be
affected. Understanding the material behavior under extreme environments is key to the safety of
operations and the completion of the mission.

5. Conclusions

The thermomechanical and viscoelastic properties of continuous GF/PETG tape material were
successfully characterized under extreme temperatures. The coefficient of thermal expansion was
measured in all principal directions, confirming the transversely isotropic nature of the specimens.
The linear viscoelastic region was identified across multiple operational temperatures, and the
modulus as a function of temperature and frequency was determined. Master curves for material
response under fixed strain (stress relaxation) and load (creep) were developed for various input
values. Predictive models, including the Prony series and the Findley model, were employed to
forecast long-term material behavior, achieving high accuracy with R? values up to 0.99 for both stress
relaxation and creep tests. The shift factor analysis indicated potential heterogeneity or anisotropy in
the material’s 2-direction, likely due to fiber distribution and orientation influenced by the material
system and manufacturing process. The obtained results align well with existing literature,
enhancing our ability to predict material performance under extreme environments and diverse
working conditions. Additionally, these findings will help establish protocols for material
characterization under such conditions.
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Appendix A: Prony Series Parameters for Stress Relaxation Test

Table A1l. Prony series parameters using three terms.

Parameters Strain
0.005 % 0.01 % 0.1
01 0.03801 0.099106 1.788746
0, 0.100856 0.202297 2.774809
03 0.103025 0.167182 2.167271
M 5290.396 1.43E-06 0.010216
Ay 0.003839 0.003383 37.8912
A3 108.835 1226.914 960.9927

Table A2. Prony series parameters using four terms.
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Parameters Strain
0.005 % 0.01 % 0.1
oy 0.101886 0.125352 0.694744
0, 0.060999 0.085857 1.864071
03 0.037347 0.166124 2.815188
0y 0.077876 0.084475 1.505348
A 114.3204 0.001308 7.59E-05
Ay 0.022057 0.037773 1178.226
As 5269.863 1242.212 70.45295
Ay 0.000467 1.22E-06 0.033225
Table A3. Prony series parameters using five terms.
Parameters Strain
0.005 % 0.01 % 0.1 %
oy 0.033491 0.138026 0.675695
g, 0.077004 0.066438 1.409995
03 0.079044 0.170439 2.051698
04 0.029857 2.93E-10 1.403527
O 0.058365 0.06572 1.33106
M 30.99619 0.001569 7.59E-05
Ay 0.00046 0.154432 1734.579
A3 212.8447 1205.104 165.4361
Ay 7061.858 0.459256 0.028764
As 0.019483 1.70E-06 16.63023
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