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Abstract

This paper concerns the coupling effect of strain rate and temperature on the damage
mechanical properties of the long-glass-fiber-reinforced polypropylene (GF50-PP) com-
posite produced by the thermocompression process. Composite plates of GF50-PP have
been employed to study the effect of glass fiber distribution on the mechanical properties
of the composites. To achieve this objective the tensile tests have been performed at strain
rate range from quasi-static to 100 s™' at two loading temperatures of 20 °C and -70 °C,
while measuring the local deformation through a contactless technique using a high-speed
camera. High strain rate tensile tests findings showed that GF50-PP behavior is strongly
strain-rate dependent. For instance, the stress damage threshold for three fiber orientations
of 0°, 45°, and 90° to the Mold Flow Direction (MFD) was increased, when the strain
rate varies from quasi-static (0.001 s™') to 100 s™! at two loading temperatures of 20 °C
and -70 °C. The experimental methodology was coupled to microscopic observations using
SEM to study the damage mechanisms of GF50-PP. The analysis confirms that there are
three damage mechanisms: fiber-matrix interface debonding, matrix breakage, and pseudo-
delamination between neighboring bundles of fibers.
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1 Introduction

Several studies have demonstrated that thermoplastic polymer-based composites offer
advanced performance and properties such as good recyclability, low weight, low cost,
high toughness and enhanced impact resistance [1-6]. Hence, they would promise a
broad range of industrial applications, for instance in the aerospace, automotive, and
petroleum industries [7-11].

The used composite consisted of polypropylene (PP) matrix reinforced with high
strength glass fibers. The proposed material provides a good combination of high ductil-
ity of the matrix with high strength of load-bearing fibers. Eventually, this composite
is widely used due to its advantageous processing characteristics and excellent physi-
ochemical stability, as well as cost-effectiveness [12—16].

Glass-fiber-reinforced polypropylene (GFPP) composites have been widely used in
transportation, automotive, and petroleum, marine and military applications [17-24]
due to their elevated mechanical performance by virtue of their reliable strength, stiff-
ness, impact properties; lightweight; fast and inexpensive production; and recyclability
[20, 25-27].

Moreover, the GFPPs are increasingly used for insulation applications due to their
chemical resistance, especially in acid/alkaline environments, high thermal decomposi-
tion temperature, creep resistance and high hydrophobicity [28].

Stiffness confinement effects, which occur close to rigid interfaces, improve the stiff-
ness of composites by restricting the movement of polymer chains [29, 30]. It is also
accepted that fibers can act as nucleating agents, triggering heterogeneous nucleation
of polymer and interfacial crystallization on their surface by forming a transcrystal-
line layer nearby the fibers in the composites. These crystalline areas provide increased
interfacial interaction between polymer and filler and improve the mechanical properties
of the composites [31, 32].

Notwithstanding current advantages, the significant prospects of composite materials
in the future industry inevitably give rise to concern. The hydrogen industry as a reli-
able source of energy would face the rise of several challenges, including in gas storage,
transfer and application along with the other renewable energy sources. In this regard,
polymer-based composites would play a promising role by providing reliable thermo-
mechanical properties.

It is worth mentioning that by cooling the material down to the cryogenic tempera-
ture, unequal coefficients of thermal expansion between the fibers and the matrix would
cause significant internal stresses that would eventually initiate the formation of microc-
racks in the polymer matrix [33, 34].

One can note that even though compressed gas and liquid hydrogen vessels generally
operate at a constant temperature, cryo-compressed vessels would face significant pres-
sure/temperature variations, depending on the gas discharge rate [35]. Consequently,
with respect to the behavior of the stored fluid, a comprehensive understanding of the
mechanical properties of vessel components under various stresses and temperatures in
cryogenic conditions would be essential.

While the GFPP could be fabricated by employing different processing methods, the
injection molding process is the most used production technic [36—-39]. Since this pro-
cess is suitable for the fabrication of short fiber composites, other techniques need to be
investigated to produce long fiber-reinforced composites, concerning industrial appli-
cations notably the automotive sector. In this study, the thermo-compression molding
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process has been employed as one of the most simple and cost-effective methods for
large-scale processing of thermoplastic long fiber-reinforced composites [40—42].

The thermo-compression process composite sheets were manufactured by conventional
thermal compression molding process by the following four steps (Fig. 1) according to the
desired thermal curve processing cycle [42].

The process consists of heating fiber-reinforced thermoplastics above melting tem-
perature to initiate the material flow followed by mold filling and thermo-compressing, in
which the mold walls press the material into the mold. The cooling phase is the final step in
product processing by thermo-compression molding [40—46].

The core element of the compression molding process is the mold filling, the moment
when the fiber-reinforced material is placed into the mold and the closing mold walls force
the material into the cavity under pressure. Mold filling is considered as one of the most
important phases of the compression molding process, in which the fiber reinforced ther-
moplastic heated above the melting temperature is placed into the mold and the material
is forced into the cavity under pressure [41]. This step would be followed by the cooling
phase, in which the crystallization will occur and eventually complete the process [28, 31].

The composite mechanical properties depend on different process parameters such as
fiber orientation and distribution, fiber length and fiber-matrix interface interactions. Con-
sequently, although randomly oriented fiber meshes were used in process design, in this
work, three different orientations (0°, 45°, 90°) with respect to the production orientation
axis have been studied in order to evaluate the specimen’s homogeneity.

Constitutive law as an important indicator of the mechanical properties has been inves-
tigated regarding different loading conditions including variations in strain rate, tempera-
ture and tensile orientation. In order to establish the relation between the GFPP composite
mechanical properties and the thermo-compression molding process parameters, various
experimental studies have been carried out using different specimens. Previous studies
have already investigated the thermo-compression process parameters’ impact on mechani-
cal properties of GFPP such as the effect of cooling rate [47], mold pressure, mold tem-
perature, and holding time [48]. Furthermore, other studies have been conducted to analyze
the impact of the fiber properties such as porosity, fiber length, fiber relative fraction con-
tent and distribution on the mechanical properties of the GFPP [49, 50]. The fiber-matrix
interface properties would play an important role in microstructural deformation mecha-
nisms and eventual mechanical properties of long fiber-reinforced thermoplastics during
compression molding, as reported in [41, 51, 52]. For instance, a numerical approach has
been utilized in several studies in order to predict the fiber matrix separation during the
compression molding process [52-54].

It can be concluded that the fiber interactions including fiber bridging and interlock-
ing inside complex geometries could result in the fiber matrix separation, regarding
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Fig. 1 Conventional thermal compression moulding process of thermoplastic composites [42]
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initial parameters such as fiber orientation, initial mold filling and the desired final
geometry, which are among the most important parameters influencing the final fiber
properties [10].

Constitutive law is considered an important indicator in order to achieve a structural
design specially for complex geometries. Regarding this approach, a general compre-
hension of the material behavior in different temperature and loading conditions would
be necessary.

Various studies have already established experimental and prediction models to bet-
ter understand the constitutive law of GFPP under normal loading conditions [55-57].
Extent the behavior law under extreme loading conditions such as high strain rates and
cryogenic environments still needed to be more investigated. Moreover, as gradual dam-
age is believed to be one of the most critical failure mechanisms of composite materials,
a profound damage study would be important to obtain a reliable behavior law modeling
for composites [55]. Consequently, in this work one has investigated the experimental
studies of damage behavior of GFPP as well as their behavior under extreme conditions
(the strain rates up to 1.15 mes™! and the temperature of -70 °C), since the material
would be used in the natural gas and hydrogen vessels storage applications.

In summary, obtaining desired functions of the processed products, a deep under-
standing and prediction capability of the process-related parameters would be crucial,
regarding their structural, morphological and rheological characteristics [10].

The aim of this work is to follow the evolution of the mechanical characteristics such
as Young’s modulus, threshold stress and strain, failure stress and strain, at different strain
rates for three sample orientations (0°, 45° and 90°) and under different loading tempera-
tures (+20 °C and -70 °C). These experimentations can help to feed the predictive models
in order to the design calculation for different structural parts. This paper is divided into
four main sections. The first section illuminates the importance of the high strain rate tests
at ambient and cryogenic conditions and provides a brief overview of the previous literature,
concerning the important phenomena relating the mechanical properties of the polymer-
based composite in high strain rate and cryogenic state. The second part examines the mate-
rial, processing, and characterization methods of the samples. Obtained results have been
presented and discussed in the following section. The last section provided a general conclu-
sion and presented the following perspective for future works.

2 Material and Experimental Procedures
2.1 Long-Glass-Fiber-Reinforced Polypropylene (GF50-PP)

GF50-PP composite has been used for this study which was supplied by Quadrant Plas-
tic Composites AG (Lenzburg, Switzerland). A glass fiber mat containing 4 cm-long
randomly oriented fibers has been used as reinforcement with a final fiber weight frac-
tion of 50%. The polypropylene-based composite plates were produced by the thermo-
compression molding process obtaining a density of 1.33 g.cm™. As introduced in the
introduction secton, the thermo-compression molding process consists of the flow of the
multi-layer foam to fill the mold. Hence, as shown in the discussion section, the final
microstructure of the glass mat layer can be observed as an assembly of clusters linked
together by entanglement in needling zones.
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2.2 Microstructural Characterizations
2.2.1 Microstructure Analysis

The glass fiber distribution has been observed employing ZEISS optical microscopy along
different views relative to Mold Flow Direction (MFD). Furthermore, Scanning Electronic
Microscopy (HITACHI 4800 SEM) has been conducted in order to study the composite
microstructure.

X-ray microtomography was used to analyze the fiber orientation of the sample (1 x1x3
cm®) which was placed between the X-ray beam and the camera detector.

2.2.2 Ultrasonic Measurement

Using ultrasonic waves for characterizing the orientation distribution of the composite fib-
ers is a method representing advanced benefits as it has been mentioned in the literature
[58, 59]. Hence, this method has been employed to investigate the fiber bundles orientation
distribution in the GFPP composite. The present work bears a close resemblance with the
previous work of [58].

Figure 2 demonstrates the apparatus used for the ultrasonic test. The measurements
method consisted of immersing equipment using two probes with a diameter of 10 mm,
which perform as the transmitter and the receiver. The specimen was put between two
probes with an angle of about 45° from the incident ultrasonic wave to generate a shear
wave that propagates inside the material throw a direction set on by applying the Snell-
Descarte law [60].

According to [58], the ultrasonic shear stress was applied on the material in the plane
defined by the incident wave and the vector normal to the plane of the specimen. By rotat-
ing the sample around the axis from 0° to 360°, the value of the shear waves velocity (V)
is varied in line with the orientation distribution of the fibers. In conclusion, the ultrasonic
measurement method can be considered a practical and convenient method since it is scan-
ning a wide range of fiber orientations.

2.3 Thermo-mechanical Analysis

The thermo-mechanical behavior of the composite has been studied using Flexural
dynamic mechanical tests by TA Instruments DMA Q800 in order to measure the main

Fig.2 Ultrasonic measurement
apparatus
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transition temperatures as well as loss, storage and complex moduli. The flexural test
has been conducted at a temperature ranging from -70 to 140 °C, a heating rate of
3 °Cemin~! and a flexural frequency of 1 Hz applying a strain of 0.1%.

2.4 Mechanical Characterization
2.4.1 Quasi-static Tensile Test

The INSTRON 5966 machine has been used to perform the quasi-static tensile experi-
mental tests, by applying a displacement rate of 5 mmemin~' and using a 10 kN load
cell. Three fiber orientations of 0° (parallel to MFD), 45° and 90° (perpendicular to
MFD) have been studied by the tensile test. At least five samples were carried out in
order to confirm the reproducibility and to guarantee a favorable accuracy of the results.

2.4.2 High Strain Rate Tensile Test

A servo-hydraulic testing machine "Schenk Hydropuls VHS 5020" was used to perform
the high-strain rate tensile tests, capable of applying a range of crosshead speeds from
0.1 mm/s (quasi-static) to 20 m/s.

As illustrated in Fig. 3, the specimen is situated between the upper fixture contain-
ing the fixed grip and the load cell, and the lower moving fixture device. The piezo-
electric crystal load cell with a capacity of 50 kN records the load applied during the
test. Simultaneously, a non-contact measurement technique with a high-speed cam-
era "FASTCAM-APX RS" with a frame rate of 250,000 frames per second has been
employed to monitor the local deformation. The deformation has been measured accord-
ing to the initial gauge length defined by two points marked on the surface of the speci-
mens. Hence, image analysis would allow us to track the displacement of the centroid
of each marked point during the test in order to measure the evolution of the strain as a
function of time.

Load measurement under rapid dynamic conditions is subject to significant concerns
due to signal disturbances, especially caused by system vibrations, which could become
much more severe at higher strain rates [61]. In order to address this concern, the pre-
sent work utilized the methodology previously developed by Fitoussi et al. [62], where a
1.5 mm “rubber nitride” damping layer was introduced as a "damping joint" at the interface
of the slack adaptor and the hydraulic cylinder.

It can be noted that assuming the damping step represents a gradual increase in strain
rate, the actual overall strain rate can be determined by considering the slope of the linear
portion of the curve.

2.4.3 Damage Analysis

Damage analysis has been performed with three-points flexion tests by using a micro-
machine situated inside an SEM chamber (HITACHI 4800 SEM). On account of the
28 mm span length of the machine, maximum travel of 20 mm at a rate of 0.5 mm/min has
been applied to the center of the specimen (width: 5.2 mm and thickness: 1.9 mm).
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Fig.3 The experimental device
used for high-speed tensile tests

Load cell

Composite specimen

Wedge gri
SR Test Fixture

Sliding bar
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Damping joint
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3 Experimental Results and Discussion
3.1 Microstructural Evaluations
3.1.1 Micrography Analysis

By Image analysis of the GF50-PP micrographs, a diameter of approximately 15 pm and
a length of 4 cm for the glass fibers have been observable. Figure 4a represents an SEM
micrograph of the GF50-PP sample. It is showing the randomly oriented bundle of fib-
ers with a minor tendency to MFD orientation in some areas for the long glass fibers. In
thermo-compression, the “multi-layer foam” is exposed to a flow allowing the mold to
be filled. The microstructure of the glass mat layer can be presented as an assembly of
clusters linked together by entanglement at the location of the needling zones (Fig. 4b).
One can note that polypropylene can flow easily in needling zones constitute "pits”.
This phenomenon can cause disentanglement during creep under the influence of local
pressure. These analyses show the specific microstructure of the GF50-PP composite.
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(b)
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Fig.4 a Microstructure of GF50-PP in parallel to MFD view: Bundle of fibers and b 3d visualization

3.1.2 Ultrasonic Analysis

As mentioned before, shear wave velocity has been used as an indicator of the internal
homogeneity of the sample and potential preferential fibers orientation. One can note that
the almost circular polar diagrams for the majority of samples, illustrated in Fig. 5, demon-
strate no preferred orientation of fibers. Consequently, the microstructure of the composite
can be considered homogeneous. However, the two samples indicated as numbers 1 and 24
located at the edges of the composite plate present a preferred fibers orientation of 330°,
with a 30° deviation from the MFD. The acoustical birefringence, coefficient K (%), is
used to compare fiber orientation intensity and their distribution. This coefficient as men-
tioned in [58] can be defined as a variation function of the shear waves velocity as follows:

K(%) = 100% x (VOTmax - VOTmin)/VOTaverage (D

In which V1 presents the velocity of the shear waves for a given relative orientation of
the composite. As a result, higher values of K indicate the predominant orientation of fib-
ers. Moreover, in terms of the spatial distribution of the fibers, high values of density, ten-
sile and shear wave velocities demonstrate the presence of many fibers at the test location.
One can note that the sampling has been done from the center of the plates.

3.2 Thermo-mechanical Analysis

The DMTA test has been performed to determine the thermal behavior and the main transi-
tion temperatures of the GFPP composite. A strain of 0.01%, a frequency of 1 Hz, and a
temperature range of -70 °C to 140°C were applied to dual cantilever samples.

Figure 6a represents the evolution of both storage and loss moduli of GFPP composite
as a function of temperature, and Fig. 6b illustrates the damping factor (tan d) versus tem-
perature. The peaks on this curve give directly the values of Ta and TP which correspond
to the glass transition and the B-transition temperature respectively. According to the curve,
a local maximum value of 0.0409 for tan & has been observed in 11.33 °C, which can be
considered as the peak of the T, zone (glassy-rubbery state transition zone).

According to Fig. 6b, the second transition point, Tf, has been observed at 75.29 °C.
It can be assumed that the f-transition temperature TP represents a light brittle-ductile
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Fig.5 Ultrasonic results of the GF50-PP composite plate, schematizing the sampling positions
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Fig.6 DMTA test result: a evolution of the storage and loss moduli versus temperature, and b evolution of
the tan d versus temperature

transition in the matrix, mainly due to the stiffening of the polymer molecular chain seg-
ments located at the crystalline-amorphous interfaces and/or at the fiber-matrix interfaces
[63].

The storage modulus decreased from 6695 MPa at -70 °C to 5188 MPa at 20 °C and
eventually to 1410 MPa at 140 °C. This modulus experienced a smooth trend from the
-70 °C until approximately -10 °C where it arrived at 6312 MPa, then decreased sharply by
an almost linear trend to the end of the experiment. By increasing the temperature, molecu-
lar chain mobility would increase which declined proportionally the storage modulus.

The correlation of data from thermo-mechanical (DMTA) flexural test to linear data
from quasi-static mechanical testing is achievable. As beta transition occurred at about
6.6 °C is related to the toughness of polymers, it is important to analyze the quasi-static
behavior of the composite at the two temperatures of -70 °C and 20 °C.

3.3 Strain and Strain Rate Measurements

The high-speed tensile test was performed at a specified imposed velocity, whereas the
actual strain rate (¢) would be evaluated by further analysis of the deformation by image
processing of the specimen during the tensile test. Figure 7 shows the examples of strain
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Fig.7 Strain rate measurement for two tensile test samples with an imposed velocity of 115 mm/s: a -70 °C
and b+20 °C
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evolution during a 115 mm/s-imposed velocity tensile test. For instance, as shown in
Fig. 7a strain rate became steady after a gradual rise time for about 4 ms, and a constant
strain rate is observable. By calculating the slope of the linear part for this sample, a strain
rate of approximately 2.044 s~! has been achieved for two thermal conditions. The obtained
constant strain rate confirms the methodology of geometry calculation which has been pre-
sented in our previous works [63].

3.4 Quasi-static Tensile Results

To understand the mechanical behavior of the GF50-PP composite, the influence of the
fiber orientation, temperature and strain rate and their accordance with the microstructural
and thermal analyses has been investigated.

The results of the quasi-static tensile tests would provide the necessary data for the ini-
tial analysis of the mechanical behavior of the samples and their evolution as a function of
the different fiber orientations and thermal conditions. In the following sections, the effects
of strain rate on the specimens will be considered in order to obtain an overall view of the
mechanical behavior.

3.4.1 Effect of Loading Temperature

According to DMA results, polypropylene, having a glass transition temperature of about
6.6 °C. This polymer exhibits a very temperature-sensitive behavior in several service
environments.

In general, a significant difference in the quasi-static tensile behavior of GF50-PP
samples at different temperatures has been observed. For instance, Fig. 8 provides a
comparison of tensile behavior of GF50-PP 45° samples in quasi-static conditions
at ambient and cryogenic temperatures. In this curve, higher stiffness and maximum
strength are observable under cryogenic conditions compared to ambient temperature.
One can see the failure stress at loading temperature of 20 °C is about 115 MPa, how-
ever, this value is increased to 170 MPa, which is about 47%. The latter is related to
the low molecular mobility at cryogenic conditions which increase the stiffness of the

Fig. 8 Temperature effect on the 200 -
mechanical behavior of GF50-PP —20°C
samples during the quasi-static —_70°C
tensile test: an example of the
tensile curve in two different o 150 4
temperatures for GF50-PP-45° o
sample
=
o) 100 -
[72]
(O]
—
=]
w
50
0 T T 1
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@ Springer



1970 Applied Composite Materials (2022) 29:1959-1979

sample. However, the failure strain doesn’t decrease as expected for the test at cryogenic
temperatures. This trend can be related to the specific microstructure of the GF50-PP
composite (see Fig. 4).

3.4.2 Effect of Fiber Orientation

The fabrication process introduces a variety of fiber orientation and distribution proper-
ties which would lead to complex microstructural interactions and slightly different over-
all properties [64]. Considering the dominant failure mechanisms of GFPP composites,
including gradual fiber damage and breakage, fiber/matrix delamination, and eventual
crack growth within the matrix, it is worth mentioning that slight differences in fiber dis-
tribution would lead to stochastic stress concentrations during deformation. These stress
concentrations are dependent on deformation rate and temperature with respect to the vis-
coelastic behavior of the matrix, fiber elasticity, and fiber-matrix interface properties. Con-
sidering these uncertainties imposed by the fabrication process and environmental condi-
tions, likewise the not fully random orientation tendencies within the ultrasonic results,
slight variations in the macroscale mechanical behavior of the samples are to be expected.

Nevertheless, comparing the tensile results categorized by their sample orientations
relative to the MFD would indicate orientation-dependent aspects affecting the macro-
scale behavior of composite. The quasi-static tensile results for samples with different
fiber orientations have been compared in Fig. 9.

According to Fig. 9a, a slight difference in Young’s modulus is observable at ambi-
ent temperature, while there is no noticeable difference observable in the stiffness of
cryogenic samples (Fig. 9b). This phenomenon represents the effect of matrix rigidity
on the load-bearing portion of the fibers in the elastic stage, where the rubbery matrix
allows the fibers to reconfigure slightly in response to the applied stress and to have
orientation-dependent behaviors emerged. On the other hand, the glassy matrix limited
the effect of fiber configurational properties on the overall stiffness of the composite at
cryogenic temperatures. This difference is also discussed in the following chapter of
“Effect of strain rate on threshold and failure stress/strain”.

+20°C -70°C
200 - 200+
+20°C /1 0° ——-70°C/0°
+20°C / 45° ——-70°C / 45°
= 150] +20°C / 90° = 150 .-70°C / 90
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= =
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P 50 504
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Fig.9 Tensile results comparison for different fiber orientations at a ambient and b cryogenic temperatures
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3.5 High Strain Rate Tensile Results

To study the effect of fiber orientation, temperature, and strain rate on the mechanical
behavior of the GF50-PP composite, several uniaxial tensile tests have been performed on
three different sample orientations. These studies would eventually provide the necessary
data, such as Young’s modulus and threshold and ultimate stresses as the functions of tem-
perature and strain rate, to model the behavior law of the composite. GF50-PP compos-
ite would be employed in hydrogen or gas reservoirs used for automotive and civil appli-
cations which must comply with strict safety standards, such as crash tests. Considering
severe conditions of crash events, a profound study of the high strain rate behavior of these
composites would be necessary.

Figure 10 provides a comparison of some of the tensile results at different strain rates.
Non-elastic deformation of composite is assumed to be a combination of visco-plastic
deformation of the matrix polymer and irreversible microstructural damages of compos-
ite. The latter can be considered as the dominant phenomenon, regarding the low plastic
deformation capacity of the fibers and the low elongation at failure of the composite due to
the early initiation of failure mechanisms. The damage initiation can be spotted as a knee
point, ending the linear elastic stage, followed by a nearly linear deformation concerning
the damage propagation stage [55, 56].

3.6 Effects of Strain-rate on the Overall Tensile Response

Strain rate has various influences on the threshold and the failure stress and strain results.
To acquire an overall understanding of the influence of strain rate on the tensile response of
the composite, a detailed analysis of the influences of temperature and the fiber orientation
under different conditions would be necessary.

3.6.1 Young Modulus Evolutions

Not surprisingly, Young’s modulus values remain insensitive to strain rate, although tem-
perature and orientation have been observed to affect the stiffness of the samples. As

Fig. 10 Strain rate effect on ten- 200 -
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with fiber orientation of 90°
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demonstrated in Fig. 11, cryogenic temperature samples exhibit higher stiffness for all
strain rates and fiber orientations. A dependency of Young’s modulus on fiber orientation
and strain rate is observed at room temperature. Although there is no significant difference
observable between the results obtained from different fiber orientations at cryogenic tem-
perature. One can notice that tensile testing at a temperature above the glass transition tem-
perature would result in different fiber-matrix decohesion during damage and fracture mode.
Considering the stiffness, during the ambient temperature tensile test, the load-bearing por-
tion of the fibers in the composite could be more prominent due to the rubbery intrinsic
nature of the matrix. Thus, the overall stiffness is more dependent on the fiber conditions
compared to the cryogenic testing.

3.6.2 Effect of Strain Rate on Threshold and Failure Stress/Strain

Figures 12 and 13 demonstrate an overall view of the influence of the strain rate on the
threshold and failure properties, respectively. As stated before, the tensile properties of the
GF50-PP composite dominantly depend on damage initiation and propagation. Accord-
ingly, one can assume that specifically under low temperature and high strain-rate condi-
tions, the threshold strength is controlled by the damage mechanisms. Subsequently, one
can note that the low-temperature results would be much more sensitive to the strain rates
and fiber orientation. From an overall view of Fig. 12, one can note that the threshold is
increased by raising the strain rate in almost all fiber orientations and temperatures. The
significant strain rate dependence of the threshold strength (knee point) would ascertain
the viscous nature of damage mechanisms [56], indicating a delay in damage initiation
by increasing the strain rate. Contrary to the stiffness results, fiber conditions would have
an important effect on the threshold strength at low temperatures and high strain rates.
Overall, for most of the samples, the cryogenic tests exhibited higher threshold stress and
slightly lower threshold strain results. At cryogenic temperatures, samples perpendicular
to the MFD show higher threshold stress results in rapid dynamics compared to the other
directions, as well as ambient temperature results of the same samples. Nonetheless, in
the quasi-static state, the temperature has had no significant influence on the threshold
strength of these samples, and their results show even lower strengths compared to samples
from other directions. On the other hand, samples oriented at 45° to the MFD behave in a
reverse manner to the perpendicular samples in the cryogenic state. They show the slight
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lowest threshold strength results in rapid dynamics compared to the other direction results.
Although they have shown slightly higher threshold strength in the quasi-static state com-
pared to other directions as well as ambient temperature results of the same samples.
Furthermore, it can be noted that for the 45° samples, in contrast to the parallel and per-
pendicular samples, the cryogenic threshold strength results demonstrate a slighter depend-
ence on the strain rate, in comparison to ambient temperature results. The threshold strain
results show various trends against strain rate variations for different fiber orientations
and testing temperatures. However, it can be stated that the ambient temperature results
present a slightly higher variation compared to the cryogenic results for the same sample
conditions. At ambient temperature, the samples oriented parallel to the MFD direction
exhibit slightly higher elongation compared to the almost identical results for the 45- and
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90-degree samples. This phenomenon is especially more significant at lower strain rates
since there is clear diversity in the quasi-static results.

On the other hand, at cryogenic temperatures, the threshold strain of different orienta-
tions is ordered differently in quasi-static and dynamic states. While in quasi-static states,
the 0°, 45° and 90° samples show the highest to lowest threshold strain results, respec-
tively. The 45-degree samples present the lowest results in rapid dynamics in comparison
to other orientations.

In addition, samples of different orientations have demonstrated different dependency
of threshold strain on strain rate in different testing temperatures. For perpendicular sam-
ples in rapid dynamics, there is no significant difference in the threshold strain values and
in the dependence of the threshold strain on the strain rate, either at ambient or cryogenic
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temperatures. While in the quasi-static state, a slight diversity can be observed, represent-
ing slightly higher values for the ambient temperature results. The 45-degree samples on
the other hand demonstrate stronger dependence of threshold strain on the strain rate at
ambient temperature compared to the cryogenic state. While there is no significant differ-
ence observable in the threshold strain in the quasi-static state. For the perpendicular sam-
ples on the other side, there is a clear diversion of results in the quasi-static state, which
vanished by increasing the strain rate. Although the ambient temperature threshold strain
can be considered higher than the cryogenic threshold strain at each strain rate.

In addition, one can see from Fig. 13 that for all microstructure orientation and tempera-
tures, the failure stress/strain values are influenced by strain rate. For example, for the fiber ori-
entation of 90° the failure stress is increased about 51% and 53% for two loading temperatures
of 20 °C and -70 °C by changing the loading rate from quasi-static to 100 s~. This confirms
that the effect of strain rate on failure stress is similar for both thermal conditions. Moreover,
failure stress is less influenced by the loading rate for the samples with fiber orientation of 45°
at -70 °C. In fact, failure stress is increased by about 50% and 30% for two loading tempera-
tures of 20 °C and -70 °C by changing the loading rate from quasi-static to 100 s™".

3.7 Multi-scale Damage Analysis: In-situ Bending Test

The damage evolution under the in-situ bending test for the three studied fiber orientations
is demonstrated in Fig. 14. A three-points quasi-static (0.5 mm/min) bending test was per-
formed to highlight the influence of the microstructure on damage mechanisms occurring
at the local scale.

PIMM 15.0kV 13.5mm x40 SE(M), 1.00mm

transversal micro-cracks interface debonding

pseudo-delamination

matrix breakage

PIMM 15.0kV 13.5mm x40 SE(M) 1.00mm

Fig. 14 Microscopic failure images under bending test for three studied fiber orientations
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One can see from these micrographs, for different fiber orientations, the main damage
mechanisms belong to fiber-matrix interface debonding, matrix breakage and pseudo-
delamination (just before failure). The presence of both pseudo-delamination between
fibers and transversal micro-cracks emerged due to the combination of interface failure
between adjacent fibers.

4 Conclusion

In this work, the coupling effect of strain rate and temperature on the damage mechani-
cal properties of the long-glass-fiber-reinforced polypropylene (GF50-PP) composite pro-
duced by the thermocompression process has been studied. Since the material would be
used in the natural gas and hydrogen vessels storage applications, a dynamic test with a
high strain rate and at cryogenic conditions has been performed to better understand the
behavior law of the GFPP composite. The microstructural analysis presented the particular
microstructure of the GF50-PP. Polypropylene can flow easily in needling zones constitute
"pits which can cause a disentanglement during creep under the influence of local pressure.
So, the ultrasonic analysis was performed to specify the fiber orientation at different areas
of the fabricated plates. A quasi-static tensile test was performed to study the mechanical
behavior of the samples and their evolution as a function of the different orientations and
temperature conditions. The tensile results showed the increase of the failure stress at load-
ing temperature of -70 °C due to the limited molecular mobility at cryogenic conditions. A
small difference in Young’s modulus is observable at ambient temperature (20 °C), while
there is no noticeable difference observable in the stiffness of samples loaded at cryogenic
conditions. The effect of the strain rate on the threshold and the failure stress and strain
during the tensile response of the composite was carried out. The fiber orientations have
an important effect on the threshold strength at low temperatures and high strain rates.
In the cryogenic conditions, higher threshold stress and a slightly lower threshold strain
were observed compared to results at the ambient temperature condition particularly for
the samples perpendicular to the MFD. In addition, for all microstructure orientation and
temperatures, the failure stress/strain values are increased by strain rate. Multi-scale dam-
age analysis for different fiber orientations showed the main damage mechanisms belong
to fiber-matrix interface debonding, matrix breakage and pseudo-delamination (just before
failure).
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