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To enhance the possibilities in lightweight constructions in terms of processability and recyclability, fiber reinforced thermo-
plastics are a promising class of materials. In this context, the fiber-matrix interface has a major influence on the mechanical
properties of the composite. With polyamide 6 (PA6) being a hygroscopic thermoplastic, the effects of elevated humidity
and temperature on the mechanical behavior must be considered [1]. This study aims to characterize the micro-mechanical
material properties of carbon long fiber reinforced PA6 in quasi-static tensile tests after exposure to elevated temperature
and humidity levels. Therefore, the specimens are conditioned in different climates and tested afterwards. In order to deter-
mine the initiation and propagation of matrix cracks, interface failure, and fiber fracture, the experiments are conducted on
a micro-scale with an average cross-section of 0.03 mm?. The damage patterns are captured using optical microscopy and
SEM images. The effects of conditioning at various temperature and humidity levels are discussed. The main results are the
qualitative description of the degradation of mechanical properties due to hydrothermal effects.
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1 Introduction

In the field of lightweight construction, fiber reinforced polymers (FRP) established an ever increasing market value, due
to their high specific strength and stiffness properties [2]. The need for more environmentally sustainable materials and the
demand to design complex components with this class of materials motivates the use of long fiber reinforced thermoplastics.
The reason for this is that thermoplastics, due to their molecular structure, can be remelted and are therefore optimal materials
for a sustainable recycling process. This is a decisive difference to conventionally used polymers, such as thermosets, as these
irreversibly disintegrate when the decomposition temperature is exceeded after curing.

Although they have the highest possible stiffness and strength values within the FRP class, continuous reinforcing fibers
only allow limited design freedom. Especially in cases of double-curved surfaces, wrinkling occurs, which requires a special
assessment. In contrast, discontinuous reinforcing fibers allow for a much greater freedom of design and can be manufactured
in easily automated processes, such as injection molding or extrusion. This is achieved while still maintaining relatively high
specific stiffness and strength properties, especially in the case of long fiber reinforced polymers (LFRP).

In order to gain a deeper understanding of LFRP, it is paramount to investigate the behavior of each constituent and the
composite itself. [3] has shown the influence of the interface mechanics on the performance of the whole composite. By
studying the experimental results and numerical modeling, it was shown that the knowledge of the interface parameters is
important to determine the fracture behavior of the composite in advance. Through the numerical investigation with different
parameters, such as interfacial shear strength and fracture energy, it was shown that different sets of parameters lead to different
failure behaviors. Consequently, this motivates the qualitative investigation of the fracture behavior in order to reproduce it
in subsequent numerical simulation and thus to find robust parameters. A suitable scale to gain more insight into the stress
transfer effects from fiber to matrix and into damage mechanisms in and around the interface is the micro-scale. On this scale,
individual fibers can be distinguished and crack initiation and propagation is observable in detail. However, a challenge at the
microscale is that the microstructure varies greatly from sample to sample, making statistical analysis difficult.

Due to their polarity between macro-chains, some thermoplastics, e.g. the here investigated PA6, are prone to water
absorption and thereby are considered hygroscopic materials (cf. [4]). In [5] and [6] it was shown how water and temperature
affect the mechanical properties of carbon fiber reinforced PA6. Their conclusive findings are that the absorption of water
reduces both stiffness and strength of the composite. Along with the nature of thermoplastic materials of showing pronounced
viscous behavior even at lower temperatures, e.g. room temperature, it is important to consider both humidity and temperature
effects on the mechanical propeties.
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2 Methodology

The material of interest is a discontinuously, long carbon fiber reinforced PA6. To produce microscopic samples, 400 x 400 x
3 mm? plates were manufactured in a LFT-D process at the Fraunhofer ICT, Germany. The process consists of two counter-
rotating twin extruders. The first extruder melts the PA6 granules and feeds the melt into the second extruder with a steady
addition of continuous carbon fibers. Within the second extruder, the continuous fiber is broken into smaller sections by the
applied shear forces. The second extruder finally outputs a plastificate, which is transferred to a press and pressed into sheets
of given dimensions. The resulting fiber length distribution was subsequently determined by means of a burn-off process for
a single plate. The median fiber length was found to be 2.94 mm, while the average fiber length was 4.35 mm with a standard
deviation of 4.07 mm. The longest fiber had a length of 19.33 mm.

The plate was divided into a charge and flow area, for which the latter is expected to provide a more uniformly aligned
fiber orientation in flow direction (cf. Fig. 1). From the flow area, microscopic samples were manufactured with an average
cross-sectional area of 0.03 mm? at its most narrow width, which are also depicted in Fig. 1. The specimens were ground and
polished under a diamond suspension. One such sample is depicted in Fig. 2. To investigate the effects of elevated temperature
and humidity exposure, n = 5 samples were immersed in distilled water at 70 °C for 80 hours. The remaining n = 5 samples
were conditioned at room temperature and humidity.
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Fig. 1: LFT-D plates divided into charge area (where the plastificate is positioned) and flow area on the right side of the plate. Specimens
were extracted from the flow area within the x-z-plane.

Following the conditioning, the specimens were investigated with a light microscope and SEM to optically evaluate possible
degradation effects. Afterwards, they were tested in a micro-mechanical quasi-static tension setup at room temperature (23 °C)
and a relative humidity of 45 %. The displacement rate between the clamps was set to % = 3-10~* mm/s, which corresponds to
an average strain rate of € = 1 %/min, following ISO 527-1. Following the evaluation of mechanical properties, i.e. stiffness,
strength and elongation at failure, the fracture surfaces were investigated by SEM analysis once more.

3 Results and discussion

3.1 Optical assessment before testing

The optical SEM assesment of the specimen after immersion in distilled water at an elevated temperature reveal a pronounced
crack formation in the matrix surface, as can be seen in Fig. 3. The cracks appear to be propagating between interfaces with no
preferred direction, indicating a volumetric effect. Interface degradation near the surface, i.e. separation of fiber and matrix,
is visible.

The interpretation of these findings is that water diffusion into the hygroscopic matrix material is accelerated at elevated
temperatures (cf. [7]), resulting in swelling of the polymer (cf. [4]). The swelling is associated with compressive stresses
that rapidly dissipate in the viscous matrix material at elevated temperatures. Once the sample is removed from the oven,
the large temperature gradient causes heat to flow out of the material, resulting in an opposite contraction of the polymer due
to the increased coefficient of thermal expansion compared to the fiber. The stiffer fibers behave like a contraction inhibitor,
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Fig. 2: Light microscope image of a specimen after polishing.
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Fig. 3: SEM image of specimen after immersion in distilled water at 70 °C for 80 hours. Whole specimen with a magnification of x120 in
a, detailed view of the same specimen at x450 in b.

inducing a volumetric tensile stress state within the polymer, which explains the formation of cracks around and between the
fiber interfaces.

To investigate the progressive cracking, another series of tests was started at reduced temperature. Here, the specimens
were stored in 50 °C water and examined with the SEM at different times. The investigation of a single specimen is depicted
in Fig. 4. It is confirmed that the cracking propagates over time. In contrast to the higher temperature of 70 °C, the cracks
are finer and do not penetrate as deeply into the material. Most likely, this is a swelling and shrinking process expressed
by the fibers protruding further from the polymer surface as time progresses. Again, interfacial separation can be observed
near the surface. The reduced cracking is likely due to the lower temperature causing a lower temperature gradient when the
specimens are removed from the oven, supporting the above hypothesis and suggesting that temperature and humidity both
affect the degradation mutually.

3.2 Mechanical testing

The results for the quasi-static testing are displayed in Fig. 5. Generally, a large scatter in the results was observed, which
can be explained by the geometric properties of the specimens. Due to the small cross-sectional area of 0.03 mm?, the
heterogeneous micro-structure does not average over the specimen’s volume, i.e. one sample may contain fiber-rich regions
whereas another does not. Additionally, fiber distribution and content were found to vary significantly between samples.

The statistical evaluation can be seen in Fig. 6. No difference in stiffness properties was observed between dry and wet
specimens, which is in contrast to findings in [7], [8] and [1]. So far, this contradiction lacks a reliable explanation, but a
size effect is likely. One hypothesis is that all specimens, including the ones that were not immersed in water (called dry
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Fig. 4: SEM image of specimen after immersion in distilled water at 50 °C. Specimen after O hours in a, 22 hours in b, 62 hours in ¢ and

132 hours in d.

200

175

150

o in MPa
—_
[\
W

—_
(=
(=]

~
()

50

25

Stress-Strain

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
ein %

Fig. 5: Stress-Strain curve for dry and wet specimens.
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specimens), came in contact with water during the specimen extraction. It is possible that the conditioning environment
(23°C, 45 % r.H.) and conditioning time for the dry samples were not sufficient for the absorbed water to diffuse out of the
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specimens again. It must be mentioned here that the small number of samples combined with a highly varying microstructure
makes statistical analysis less meaningful. This must be taken into account when interpreting the results.
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Fig. 6: Box plot comparing mechanical properties of dry and wet specimens: a) strength, b) strain at failure, ¢) Young’s modulus.

The strength and elongation at failure are significantly reduced for the wet specimens. Since significant crack forma-
tion was observed after the treatment at elevated temperature and humidity, the effective cross-section is reduced and stress
concentration lead to a quicker propagation of crack surfaces and thereby to the observed accelerated failure.

3.3 Optical assessment after testing

After failure, SEM images of the fracture surfaces of dry and wet specimens were investigated. In Figs. 7 and 8, it can be seen
in both wet and dry specimens that the matrix clearly fringes in the fracture surface. In combination with the image sequence
of the tests, in which a continuous crack growth, large local strains and a pronounced necking were observed in contrast to an
instantaneous brittle fracture with limited deformation, ductile matrix failure is confirmed as the dominant fracture mechanism
within the polymer.

Additionally, both wet and dry specimens show blank fibers free of matrix residues, indicating a weak interface at which the
crack propagated. Especially for the wet specimens, it is visible that the fibers adjacent to the surface debonded completely,
indicating a weakening moisture effect on the interface (cf. Fig. 7 a).

Fiber-rich regions appear to be circumscribed by cracking, which is due to the jump in stiffness properties between a
matrix-rich and fiber-rich area. In conclusion, the predominant fracture patterns are ductile matrix cracks and fiber pullouts,
suggesting that the interfaces of the dry specimens were also damaged during processing or that the bond was weak to begin
with.

3.4 Conclusion

Discontinuously, long carbon fiber reinforced PA6 was examined at the micro-scale to explore the effects of hydrothermal
aging. n = 5 specimens were stored in distilled water at 70 °C for 80 hours (wet specimens), while n = 5 specimens were
conditioned at 23 °C and 45 % relative humidity (dry specimens). After 80 hours, the wet specimens showed significant
formation of cracks with visible damage at the fiber-matrix interface. The crack initiation and propagation was explained
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Fig. 7: SEM image of fracture surface of wet specimen after immersion in distilled water at 70 °C for 80 hours. Left fracture surface with a
magnification of x150 in a, detailed view of the same specimen at x420 in b.

IWM-147810 25.0kV 4.3mm x190 SE

Fig. 8: SEM image of fracture surface of dry specimen. Right fracture surface with a magnification of x190 in a, detailed view of the same
specimen at x500 in b.

by a swelling-contraction effect due to different thermal expansion coefficients between fiber and matrix. In the quasi-static
tensile test, the wet specimens exhibited significantly lower tensile strength and elongation at break, while the modulus was
indifferent to that of the dry specimens. The hypothesis is that the modulus of the dry specimens also deteriorated due to water
contact during manufacturing. The predominant failure for both types of conditioning was found to be ductile matrix fracture
and fiber pull-out, indicating a weak fiber-matrix bonding.
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