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Abstract

Prolonged exposure to environmental conditions such as ultraviolet radiation, humidity, and temperature, to which
carbon fiber-reinforced thermoplastic polymer components are exposed during their service life, can lead to significant
changes in mechanical, physical, and chemicals properties, and can often be irreversible, resulting in premature
component failure. This study presents the influence of accelerated weathering exposure times (400 h, 800 h, and 1200
h) on the mechanical, thermal, and structural properties of carbon fiber (CF)/polyamide 6 (PA6) laminates. Analyses of
composite surfaces were carried out using microscopy and contact angle measurements, which indicated that the factors
of exposure to accelerated only affected the surface of the composites, showing signs of the beginning of degradation.
The tensile strength (609 MPa + 10 MPa) and interlaminar shear strength (27 MPa + 0.9 MPa) did not present significant
changes, showing that the reinforcement, the matrix, and the interface remained stable after exposure to accelerated.

Keywords: accelerated weathering, carbon fiber, composites, polyamide 6, ultraviolet radiation.

How to cite: Montagna, L. S., Morgado, G. F. M., Marini, J., Montanheiro, T. L. A., Guimaraes, A., Passador, F. R.,
& Rezende, M. C. (2023). Effect of accelerated weathering environment on the carbon fiber/polyamide 6 composites.

Polimeros: Ciéncia e Tecnologia, 33(3), €¢20230032. https://doi.org/10.1590/0104-1428.20230062

1. Introduction

Carbon fiber reinforced thermoplastic polymer (CFRTP)
has proven to be an excellent replacement option for traditional
carbon fiber composites with thermoset resins due to its good
mechanical properties, such as high strength and rigidity, easy
and fast processing, in addition to the possibility of being
recycled at the end of its useful lifel"?. CFRTP has been
widely used in sectors that demand lightweight structural
applications, such as acrospacel®, automotive!**, renewable
energies!®, and sports goods!”.

During their lifespan, CFRTPs are exposed to the
most aggressive environmental factors, such as humidity,
temperature gradients, solar radiation, ozone, pollution,
mechanical factors load, and some chemical products, that
individually or in combination, may affect their thermal,
chemical, and mechanical properties, resulting in a decrease
in service life®), Among these factors, changes in temperature,
humidity, and ultraviolet (UV) radiation prevail. According
to Sang et al.’, the variation in “hot/humid” exposure to
which CFRTPs are often subjected during the working
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period is considered the most severe condition in terms of
degradation. Aiming at increasing its useful life, therefore,
it is crucial to understand the behavior of the diffusion
and damage characteristic of CFRTP when subjected to
environmental exposure.

UV radiation from sunlight also affects polymer
composites, as the energy of UV photons is similar to the
covalent bonds of polymeric materials, thus it can affect
and alter the chemical structure of polymeric chains!!®!!!,
The depth of UV radiation penetration is small, in the order
of micrometers. The reinforcement of carbon fiber (CF) in
composite materials absorbs and limits the penetration of
UV radiation, resulting in the superficial degradation of
the composite!'?.

However, this phenomenon can lead to the formation
of small flaws and surface cracks, which facilitate the
penetration and diffusion of moisture and pollutants into
the composite. These factors can be intensified with the
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increase in temperature, and in this way, they can act as
stress concentrators, and lead to the formation of surface
tensions, which, when accumulated, generate stress. This
stress may propagate to the interior of the thermoplastic
composite, resulting in the formation of cracks, in addition
to premature failure during the life of the component!'>!4,

Among the engineering thermoplastics, polyamide 6 (PA6)
has been highlighted due to the ease of processing and the fact
that CF/PA6 composite laminates can be prepared using the
same equipment used to prepare thermoset resin laminates.
PAG6 is a thermoplastic composed of amide monomers connected
by peptide bonds, with good resistance to impact, abrasion,
and wear, good mechanical stability, and high resistance to
chemical and biological attacks, in addition to being extremely
rigid and resistant up to 180 °C!"3). However, PAs can undergo
different degradation processes due to their highly hygroscopic
nature, and the presence of moisture results in degradation by
hydrolysis of the amide, which can be accelerated with the
presence of temperature!'®. The influence of UV radiation
combined with oxygen and temperature results in photo-
oxidative, and thermo-oxidative degradation, respectively,
causing polymer chain scission, micro-cracking, discoloration
due to the production of chromophoric chemical species, the
opacity of the polymer surface, and consequently a significant
loss in the mechanical properties!'”'®!.

CF is widely used to reinforce polymeric materials,
to be applied in different sectors. CF has good chemical
stability and high heat resistance, in addition to absorbing
little or no moisture, so it has been used as reinforcement
in PA6 matrices to minimize or even delay the effects
of weathering conditions of the polymeric matrix!"-1>-2!,
In addition to improving resistance and mechanical,
thermal, and chemical stability. Pinpathomrat, Yamada,
and Yokoyamal?? studied the effect of ultraviolet-C (UV-C,
20.2 W/m?) irradiation on neat PA6 and CF/PA6 composites,
and observed a drastic decrease in tensile strength in neat
PA6, while for CF/PA6 composite no major changes were
observed, indicating that CF is useful not only as composite
reinforcement but also for UV protection of PA6.

The present work aims at determining the influence of
accelerated weathering, including rain cycles, temperature,
and UV radiation using a weather meter machine, on the
mechanical (tensile strength and interlaminar shear strength)
and thermal (melting temperature and degree of crystallinity)
properties, and morphological characteristics by optical
microscopy (MO) and scanning electron microscopy (SEM)
of CF/PA6 composites. CF/PA6 composite laminates are
used to manufacture lightweight outdoor structures for the
automotive and oil and gas industries. These composites are
subjected to climate and environmental change that include
the presence of humidity and UV radiation. Therefore, the
degradation of polymers-based composite components and/
or structures must be taken into account, aiming at the safety
of human health and the environment.

2. Materials and Methods
2.1 Materials and specimens cutting

The thermoplastic composite used is polyamide
6 reinforced with carbon fiber (CF/PA6) 5 plies, 2x2 twill

2/10

carbon fiber weave, 415 gsm, and 39 wt% matrix content
(Cetex® TC910) from Toray® Advanced Composites Co.
(England). The material was used as received. The cutting of
the standardized specimens for the mechanical test (tensile
test and ILSS) was carried out in a cutting machine (Extec
Corp., LAbcut 5000) with a cutting speed of 2 mm/s.

2.2 Accelerated weatherometer

The CF/PA6 composite samples were placed ina UV test
fluorescent UV/condensation weathering instrument (Atlas,
22007) with a UV test radiometer (Atlas, 24078), using UVA-
340 lamps with 0.89 W/m? of irradiation intensity, with a
cycle of 8 h of UVA irradiation at a temperature of 60 °C (+
3°C), intercalated with 4 h of condensation at a temperature
of 50 °C (% 3 °C). These factors were submitted on both sides
of the composite samples, to homogenize and standardize the
effects. The CF/PA6 composite specimens were subjected to
UV radiation and were removed at 400 h, 800 h, and 1200 h
(on both sides), then were tested and evaluated.

Text paragraph within a second subsection.

2.3 Characterizations

The contact angle measurements were performed in a
Goniometer Ramé-Hart (model 500), and the liquid used
was distilled water by the sessile drop method (1.0 pL,
25 °C). Nine measurements were made in each sample to
evaluate the surface character of the CF/PA6 composites
unexposed and after 400 h, 800 h, and 1200 h exposed to
accelerated weathering.

Fourier-transformed Infrared Spectroscopy (FT-IR)
measurements of CF/PA6 composites before and after 400 h,
800 h, and 1200 h exposed to accelerated weathering were
carried out in a PerkinElmer spectrometer (model 2000)
using universal attenuated total reflectance (UATR), with
an average of 20 scans with 2 cm ™' resolution, in the range
from 4000 to 500 cm™'.

DSC analyses of CF/PA6 composites unexposed and after
400 h, 800 h, and 1200 h exposed to accelerated weathering were
performed using TA Instruments equipment (Q2000 model)
in an inert nitrogen atmosphere (50 mL/min). The samples
were heated from 30 °C to 300 °C, with a heating rate of
10 °C/min, with 3 min isotherm, at 300 °C, to eliminate the
thermal history of the samples, and after that, they were cooled
and heated again from 300 °C to 30 °C at a rate of cooling
and heating of 10 °C/min. The degree of crystallinity (X , %)
was determined by Equation 1, where AH_is the enthalpy of
melting of the semicrystalline PA6 and AH . is the enthalpy
of cold crystallization (AH_. = 0 J/g, in this case), both
according to the result of DSC analysis from the 2™ heating.
O is the carbon fiber mass fraction in the composite (according
to Montagna et al.”*! this CF/PA6 composite has 51% CF),
and AH_" is the enthalpy of melting of the 100% crystalline
polymer (AH,_ =230 J/g for PA6PY).

o= BHm —AMec) 1 (1)

(1-0)aH),

Tensile tests were carried out according to ASTM D303912°!
using an Instron (model 5982), with sample dimensions of
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250 mmx 25 mm x 2.3 mm (length x width x thickness), and
a crosshead speed of 2 mm.min " and load cell of 250 kN.
Seven specimens of each sample were tested.

The interlaminar shear strength (ILSS) by short beam
method was performed to evaluate CF interfacial adhesion
mechanisms with the PA6 matrix. The samples (24 mm x
6.35 mm x 4.0 mm) were performed with a 100 kN load cell
on an Instron (model 5982) and a testing speed of 1.0 mm/
min, according to ASTM D2344%], For this purpose, six
specimens were tested for each case studied. The interlaminar
shear strength (t__) was calculated by dividing the peak
recorded reaction force (P) by the area of the cross-section
(b x h), as shown in Equation 2.

e =075

(bxh) @

Mechanical test results were analyzed using one-way
analysis of variance (ANOVA) and Tukey’s multiple
comparisons test on GraphPad Prism 6 (GraphPad Prism
6 Software Inc. USA) at 95 and 99.9% levels, respectively.

The fractured surface after the ILSS test was performed
through images obtained by optical microscopy (OM)
using a benchtop optical microscope (MP-150). Surface
degradation and the fractured surfaces of specimens after
tensile tests were analyzed by scanning electron microscopy
(SEM) with a scanning electron microscope Inspect S50 (FEI
Company®) at an accelerating voltage of 20 kV. The CF/
PA6 composite samples were placed in the aluminum stub
with carbon tape and coated with a thin layer of gold for
120527, by sputtering from Quorum (Q150RS Plus).

3. Results and Discussions

The quantification of moisture absorption by the
specimens after accelerated weathering did not show a
significant increase in the weight gain of the samples.
This behavior is attributed to the intercalated cycles of wet
(water at 50 °C) and dry (UV irradiation at 60 °C), which
maintained the weight of the specimens around the initial
value before conditioning. Although the specimens did not
show moisture absorption at the end of conditioning, the
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possible influence of the accelerated weathering on the
composites was investigated by FT-IR and thermal analyses.

Figure 1 shows the structural changes of CF/
PA6 composite surfaces before and after 400 h, 800 h,
and 1200 h in accelerated weathering measured by FT-IR.
All the spectra are very similar, occurring a reduction of
insignificant intensities of the bands or their displacement.
That is, insignificant chemical degradation was observed
by FT-IR on the surface of CF/PAG6 after conditioning in an
accelerated weathering by small changes in the carbonyl
area and hydrolysis.

The photooxidation of the surface of CF/PA6 composites
can be monitored mainly by the appearance of a band
around 1715 cm’', corresponding to the stretching of
the carbonyl, referring to the possible oxidation of the
matrix that occurred after the process of exposure to UV
radiation; and by changes in the intensity of the bands
at 3000-3500 cm™' referring to alcohols and carboxylic
acids®. In none of the spectra shown in Figure 1-A was
observed the band around 1715 cm™'. However, an increase
in the intensity of the band at 3300 cm™' was observed in the
exposed CF/PA6 composite at 1200 h, which may be due to
moisture absorption during the periods of wet conditioning
to which it was subjected®". The occurrence of degradation
by hydrolysis can be indicated through the reduction in the
amide band (1633 cm™ and 1540 cm') intensities after the
conditioning test suggesting that the amide was degraded®™.
This behavior was observed in the composites after the
exposure time of 400 h and 800 h.

To evaluate the degradation of the samples exposed to
accelerated weathering, the ratio between interest bands
was calculated, since there is a change in their intensities
proportionally to the concentration of these groups (Figure 1-B).
Once the degradation can be monitored by the change
in intensity of the amide band, the ratios 3300/1633 and
3300/1540 were obtained. Whereas the degradation by
hydrolysis is indicated by the reduction in amide band
intensity, is expected that, for samples that were degraded,
the ratio between 3300/1633 and 3300/1540 bands increases
if compared to the unconditioned sample. Figure 1-B shows
the ratios between bands for all samples. It can be concluded
that after 1200 h of accelerated weathering the sample
presented degradation of the amide band. After 400 h and

3300/1633
1.35

3300/1540
1.32

1633/1540

Unconditioned 0.98

400 h 1.27 1.24 0.98
800 h 1.08 1.07 0.99
1200 h 1.64 1.50 0.92

B

Figure 1. FT-IR results: spectra (A) and the results of the ratio between interest bands (B) of CF/PA6 composites before and after the

exposure times of 400 h, 800 h, and 1200 h in accelerated weathering.
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800 h, the reduction in the ratios may be justified by some
water adsorption of samples. To confirm the degradation, the
ratio between both amide bands was also calculated; seeing
that, a variation in this ratio indicates that the functional
groups were somehow affected. The 1633/1540 ratios
were nearly the same for unconditioned, 400 h and 800 h
samples, but for 1200 h showed variation, confirming the
matrix degradation of this sample.

The thermal properties of samples exposed to accelerated
weathering were evaluated using DSC and aimed to verify
the influence of different exposure times (400 h, 800 h,
and 1200 h) on the melting temperature (T ) and degree
of crystallinity (X ). Figure 2 presents the DSC curves in
the first and second heating. It is possible to observe in the
DSC curves referring to the first heating that the composites
did not present significant changes in the value of the T ,
and all composites presented T values at approximately
217 °C (£ 0.5 °C). However, when checking the curves for
the second heating, the presence of a double endothermic
peak inthe T region is noticeable, with T at approximately
214°C+08and T , at 218.8 °C + 0.5 °C. The presence
of these double peaks in crystalline melting could be due
to different crystalline forms, o phase, and y phase. The a
phase is considered the most stable and predominant, and
the y phase is less stable and is formed by rapid cooling.
A similar behavior was observed in the study carried out
by Oulidi et al.B'.

Also, through the DSC analysis, it was possible to verify
a slight difference in the composites after the different
exposure times to the accelerated weathering chamber.
Increases of 21%, 26%, and 13% in the X_values of the
CF/PA6 composites after 400 h, 800 h, and 1200 h exposure
to accelerated weathering, respectively, when compared to
the unconditioned composites were observed. This increase
may be related to the breaking of intramolecular bonds
and the reorganization of the polymeric chains, associated
with the crystalline regions that were influenced by the
environmental factors to which they were exposed, such
as UV radiation, humidity, and temperature. These factors
influenced the increase of the crystalline phase. Similar
behavior was observed by Mahat et al.’?, who observed
that as the exposure time of CF-reinforced thermoplastic
composites increased, crystallinity values increased, as the

molecular structure becomes more ordered with increasing
crystallinity and consequently restricts the movement of the
amorphous region.

Figure 3 shows the results obtained in the mechanical
characterization of unconditioned specimens and those
exposed to accelerated weathering. Figure 3-A-B shows
the results of the ultimate tensile strength (UTS) and elastic
modulus (E) of the CF/PA6 composites unconditioned
and after 400 h, 800 h, and 1200 h exposed to accelerated
weathering. Through the analysis of variance (ANOVA) and
Tukey’s multiple comparisons tests, no statistical difference
was observed in the results of the analyzed mechanical
properties.

In Figure 3-A, it is possible to observe that the periods
of 400 h, 800 h, and 1200 h of accelerated weathering
exposure did not cause a significant effect on the UTS
values, since all values are within the standard deviation
range. Furthermore, this property is governed by the fiber
and not by the polymeric matrix, which is more susceptible
to degradation, preserving the reinforcement. It is worth
remembering that the moisture absorption by the specimens
at the end of the accelerated weathering conditioning was not
significant, due to the alternating cycles with and without
humidity, which favored that the moisture absorbed during
the wet cycle was lost during the dry cycle. Thus, the tensile
strength and elastic modulus were not significantly affected
by the accelerated weathering exposure, as related in the
literature for CF-reinforced compositest..

Figure 3-C shows the UTS vs X curve of specimens
unconditioned and exposed to different times of conditioning.
This Figure 3-C shows the increase of X with the time of
exposure in the accelerated weathering about the unconditioned
specimen but without a consistent correlation with the UTS
values, considering that the variation of this property has
no statistical difference according to ANOVA and Tukey’s
multiple comparisons. The X_ behavior may be due to
structural changes caused by increased exposure, which may
be related to a possible restructuring of the molecular chains,
altering the degree of crystallinity and/or by the adsorbed
humidity which makes greater the free volume among the
chains. According to the literaturel®*, the stiffening of the
material can be increased with the X increase. In the present
study, the combined factors of UV radiation, humidity, and

1*' heating

1200 h

Heat Flow (W/g)

2" heating
1200 n

800 h

Heat Flow (W/g)

_ﬁf—
{ Endo 214°Ca— Wi 5190
:

50 75 100 125 150 175 200 225 250

Temperature (°C)

T T T T T T
50 75 100 125 150 175 200 225 250

Temperature (°C)

Figure 2. DSC curves from 1* and 2" heating of CF/PA6 composites unconditioned and after 400 h, 800 h, and 1200 h exposed to

accelerated weathering.
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Figure 3. CF/PA6 composites unconditioned and after 400 h, 800 h, and 1200 h exposed to accelerated weathering: ultimate tensile
strength, UTS (A), elastic modulus, E (B), UTS vs X_(C), and interlaminar shear stress, ILSS (D).

temperature may have promoted a slight increase in the
UTS property, as observed for the composite after 1200 h of
exposure, which presented a slight increase of 1.6%, when
compared to the unconditioned composites.

As for the elastic modulus values (Figure 3-B), a
reduction of approximately 2.7% (+ 1%) was observed in
the composites after different exposure periods in accelerated
weathering, when compared to the unconditioned composite,
probably due to the small amount of the absorbed humidity.

Figure 4 shows representative macroscopic images of
the UTS fracture of the CF/PA6 composites, unconditioned
and after exposure to accelerated weathering. The images of
the unconditioned composites (Figure 4-A-B-C) are typical
of tensile fracture with total rupture of the specimen, with
CF and matrix fracture, and consequently translaminar,
intralaminar, and interlaminar fractures and more extensive
delaminations. In the images of the composites after 400 h
of exposure to accelerated weathering (Figure 4-D-E-F), it
is possible to visualize the partial rupture of the specimen
(Figure 4-D), with the rupture of CFs and with several
intralaminar, interlaminar, and translaminar fractures. The images
referring to the composites after 800 h (Figure 4-G-H-I)
and 1200 h (Figure 4-J-K-L) after exposure to accelerated
weathering show a more severe rupture, with the combination
of intralaminar, interlaminar, and translaminar fractures,
and fiber failure with aspects similar to those observed in
compression failures, plus wedge split fault (highlighted
with a green rectangle, in Figure 4-G and K).

Prolonged exposure to UV radiation, humidity, and
temperature can contribute to the degradation of the
polymeric matrix, affecting the properties that are governed
by the matrix, as is the case of ILSS. Therefore, through the
analysis of the ILSS (Figure 3-D), it was possible to verify
the adhesion between the CF and the matrix, in addition
to the analysis of the interfacial failure, which allows
evaluating the integrity of the interface that is a prerequisite
for a good stress transfer in the laminate. In this way, the
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ILSS test allowed evaluation of the quality and integrity
of the interface between the PA6 matrix and the CF of
the composites after 400 h, 800 h, and 1200 h exposed
to accelerated weathering, and the OM images (Figure 5)
assisted in assessing the failure.

The results obtained from the ILSS of the CF/PA6 composites
are shown in Figure 3-D. It is observed that the values of the
samples before and after exposure to accelerated weathering
are close, 27.2 MPa (£ 0.9 MPa), without statistical
differences. However, the CF/PA6 composites after being
exposed to accelerated weathering for 400 h and 1200 h
showed a slight increase of 0.4% and 3.1%, respectively, in
the mean resistance values of ILSS when compared to the
unconditioned composite. This behavior suggests that the
exposure time which may have promoted an improvement
in the fiber/matrix interface of the composites, but this
behavior needs to be further investigated.

After ILSS tests, OM analyses were carried out to
analyze the failure mode resulted from the ILSS tests.
The images obtained from the fracture region are shown in
Figure 5. The fracture of the tested specimens occurred in
the central region of the transversal face of the specimen,
as expected for the ILSS tests. First, the analysis of these
images shows a homogeneous distribution of matrix and
fibers in the laminate. The unconditioned CF/PA6 composite
showed numerous intralaminar fractures in the CF cables at
0° and interlaminar fractures (highlighted in yellow) along
the analyzed surface. This type of failure generally tends
to fracture in the plane of the laminate, oriented between
layers, and results mainly in the fracture of the polymeric
matrix with a few exceptions that can fracture the fibers.

CF/PA6 composites after 400 h, 800 h, and 1200 h
exposed to accelerated weathering showed more interlaminar,
intralaminar, and translaminar fractures. The presence more
intense of these three types of fractures may be related to
a possible fragility of the polymeric matrix, as they are
exposed to accelerated weathering, with the presence of UV
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Unconditioned

Fiber
failure

Figure 4. Representative macroscopic images of tensile fracture surface from the CF/PA6 composites unconditioned and after 400 h, 800

h, and 1200 h exposed to accelerated weathering.

radiation, humidity, and temperature. These factors may have
influenced the beginning of matrix degradation. The matrix
suffered intralaminar fractures, followed by interlaminar
fractures, followed by translaminar fractures, which occur
transversely to the plane of the laminate, causing the fiber
breakage (highlighted in green).

Figure 6 presents SEM images of the surface of the
specimens after exposure at different times in accelerated
weathering. No change in the color of the composites was
observed after this degradative process. Since the depth of
penetration of UV radiation is small, resulting in surface
degradation mainly by surface grooves (highlighted in
yellow), which can lead to embrittlement of the matrix
and the formation of microcracks. This behavior was more
pronounced in the CF/PA6 composites after 800 h and
1200 h of exposure, and some regions with signs of erosion
followed by the presence of some holes and cavitations
(highlighted with red arrows).

Furthermore, since UV radiation affects the surface
of materials and causes changes in surface morphology,
prolonged exposure to UV radiation can deteriorate the
surface, and consequently form surface defects where moisture,
environmental pollutants, and other factors can migrate to
the interior of components. Then, it can start a degradative
process of the material and can result in the deterioration

6/10

and decrease of the mechanical resistance, for example, and
even the premature failure of some components in use!®!2.

Consequently, with the increase in the exposure time to
accelerated weathering the surface degradation is intensified
causing an increase in the surface wettability value. This effect
can result in high moisture absorption by the composite as
shown in the contact angle presented in Figure 7. The contact
angle measurements were done using the distilled water drop.
The values < 90° and > 90° correspond to hydrophilic and
hydrophobic surfaces, respectively. The unconditioned CF/
PAG6 composite presents a contact angle value of 82°, and
after 400 h, 800 h, and 1200 h of exposure to the accelerated
weathering, these values decreased to 62°, 57°, and 52°,
respectively, that is, after conditioning the material became
more hydrophilic, favoring the wettability and, consequently,
the moisture absorption.

The approximately 30% reduction in contact angle
values suggests that the UV radiation, together with other
factors present in the accelerated weathering chamber,
such as humidity and temperature, strongly affected the
composite surface. This behavior was also observed by
Mahat et al.?!, who submitted CF/PPS composites to 120,
240, 360, and 480 h of UV radiation, and suggested that
the reduction in contact angle values also implied in the
surface erosion mechanism, in addition to an increase in

Polimeros, 33(3), €20230032, 2023
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Figure 6. SEM images of the degraded surface after exposure to Oh (A), 400 h (B), 800 h (C), and 1200 h (D) in an accelerated weathering

environment, 5,000x.

the wettability of the composites, leading to high moisture
absorption and, consequently, greater degradation of the
material.

Figure 8 shows SEM micrographs of the tensile fracture
of'the CF/PA6 composites after exposure to 400 h, 800 h,
and 1200 h in an accelerated weathering environment.
In general, in all micrographs of the composites after
exposure to accelerated weathering, it is observed that
the fiber-matrix interface was preserved, maintaining
the structural integrity of the specimens. Furthermore,
as seen in the surface micrographs of the composites
(Figure 6), few signs of surface degradation were observed,
indicating that the exposure times studied resulted in
early morphological degradation of the composites.
Similar behavior was observed by Pillay, Vaidya, and
Janowski®*!, who submitted CF/PA6 composites at 100,
200, 300, 420, and 600 h at only UV exposure, without
the combination of other factors, such as temperature
and humidity. Therefore, the present work used a longer
period of exposure in addition to the combination of factors
such as UV radiation, humidity, and temperature, which
is more aggressive, and even so, we observed behavior
similar to that of the authors®).

Polimeros, 33(3), 20230032, 2023
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Figure 7. Contact angle measurements and distilled water drop
image: CF/PA6 composites before and after the exposure times of
400 h, 800 h, and 1200 h in accelerated weathering.

In the images of the unconditioned composites
(Figure 8-A-B-C) it is possible to observe delamination
(Figure 8-A), regions of broken fibers (Figure 8-B), and
the plastic deformation of the matrix, as well as the good
adhesion of the matrix in the CF (Figure 8-C).
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Figure 8. Fractography aspects of CF/PA6 composites: unconditioned (500x A, 2,500x B, and 5,000x C), after 400 h (500x D, 2,500x E,
and 5,000x F), 800h (500x G, 2,500x H, and 5,000x I), and 1200 h (500x J, 2,500x K, and 5,000x L) exposed to accelerated weathering.

In the images of CF/PA6 composites after different
exposure times to accelerated weathering, it is possible to
visualize the integrity of the matrix and reinforcement, with
the presence of delamination, intralaminar fractures and
ruptured CF, typical of tensile fractures (Figure 8 D-G-J).
In addition to the presence of plastic deformation by the
matrix and by the fibrils, as well as the good adhesion
of the matrix to the CF, indicates CF is covered with the
PA6 matrix.

However, when comparing the micrographs of the
unconditioned composites and after 400 h, 800 h, and
1200 h exposed to accelerated weathering, it is possible
to observe that the unconditioned composite shows the
CF well adhered and coated by the matrix (Figure 8-C).
In the images of the composites after the accelerated
weathering, smoother CF can be observed, with less
PA6 matrix adhered to their surfaces, in addition to
more pulled fibers due to the detachment of the matrix,
forming micro-cracks. This behavior is more evident in
the composites after 1200 h of exposure (Figure 8-L),
since in this exposure time the deterioration of the matrix
may have started, and consequently the detachment of
the interface.
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4. Conclusions

This work presented the influence of various weathering
conditions, such as UV radiation, temperature, and humidity,
at different exposure times (400 h, 800 h, and 1200 h) on
the thermal, structural, and mechanical properties of CF/
PAG6 composites. The conditioning times studied did not
significantly influence the thermal stability of the composites,
with no changes being observed in the T and only a slight
variation in the X _values. The polymeric matrix was preserved,
without major signs of degradation, just some cracks and the
beginning of erosion points, which were indicated by SEM
images and FT-IR spectra. Thus, the resistance to ILSS,
which is dominated by the matrix, did not show statistical
differences, as well as the tensile strength, which is dominated
by reinforcement, also did not show statistical differences.
And so, through micrographs of the tensile fracture, it was
possible to confirm the internal preservation of the composites,
without evidence of matrix and reinforcement degradation.
These results confirm that thermoplastic matrix composites
can be used in lightweight external structural applications,
without major losses in their properties and may be an
alternative to the use of thermoset matrices.
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