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Abstract
In this research, we demonstrate the effect of ultraviolet-C (UV-C) irradiation of Polyamide 6/carbon-fiber (PA6/CF) com-
posites. The PA6 and PA6/CF composites were fabricated using a fused deposition modeling type 3D printer with a 
single spool. These specimens were exposed for 0, 1, 3, 5, and 7 days under UV-C light irradiation. After exposure, the 
specimens were observed and characterized with contact angle measurements, Fourier transform infrared analysis, 3D 
fluorescence spectroscopy analysis, tensile tests, and scanning electron microscopy. As a result, PA6 was found to be more 
photo-oxidative degraded than PA6/CF. Furthermore, the 3D fluorescence images and emission spectra were shown to 
successfully coincide with the results of the photo-oxidative degradation reactions of PA6 and PA6/CF. In addition, the 
tensile test results showed a dramatic decrease in PA6 while PA6/CF did not decrease much, indicating that CF is useful 
not only as a reinforcement of the composite but also for UV protection.
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1  Introduction

Owing to being a lightweight material with excellent 
properties such as high specific strength and high spe-
cific modulus, carbon fiber is widely used to reinforce 
composite material for various applications from sports 
equipment to automobile and aircraft structural parts 
[1–3]. Carbon fiber also has high heat resistance, a low 
thermal expansion coefficient, and chemical stability. For 
this reason, fiber-reinforced composite materials [4–7] are 
used for structural, thermal, tribological, and environmen-
tal applications.

Recently, many researchers have focused on manufac-
turing processes such as three-dimensional (3D) printing 
for manufacturing complex shapes at a relatively lower 
cost than conventional processing methods [8–14]. 3D 

printing systems have grown rapidly in recent years owing 
to their low cost, accessibility, and open source technol-
ogy. This technology is very popular for 3D part creation 
because it can produce complexly shaped components 
relatively quickly. Many 3D printer filaments containing 
carbon fiber, glass fiber, and natural fiber have also been 
developed to easily print fiber composite products. By 
using these fiber-containing filaments, the mechanical 
properties are dramatically improved when compared 
with molded products made only from matrix resins. 
Recently developed filaments based on continuous car-
bon fibers, i.e., PLA/CF [15], PA6/CF [9], and prepreg carbon 
fibers [16], have enabled the printing of molded products 
with excellent structural properties as well as mechanical 
and environmental applications.

 *  Kazushi Yamada, kazushi@kit.ac.jp | 1Department of Advanced Fibro‑Science, Kyoto Institute of Technology, Matsugasaki, Sakyo‑ku, 
Kyoto 606‑8585, Japan. 2Faculty of Fiber Science and Engineering, Kyoto Institute of Technology, Matsugasaki, Sakyo‑ku, Kyoto 606‑8585, 
Japan.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03319-4&domain=pdf
http://orcid.org/0000-0003-3623-9833


Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1518 | https://doi.org/10.1007/s42452-020-03319-4

Furthermore, while there are examples of research on 
UV protection of fabric using PEDOT/magnetite nano-
particles [17] and UV protection of transparent cellulose 
films using carbon dots [18], there are no examples of 
research on UV protection of carbon-fiber composites, 
especially concerning the characteristics of degradation 
by UV-C light irradiation. The evaluation methods for long-
term durability tests of polymer composite materials are 
mainly mechanical tests and thermal properties [1, 19]. 
Recently, research on the evaluation of the initial degra-
dation state of polymer materials using the chemilumines-
cence method has been increasing [20–23]. However, the 
chemiluminescence method does not measure a sample 
at room temperature, but rather measures the intensity of 
chemiluminescence from radical species generated dur-
ing heating. Consequently, this method does not evaluate 
the characteristics of materials degradation. Meanwhile, 
when the polymer material is degraded by light or heat, 
an oxidized functional group such as a carbonyl group is 
generated on the surface of the material [20, 24, 25]. The 
fluorescence spectrophotometer should easily detect the 
change in fluorescence emission intensity resulting from 
degradation.

In this research, all specimens were successfully pre-
pared from single filaments of PA6 and PA6/CF using a 
fused deposition modeling (FDM) type 3D printer. The 
purpose of this research is to reveal the structural changes 
resulting from exposure of PA6 and PA6/CF specimens to 
UV-C light for 0–7 days. Samples were observed and char-
acterized before and after exposure using contact angle 
measurements, Fourier transform infrared analysis (FT-IR), 
3D fluorescence spectroscopy, tensile testing, and scan-
ning electron microscopy (SEM).

2 � Experiment

2.1 � Materials and sample preparation

The polyamide (PA6) (Flashforge Co., Ltd., Japan) and PA6/
CF (Shenzhen Esun Industrial Co., Ltd., China) filaments 

blended with 25 wt% carbon fibers (CF) of commercial 
grade were used as materials. The 3D printer used in this 
study is a GEEETECH A20M dual extruder 3D printer pro-
vided by GEEETECH, Ltd., China to prepare the dumbbell-
shaped specimens with the ISO 8256-2 shape.

2.2 � UV‑C light irradiation

Each sample was placed under a UV-C lamp for 0, 1, 3, 5, 
and 7 days to induce UV degradation. The UV wavelength 
is 254 nm, and the UV intensity measured at a distance of 
50 mm from the light source is 2020 μW/cm2.

2.3 � Composite characterization

2.3.1 � Contact angle measurements

Static contact angle measurement was performed to char-
acterize the wettability properties of a sample surface 
before and after UV-C irradiation. In this study, SImage 
AUTO 100 (Excimer Inc., Japan) was used for static contact 
angle measurement. Contact angles were measured five 
times for each condition. The average values ± standard 
deviations of the contact angles were plotted using five 
points data. The specifications of contact angle measure-
ments are shown in Table 1.

2.3.2 � Fourier transform infrared analysis (FT‑IR)

The PA6 and PA6/CF composite specimens were character-
ized before and after UV-C irradiation using an attenuated 
total reflection (ATR) mode of FT-IR spectroscopy (GX, 2000 
FT-IR spectrometer, PerkinElmer, Inc., USA) to measure the 
changes in functional groups induced through UV degra-
dation to compare them among the specimens. Spectra 
were collected within the range of 4000–700 cm−1 at a 
resolution of 4 cm−1, and the number of scans was set at 
20 times per sample. FT-IR spectra were measured three 
times for each condition.

Table 1   Summary of the 
specifications of contact angle 
measurements

Model SImage AUTO 100
Wettability test method JIS R3265
Measurement range 0 < θ < 180°
Angular resolution 0.1°
Contact angle resolution Tangent line method (auto mode) θ/2 method (manual mode)
Camera 16 megapixel
Capture speed About 15 fps
Dispenser 2.5–10 μL micrometer head control
Outer dimensions W270 × H290 × D120 mm
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2.3.3 � 3D fluorescence spectroscopy analysis

The 3D fluorescence spectra were acquired at 25 °C using 
a RF-6000 Shimadzu spectrofluorophotometer with a vari-
able excitation wavelength (λex) range of 200–400 nm and 
emission wavelength (λem) range of 360–600 nm, with an 
interval of 2.0 nm for λex and 1.0 nm for λem. The scan speed 
was set at 6000 nm/min, λex bandwidth was set at 3.0 nm, 
and λem bandwidth was set at 3.0 nm. Samples were pre-
pared before and after UV-C irradiation for up to 7 days 
for the PA6 and PA6/CF dumbbell-shaped specimens. 
Excitation and emission spectra for both PA6 and PA6/CF 
were extracted from the 3D spectra before and after UV-C 
irradiation.

2.3.4 � Mechanical tensile tests

The PA6 and PA6/CF composite specimens were measured 
with a tensile testing machine to investigate the tensile 
strength and to compare the mechanical performance of 
the samples before and after UV-C irradiation. A Table-Top 
Universal Testing Machine (MCT-2150, A&D Co. Ltd, Japan) 
at 25 °C with 30 mm of grip distance at a crosshead speed 
of 50 mm/min performed the tensile tests. The average 
values ± standard deviations of the tensile strength were 
evaluated using three independent specimens.

2.3.5 � Scanning electron microscopy (SEM)

The surface morphology of the PA6 and PA6/CF compos-
ite specimens was observed by using a scanning electron 
microscope (SEM, JSM-6010LA, JEOL Co. Ltd., Japan). The 
electron accelerating voltage was set at 10–15 kV, and the 
spot size was set at 40. Before the SEM observations, the 
specimens were mounted onto aluminum specimen stubs 

using double-sided adhesive carbon tape and were coated 
in gold using an ion-sputtering machine (JFC-1600 Auto 
Fine Coater, JEOL Co. Ltd., Japan).

3 � Results and discussion

Figure 1 shows the effect of UV-C light irradiation on the 
surface appearance of PA6 and PA6/CF composites as 
observed by visual inspection on specimens exposed for 
a duration of 0, 1, 3, 5, and 7 days. The color of the PA6 
specimens gradually yellows with increasing UV-C irra-
diation time. The color change may be caused by increas-
ing surface oxidation of the specimens during irradiation 
exposure. However, the color change is hardly discernible 
for the black PA6/CF specimens. Therefore, to investigate 
changes in surface properties, the static contact angle of 
the sample surface was measured before and after UV-C 
irradiation.

The structural changes of the PA6 and PA6/CF surfaces 
before and after UV-C light irradiation are measured by 
FT-IR. Figure 2a, b shows the FT-IR spectra of PA6 and 
PA6/CF composite specimens from 3000 to 2800 cm−1 
and from 1730 to 1500 cm−1, respectively. In these spec-
tra, we observed absorption bands of CH2 with asym-
metric stretching vibrations of approximately 2930 and 
2860 cm−1, amides I (C=O stretching) of approximately 
1640 cm−1, amide II (N–H deformation and CN stretching) 
of approximately 1545 cm−1, CH2 deformation of approxi-
mately 1400–1470 cm−1, amide III (CN stretching and N–H 
deformation), and CH2 wag of approximately 1262 and 
1370 cm−1. These peaks mainly reflect the PA6 structure 
[26, 27]. Figure 2c, d shows the change rate percentage 
of each peak before and after UV-C irradiation for the PA6 
and PA6/CF composite specimens, respectively. In the PA6 

Fig. 1   The surface appearance 
of PA6 and PA6/CF composite 
specimens before and after 
UV-C irradiation from 0 to 
7 days
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spectra, the peaks of amides I and II showed no change, 
the intensity of the CH2 asymmetric vibration and stretch-
ing peaks of 2930 and 2860 cm−1 gradually decreased, and 
the C=O peak of 1710 cm−1 tended to increase with expo-
sure time. Generally, UV light facilitates the degradation of 
polymer molecules [28, 29]. Therefore, these changes are 
likely attributed to oxidation and degradation by irradi-
ated UV-C light. By contrast, in the FT-IR spectrum of the 
PA6/CF composite, the C=O peak at 1710 cm−1 increased 
slightly at 5 and 7 days, whereas the other peaks showed 
no change before and after UV-C light irradiation. Gen-
erally, black color is known to effectively absorb incident 
light, and the darker surface acts as light-absorbing mate-
rial [30, 31]. The absorption of ultraviolet rays by the car-
bon fiber likely prevents PA6 degradation. Nevertheless, 
when UV-C irradiation was applied in this experiment, 
the chemical structure of the surface of PA6 and PA6/CF 
changed and the peak of carbonyl groups increased. This 

suggests that the PA6 molecular chain was oxidatively 
degraded by UV-C [32].

To evaluate the surface property change, we measured 
the static contact angle. Figure 3 shows the lateral view 
of a water droplet on the sample and a plotted graph of 
the static contact angle exposed for 0, 1, 3, 5, and 7 days 
to UV-C light irradiation. The contact angles on the sur-
face of the PA6 and PA6/CF specimens before UV-C light 
irradiation are 41.11° and 51.73°, respectively. The water 
contact angles on the PA6 specimens decreased from 
41.11° to approximately 26°, 20°, 14°, and 13° after 1, 3, 
5, and 7 days of UV-C light irradiation, respectively. In 
addition, in the PA6/CF composite specimens, the water 
contact angles decreased from 51.73° to approximately 
50°, 46°, 42°, and 40° after 1, 3, 5, and 7 days of UV-C light, 
respectively. For both PA6 and PA6/CF, the surface con-
tact angle decreased with an increasing number of days 
of UV-C irradiation. The contact angle decrease is due to 

Fig. 2   FT-IR spectroscopy analysis of PA6/Carbon-fiber composites 
before and after UV-C irradiation: a absorbance of PA6 and PA6/
CF between 3000 and 2800 cm−1, b absorbance of PA6 and PA6/CF 

between 1730 and 1500 cm−1, c change rate of PA6, and d change 
rate of PA6/CF
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photo-oxidation degradation of the sample surface by 
UV-C light irradiation on the surface of the specimens. The 
decrease of contact angle was particularly prominent for 
PA6 specimens. The FT-IR results shown in Fig. 2 support 
this decrease. Meanwhile, the PA6/CF contact angle prob-
ably showed a larger value than that of the PA6 because of 
partially present carbon fibers on the surface of the PA6/CF 
composite. Consequently, the surface of the PA6/CF com-
posite showed more nonpolar and hydrophobic properties 
than the PA6 specimens.

Figure 4a shows 3D fluorescence spectra images of PA6 
and PA6/CF composites after UV-C light irradiation as a 
function of days of exposure for a duration of 0, 1, 3, 5, 
and 7 days. In these 3D spectra images, the vertical axis 
corresponds to the excitation wavelength, the horizontal 
axis to the emission wavelength, and the red and purple 
regions to high- and low-intensity emission, respectively. 
In the case of the PA6 specimens, the wavelength region 
that emits bright light lengthens with an increase in the 
number of UV-C irradiation days. Figure 4b shows emission 
spectra at an excitation wavelength of 350 nm. Figure 4c 
shows the plotted graph of peak emission wavelength for 
days exposed to UV-C light. These graphs show that the 
peak emission wavelength lengthens when exposed to 
UV-C irradiation. Photo-oxidation causes the red-shifted 
maximum excitation wavelength from 410 to 455  nm 
[33]. However, the 3D fluorescence image of the PA6/CF 

Fig. 3   Contact angle measurements: a photographs of water drop-
lets on PA6 and PA6/CF composite specimens, and b graphical 
report of contact angle measurements as a function of days

Fig. 4   Fluorescence spectra measurement of PA6 and PA6/CF com-
posites before and after UV-C light irradiation: a 3D fluorescence 
spectra of PA6 and PA6/CF, b fluorescence spectra of PA6 at 350 nm, 

c peak wavelength of PA6 for exposed days, d fluorescence spectra 
of PA6/CF at 350 nm



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1518 | https://doi.org/10.1007/s42452-020-03319-4

composite did not show any change regardless of the 
number of UV-C irradiation days. Figure 4d shows the 
emission spectra of the PA6/CF composites at 350 nm 
where the emission intensity was less than 15 counts with 
a noise peak at 390 nm. Figure 2 shows that these fluores-
cence spectral changes with photo-oxidation are similar 
to the change in C=O peak intensity in the FT-IR meas-
urement. Therefore, carbon fibers on the surface play an 
important role in inhibiting photo-oxidative degradation.

A tensile test evaluated the effect of UV-C irradiation 
on the mechanical properties of the PA6 and PA6/CF com-
posites. Figure 5 shows the tensile test results before and 
after UV-C irradiation for the PA6 and PA6/CF composites. 
The tensile strength of the PA6 specimens decreases sig-
nificantly with increased exposure days. The stress–strain 
curves on unirradiated and irradiated specimens on day 1 
showed high strength and elongation with a yield point. 
However, the tensile strength decreased dramatically on 
the third day of UV irradiation, and gradually decreased 
thereafter. Because oxidative degradation and hydrolysis 
tend to make the polymer brittle, the PA6 specimens were 
more brittle after UV-C light irradiation [34, 35]. However, 
the PA6/CF composite specimens showed no noticeable 
difference in tensile strength with increased exposure to 

UV-C light irradiation. Conversely, tensile strength appears 
to have increased slightly with increased exposure to 
UV-C light. PA6 is a crystalline polymer, and although this 
research did not include crystallization measurements, 
accelerated crystallization over time may be responsible 
for the change in tensile strength.

To evaluate the influence of UV-C on mechanical prop-
erties, the sample surface of the composites was observed 
by SEM. Figure 6a–d shows the SEM micrographs of the 
PA6 and PA6/CF composite surfaces before and after UV 
light irradiation, respectively. The PA6 surface before UV-C 
irradiation (0 days) was very smooth, but changed dras-
tically after 7 days of exposure. In addition, some cracks 
appeared on the surface. Meanwhile, the surface of the 
PA6/CF composite contained abundant carbon fiber and 
featured a lumpy surface that did not change after expo-
sure to UV-C irradiation. From the results of SEM observa-
tion, it is thought that cracks generated on the sample sur-
face after UV-C irradiation caused the dramatic decrease of 
the mechanical properties in the PA6. Moreover, there was 
no decrease of mechanical properties or photo-oxidation 
degradation for PA6/CF composites after UV-C irradiation. 
Thus, the material containing the carbon fiber requires nei-
ther a light absorber nor an antioxidant that would cause 

Fig. 5   Mechanical properties of PA6/Carbon-fiber composites before and after UV-C light irradiation: a stress–strain curves, b tensile 
strength, and c strain at break
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oxidative deterioration. Carbon fiber has been shown not 
only to act as a mechanical reinforcement for the resin, but 
also to help prevent photo-oxidative degradation.

4 � Conclusions

This research aims to provide novel strategies to improve 
the mechanical properties of ultraviolet light resistance 
materials by adding carbon fiber. Here, we have success-
fully produced PA6/CF composite products with a 3D 
printer and carried out accelerated degradation tests with 
UV-C irradiation. Static contact angle measurements FT-IR 
then evaluated the change in surface properties after UV-C 
light irradiation. In the results of FT-IR after UV-C exposure, 
for the PA6, the intensity of the CH2 asymmetric vibration 
and stretching peaks of 2930 and 2860 cm−1 gradually 
decreased, and the carbonyl group peak of 1710 cm−1 
tended to increase with exposure time, while the peak 
intensity change of PA6/CF shows only a slight increase 
in the carbonyl group and a slight decrease in the CH2 
asymmetric vibration and stretching peaks. For both PA6 
and PA6/CF, the contact angle decrease is due to photo-
oxidation degradation of the sample surface by UV-C 
light irradiation on the surface of the specimens. In addi-
tion, the results of 3D fluorescence spectroscopy for PA6 
showed that the emission peak shifted to longer wave-
lengths as the number of days of UV-C exposure increased 
due to photo-oxidation degradation, while no emission 

peak was observed for PA6/CF. The tensile properties of 
the PA6 specimens decrease significantly with increased 
exposure days. However, the PA6/CF composite speci-
mens showed no noticeable difference in tensile strength 
with increased exposure to UV-C light irradiation. There-
fore, carbon fibers on the surface play an important role 
not only in reinforcing composites, but also in inhibiting 
photo-oxidative degradation. Additionally, we demon-
strated that 3D fluorescence measurements reveal the 
spectra intensity and wavelength range changes for PA6 
samples before and after UV-C irradiation. These results 
will allow for new evaluation methods of the degradation 
of polymer materials and composites.
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