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ABSTRACT
Photo-stabilization is essential for thermoplastics in outdoor applications, as it extends service life by protecting polymer chains 
from UV-induced degradation. Graphene has emerged as a multifunctional stabilizer with capabilities including UV screening, 
barrier effects, and radical scavenging. However, its influence on the depth profile of photodegradation under UV exposure is 
not fully understood. This work investigates the effect of few-layer graphene (FLG) on the photodegradation of high-density pol-
yethylene (HDPE). Neat HDPE and composites with 0.5 wt% FLG were prepared in two thicknesses (3 and 2 mm) and exposed 
to UV radiation for varying durations. Elongation at break was measured as a function of exposure time and correlated to the 
degradation depth, determined by chemi-crystallization using Raman microscopy. In neat HDPE, embrittlement occurred when 
the degraded layer reached ~10% of the thickness, after 10 and 7 days for 3- and 2-mm samples, respectively, preceding the ap-
pearance of surface cracks. In contrast, HDPE with 0.5 wt% FLG retained 50% of its initial elongation at break, characterizing a 
ductile failure, even after 45 days despite surface cracks. Additionally, embrittlement was only observed when the relative degra-
dation depth reached 12.5%, exceeding the 10% threshold observed for the neat HDPE. The persistence of ductility is attributed to 
the photo-stabilizing effect of FLG and the detachment of the degraded surface from the ductile core, leading to a material with 
enhanced UV resistance for outdoor packaging and coating applications.

1   |   Introduction

Research on the photo-stabilization of polymers has been on-
going for several decades, with a particular focus on under-
standing the mechanisms of photodegradation and developing 
methods for photo-stabilization [1–5]. Photo-stabilization is es-
sential for polymers used in outdoor applications, such as in con-
struction, recreation, protective paints, and coatings. Among 

the potential stabilizers, graphene derivatives have emerged 
as a promising candidate for specific polymer applications, as 
it has been shown by several works that it can act on multiple 
fronts, that is, screening/absorbing the UV radiation, suppress-
ing the diffusion of oxygen in the material, and also scavenging 
potential radicals formed [6–14]. However, the effectiveness of 
graphene as a stabilizer can depend on several critical factors, 
including the content employed, UV exposure duration, and 
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part thickness. All these factors play a crucial role in the extent 
of degradation in any given application.

Concomitantly, it has been demonstrated that photodegradation 
of polymers is associated with structural changes at the molecu-
lar level, which vary along the thickness of a sample exposed to 
UV radiation [15]. In semi-crystalline polymers such as HDPE, 
chemical alterations during degradation lead to chain scission 
and consequently, to chemi-crystallization [16], reduced interla-
mellar spacing, decreased tie molecule concentration, and ulti-
mately, embrittlement [17–21]. This results in a transition from 
ductile to brittle behavior in the material, which is inherently 
linked to the ratio between the photodegradation depth and the 
material's thickness. This ratio is further referred to as relative 
photodegradation depth.

It has been demonstrated that the photodegradation depth of 
a stabilized polymer depends on the efficiency and UV sta-
bilizing mechanism of the photo-stabilizer. In particular, in 
the case of UV reflectors and screeners, photodegradation 
can be confined to the region near the exposed surface [22]. 
Therefore, in order to understand the effectiveness of UV 
stabilizers, it becomes imperative to evaluate the photodeg-
radation depth and the microstructural changes beneath the 
polymer's UV-exposed surface.

The photodegradation depth in polymers is defined by the depth 
of the material that undergoes chemical and microstructural 
changes due to the UV exposure. It has been studied using 
various techniques, including DSC (differential scanning calo-
rimetry) [23], SEC (size exclusion chromatography), and ATR-
FTIR (attenuated total reflectance Fourier transform infrared 
spectroscopy), which involve extracting samples from different 
depths using a microtome [24]. For example, Gulmine et al. [24] 
investigated changes in crystallinity and chemi-crystallization 
during photodegradation of 3 mm thick HDPE and LDPE sam-
ples as a function of sample depth. The results showed chemi-
crystallization remained confined to a depth of 500 μm after 
6 weeks of UV exposure. However, to the best of the authors' 
knowledge, no investigation has examined the photodegrada-
tion depth of a graphene-reinforced polymer composite by cor-
relating microstructural changes in the polymer matrix with the 
resulting macroscopic properties.

Thus, this work aims to investigate the effect of adding a com-
mercial few-layer graphene (FLG) on the photodegradation 
depth of HDPE. The samples' photodegradation depth was eval-
uated and correlated to macroscopic physical properties, specif-
ically the transition from ductile to brittle behavior. To achieve 
this, neat HDPE and its composite containing 0.5 wt% FLG, with 
thicknesses of 3 and 2 mm, were exposed to UV radiation under 
humid conditions. The specific FLG content used in this study 
was selected based on the findings from our previous work, in 
which this concentration demonstrated the highest efficiency in 
protecting the polymer against UV-induced degradation [8]. In 
that work, a detailed analysis of the photoprotection mechanisms 
revealed that graphene's contribution to the overall stabilization 
effect could be attributed to two main pathways. Approximately 
57% of the stabilization originated from graphene's ability to 
absorb/screen harmful UV radiation, thereby preventing pho-
tons from reaching and damaging the polymer chains, while the 

remaining 43% was associated with its radical scavenging capa-
bility, effectively neutralizing reactive species generated during 
photooxidation and slowing chain scission processes [8]. Here, 
the effective UV dosage corresponding to the exposure time was 
calculated based on the “Cumulative Damage Model” [25]. The 
elongation at break and failure zone were tracked based on ex-
posure time and its corresponding UV dosage. Microstructural 
changes and photodegradation depth were analyzed using 
Raman spectroscopy coupled with an optical microscope. This 
approach has the advantage of providing a higher resolution and 
a nondestructive means of assessing the degradation, that is, 
all the measurements can be done directly on the cross-section 
of the part, without the need to extract samples from different 
depths. Thus, this work aims to unveil the quantitative relation-
ship between photodegradation depth and the resulting embrit-
tlement behavior of the material.

2   |   Materials and Methods

2.1   |   Materials

In this work, injection grade HDPE (Alathon H5618), pur-
chased from LyondellBasell Co., and FLG (GrapheneBlack 3X), 
provided by NanoXplore Inc., were used as matrix and photo-
stabilizer, respectively. According to the technical datasheets, 
this HDPE has a melt flow index (MFI) of 18 g/10 min, a melting 
temperature of 130°C, and a density of 0.956 g/cm3. The FLG ex-
hibits a primary particle size of 1–2 μm, agglomerate size with 
D90 < 70 μm, and a bulk density of 0.2–0.3 g/cm3. More detailed 
information can be found in Tables S1 and S2.

2.2   |   Composite Preparation

A HAAKE twin-screw extruder, Model Rheomex OS PTW16/40 
(L/D = 40), was used to prepare HDPE composites contain-
ing 0.5 wt% FLG, as well as neat HDPE samples. The process 
of fabricating HDPE composites involved diluting a 30 wt% 
HDPE masterbatch to achieve the desired concentration. The 
processing conditions can be found in a previous work [8], but 
the screw speed was set to 100 rpm and the temperature profile 
was 180°C–180°C–180°C–180°C–190°C–200°C–200°C–190°C–
190°C–180°C–180°C, from the first heating zone to the die. The 
feeding rate was set to 7% of the extruder's screw speed, and 
each sample was extruded twice to obtain a more homogeneous 
dispersion of FLG within the HDPE matrix.

Three- and two-millimeter thick type V dumbbell-shaped spec-
imens were injection-molded using a microinjection machine 
(HAAKE MiniJet Pro) under the following conditions: bar-
rel temperature of 160°C, mold temperature of 70°C, injection 
pressure of 300 bar, injection time of 20 s, holding pressure of 
300 bar, and holding time of 15 s.

2.3   |   Photodegradation Process and UV Dosage 
Calculation

The injection-molded samples were subjected to accelerated 
weathering using a QUV chamber equipped with UVA-340 
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lamps according to the ASTM D4329 standard. The samples 
underwent specific exposure conditions described in our pre-
vious work [8], that is, 8 h of UV exposure at 60°C, followed 
by 4 h of water condensation at 50°C. The UV exposure con-
ditions are presented in Table 1. The samples' properties were 
assessed after being exposed to UV radiation for periods of 4, 
7, 10, and 15 days for neat HDPE, while the composites con-
taining 0.5 wt% FLG were assessed for longer exposure times, 
that is, 30 and 45 days.

Each sample was assigned a label in the format HDPEUVx-z 
or HDPEyUVx-z, where x denotes the exposure time in days, 
y represents FLG concentration, and z indicates the sample 
thickness. For example, HDPE05UV15-2 corresponds to 
HDPE containing 0.5 wt% FLG, 15 days of UV exposure, and 
2 mm thickness.

In this study, total effective UV dosage, Deff

(

J

m2

)

, defined by 
the total effective energy of all the photons received by the sam-
ple per unit surface, was estimated based on the “Cumulative 
Damage Model” described by Equation (1) [25–27]:

where �min and �max denote minimum and maximum effective 
used UV wavelengths (nm). A(�, �) indicates absorbance spec-
trum of the material at the wavelength of �.E0(�) denotes UV 
irradiance (J/s m2) (�) denotes spectral distribution (nm−1), re-
specting the condition: ∫ ∞

0
(�)d� = 1, t = elapsed time (s), and 

�(�) is a quasi-quantum yield function that describes the relative 
damage at the � wavelength. This function depends on environ-
mental conditions such as temperature and humidity.

In this study, the total effective UV dosage was calculated with 
the following assumptions:

•	 Effect of humidity on �(�) is negligible.

•	 Thermal degradation is negligible.

•	 There is no UV radiation transmitted through the sam-
ple. Therefore, based on Lambert–Beer's law presented in 
Equation (2), A(�, t) is infinitely large for the entire duration 
of the experiment.

where I0(�) and I(�) are intensities of incident and transmit-
ted light at the � wavelength.

•	 The UV source is a monochromatic source, so that 
(�) = �(� − 340), where �(�) is the Dirac function.

Based on the above assumptions, the total effective dosage can 
be simplified as:

For simplicity, and as the QUV spectrum is centered at 340 nm, 
the UV source is assumed to be monochromatic. The quantum 
yield for neat HDPE at a wavelength of 340 nm and a tempera-
ture around 40°C has been reported to be 8.86 × 10−2 [28, 29]. 
Considering the fact that quantum yield is an Arrhenius func-
tion of temperature [30], and the experimental temperature 
(60°C) is close to 40°C, and both are above the glass transition 
temperature of HDPE (−120°C), any significant alteration in 
quantum yield between 40°C and 60°C was deemed negligible. 
Consequently, this study employed the quantum yield value of 
8.86 × 10−2. Thus, Equation  (3) was employed to calculate the 
“effective UV dosage” (Deff

(

J

m2

)

) corresponding to various UV 
exposure times, as is presented in Table 2. To make a meaning-
ful comparison among samples with different thicknesses, the 
“effective UV dosage” was normalized to the sample thickness. 
This normalization allowed the determination of the effective 
UV dosage per sample volume, also reported in Table 2. In this 
manuscript, “UV dosage per sample volume” refers to effective 
UV dosage per sample volume ( Deff

Thickness
).

2.4   |   Characterizations

The dispersion of FLG across the thickness of the HDPE ma-
trix was analyzed using an Optical Microscope (OM), Carl Zeiss 
Jena JENAPOL Instrument, on a thin film with a thickness of 
50 μm, obtained using a microtome.

A scanning electron microscope, SEM S3600-N Hitachi, with 
a voltage of 15 kV, was used to observe the surface of the ex-
posed samples. SEM observations were conducted on both the 
exposed surface and on the side surfaces to analyze the crack 
density and depth. The samples were coated with a 2 nm layer 
of gold before being analyzed by SEM. Figure 1 illustrates the 
exposed and the side surface (cross-section), as well as the 
crack depth.

The tensile properties of the samples were assessed at room tem-
perature using an MTS Alliance RF/200 testing machine, follow-
ing the ASTM D638 standard, with a crosshead speed of 50 mm/
min. This speed was selected for the tensile tests as the samples 
fractured within the 5-min interval specified by the standard, 

(1)Deff(t) =

t

∫
0

�max

∫
�min

E0(�)(�)
(

1 − e−A(�,�)
)

�(�)d�d�

(2)ln

(

I0(�)

I(�)

)

= A(�)

(3)Deff(t) =

t

∫
0

E0(�)�(340)d�

TABLE 1    |    Photodegradation procedure.

Step Function Irradiance (W/m2) Temperature (°C) Time (h)

1 UV 0.89 60 8

2 Condensation N/A 50 4
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allowing for observation of the effect of UV exposure on the ma-
terial's embrittlement and eliminating the need to test additional 
speeds. Five specimens of each sample were tested. The reported 
values are the averages obtained from these measurements.

In order to characterize changes in sample microstructure 
during photodegradation, Raman microscopy was conducted 
using a Witec alpha 300 system equipped with a 532 nm laser 
from Witec with a power of 1 mW, and a grating of 1800 g/mm. A 
50× objective lens with a numerical aperture of 0.7 was used for 
imaging. The integration time for each measurement was set to 
10 s, and a total of 10 accumulations were performed to enhance 
the signal-to-noise ratio.

Microstructural changes were investigated by tracking the in-
tensity variation of the Raman band at 1416 cm−1, assigned to the 
orthorhombic crystalline chains, as a function of UV exposure 
time and sample depth. To ensure accurate measurements, the 
intensity of the Raman band at 1416 cm−1 was normalized using 
the CH2 twisting bands at 1296 cm−1 as an internal reference 
[31, 32], as indicated in Equation (4):

where I1416 and I1298 are the intensities of the Raman bands lo-
cated at 1416 and 1296 cm−1, respectively.

The corresponding degree of crystallinity was calculated using 
Equation (5):

0.46 is a constant corresponding to the intensity of the peak at 
1416 cm−1 when HDPE is 100% crystalline [33].

Although other techniques, such as DSC [23], SEC, and ATR-
FTIR have already been used to perform such measurements, 
their conventional operation evaluates the bulk material or a 
significantly larger region, requiring the extraction of samples 
from different depths using a microtome [24]. This makes these 
techniques less practical for such a study and direct compari-
sons with the Raman measurements less meaningful.

3   |   Results

3.1   |   FLG Dispersion

Figure 2 presents the HDPE cross-section and dispersion of FLG 
in HDPE05. It is noticeable that the FLG concentration is lowest 
in the region close to the surface due to the skin effect during 
molding, which makes this area especially vulnerable to deg-
radation processes promoted by the UV exposure (Figure 2b). 
The black arrow indicates the direction from the sample surface 
toward the bulk, and the red arrows highlight FLG particles.

3.2   |   Crack Formation

Figures 3 and 4 show SEM images of the UV-exposed surface 
and the cross-section of neat HDPE and HDPE05, respectively, 
for both 2- and 3-mm thick samples, as a function of exposure 
time. Different scales are used to better illustrate the cracks' di-
mensions and concentration. The red arrows in Figure 4 indi-
cate the edge of the samples. SEM images of samples before UV 
exposure are presented in Figure S1.

It can be seen that in the neat 2 mm thick HDPE sample, 
the first cracks appear after 10 days of UV exposure due to 

(4)Crystal band intensity =
I1416cm−1(a. u. )

I1296 (a. u. )

(5)Crystallinity (%) =
Crystal band intensity

0.46
× 100

TABLE 2    |    Effective UV dosage corresponding to different UV exposure times.

Exposure time (both UV and 
condensation) (days)

Exposure time 
(both UV and 

condensation) (h)

Only UV 
Exposure 
time (s) Deff (J/m2)

Deff

Thickness
 (J/m3)

3 mm thick 2 mm thick

0 0 0 0 0 0

4 96 23.0 × 104 18.2 × 103 60.6 × 105 90.8 × 105

7 168 40.3 × 104 31.8 × 103 10.6 × 106 15.9 × 106

10 240 57.6 × 104 45.4 × 103 15.1 × 106 22.7 × 106

15 360 86.4 × 104 68.1 × 103 22.7 × 106 34.1 × 106

30 720 17.3 × 105 13.6 × 104 45.4 × 106 68.1 × 106

45 1080 25.9 × 105 20.4 × 104 68.1 × 106 10.2 × 107

FIGURE 1    |    Schematic illustration of the UV-exposed samples. 
[Color figure can be viewed at wileyonlinelibrary.com]
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chemi-crystallization and stress concentration induced by pho-
todegradation [34].

Conversely, the neat 3 mm thick HDPE sample exhibits higher 
stability, remaining free from any visible cracks for up to 15 days 
of UV exposure. Increased stability in the 3 mm thick sample 
may be attributed to the fact that the relative photodegradation 
depth is lower than in the 2 mm sample. Moreover, the appear-
ance of cracks on the cross-section provides an indicator of their 
depth, with the cracks extending throughout the entire thick-
ness in HDPEUV15-2.

In the case of HDPE05, a notable resistance to UV-induced 
cracks can be observed. The initial cracks, with a depth of 
150 μm, become visible only after 30 days of UV exposure 
in the 2 mm thick sample. As UV exposure time increases 
to 45 days, both 2 and 3 mm thick HDPE05 samples develop 

additional cracks with greater depths. The crack depths are 
reported in Table 3. Furthermore, the size of cracks is signifi-
cantly smaller in HDPE05 compared to that of neat HDPE, 
highlighting the stabilizing effect of FLG, not just hindering 
degradation itself, but also restraining the development of sur-
face cracks.

3.3   |   Mechanical Properties

Figure 5 exhibits the stress–strain curves of neat HDPE and 
HDPE05 specimens for the two thicknesses studied after 
they were subjected to different exposure times. The curves 
are divided into four different zones, defined in Table 4, each 
related to a specific microstructural deformation. The initial 
segment is labeled as Zone I, or the elastic zone, and it is lo-
cated before the first yield point. Zone II is reached as the 

FIGURE 2    |    Optical image of (a) HDPE cross-section and (b) FLG dispersion across the cross-section of HDPE05. [Color figure can be viewed at 
wileyonlinelibrary.com]

FIGURE 3    |    SEM images of the exposed surfaces of neat HDPE and HDPE05 with sample thicknesses of 2 and 3 mm.
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stress falls between the first and second yield points. This zone 
corresponds to the onset of plastic deformation and lamella 
orientation [35]. Zone III starts after the second yield point, 
corresponding to the onset of lamella fragmentation, and it 
continues with the development of a necking process on the 
sample [35, 36]. Finally, Zone IV is characterized by a gradual 
increase in stress and is often denoted as the strain-hardening 
region [37, 38].

It can be seen in Figure 5a that as UV exposure time increases, 
the elongation at break consistently decreases. This promotes a 
gradual shift in failure from Zone IV to Zone I. These obser-
vations are related to chain scission occurring during the pho-
todegradation of HDPE [39–41]. Notably, a shift in the failure 
zone and a decrease in elongation at break occur at a consid-
erably faster rate in the 2 mm thick samples. The same trend is 
observed in HDPE05, where 2 mm thick samples are more sensi-
tive to photodegradation than 3 mm thick samples. This higher 
sensitivity of the thinner samples is explained by the greater 
relative photodegradation depth, as will be shown in the next 
section.

The stress–strain curves were used to calculate the retention of 
elongation at break for neat HDPE and its composites based on 
Equation (6).

where EB0 and EBi are elongation at break before and after a cer-
tain exposure time, respectively.

Figure 6 shows the retention of elongation at break as a function 
of UV exposure time, the corresponding effective UV dosage 
(Deff), and sample thickness.

It can be seen that the curves exhibit a reverse sigmoidal pattern, 
which includes an initial plateau followed by a steep fall, and 
eventually reach a second plateau [41]. The first plateau indi-
cates the initial resistance to UV degradation, while the slope 
of the fall is an indication of the degradation rate. The incorpo-
ration of FLG into the composites not only prolonged the first 
plateau, but also reduced the slope of the declining region, in-
dicating that it slows down both the initiation and propagation 
stages of photodegradation.

Neat HDPE undergoes a relatively rapid decline in elongation, 
reaching zero retention of elongation at break after 10 days of UV 
exposure for both 3- and 2-mm thick samples. As expected, the 
thinner samples of both HDPE and HDPE05 exhibit lower sta-
bility under UV exposure, with their retained elongation curves 
shifting toward shorter exposure times. This can be related to the 
fact that the relative degradation depth is larger in thinner sam-
ples, that is, a larger portion of the sample is affected by degra-
dation mechanisms. Nevertheless, incorporating FLG into HDPE 
results in an increase in the length of the initial plateau and a more 

(6)Retention of elongation at break =
EBi
EB0

∗100

FIGURE 4    |    SEM images of the side surfaces of neat HDPE and HDPE05 with sample thicknesses of 2 and 3 mm. [Color figure can be viewed at 
wileyonlinelibrary.com]

TABLE 3    |    The observed crack depth in HDPE and HDPE05.

Sample Crack depth (μm)

HDPEUV10-2 mm —

HDPEUV15-2 mm Entire thickness (2000)

HDPEUV15-3 mm —

HDPE05UV30-2 mm 150 ± 20

HDPE05UV45-2 mm 400 ± 28

HDPE05UV45-3 mm 410 ± 80
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gradual decrease in retained elongation values. These comparative 
findings can be quantified by calculating the time it takes for a 
50% reduction of the initial elongation, denoted as t50. Notably, the 
incorporation of 0.5 wt% FLG in 3 mm thick HDPE increases t50 

from 7 days to 45 days. Similarly, for 2 mm thick samples, t50 is in-
creased from 5 days to 20 days upon the addition of 0.5 wt% FLG.

It is worth highlighting that HDPE containing FLG is slightly 
less ductile than neat HDPE before UV exposure. However, the 
composites were significantly more effective in maintaining a 
ductile behavior after UV exposure than neat HDPE, even at 
longer exposure times.

The results above indicate that the presence of FLG markedly 
enhances the UV stability of HDPE, even under prolonged UV 
exposure and regardless of sample thickness. To establish a 
connection between changes in mechanical properties, photo-
degradation depth, and microstructural changes, an in-depth 
investigation of crystallinity during UV exposure is presented 
in the next section.

FIGURE 5    |    Stress–strain curves of neat HDPE with a thickness of (a) 3 mm and (b) 2 mm, and HDPE05 with a thickness of (c) 3 mm and (d) 2 mm 
with different UV exposure times. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4    |    Different zones in stress–strain curves of HDPE.

Zones Location

Zone I Before first yield point

Zone II Between first and second yield points

Zone III Between second yield point 
and hardening points

Zone IV Beyond hardening point
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3.4   |   Photodegradation Depth

Figure 7 shows a typical Raman spectrum of the UV-exposed 
surface of neat HDPE for different exposure times. The 1128 
and 1062 cm−1 bands are assigned to the in-phase and out-of-
phase stretching of C–C vibrations. The band at 1296 cm−1 is 
a C–H twisting mode associated with the all-trans –(CH2)n– 
chain. The region comprising 1416, 1439, and 1462 cm−1 bands 
is related to CH2 bending vibrations. The bands at 1462, 1294, 
1128, and 1062 cm−1 are related to the overall microstructural 
organization of the polymer chains, and the 1416 and 1439 cm−1 
bands are more specifically associated with the orthorhombic 
crystal structure of HDPE. Thus, the band at 1416 cm−1 char-
acterizes itself as a suitable marker for monitoring the chemi-
crystallization process during UV exposure. The Raman bands 
were all normalized by the reference band located at 1296 cm−1. 
This band was selected as a reference because it is related to the 

CH2 twisting vibration in the polymer backbone, exhibiting a 
strong intensity and increasing the reliability of the normaliza-
tion [31, 32]. It is noticeable that the 1416 cm−1 band increases in 
intensity as a function of exposure time in neat HDPE. This sug-
gests that chemi-crystallization is taking place during UV deg-
radation, and the formation of orthorhombic crystals is favored 
in the affected regions [42].

Figure  8 schematically shows the evolution of chemi-
crystallization across the sample depth at different exposure 
times. In the context of chemi-crystallization during photodegra-
dation, the amorphous regions of the polymer undergo a process 
of reorganization and ordering into crystalline structures [43]. 
Since chemi-crystallization occurs as a result of chain scission 
during UV exposure, it is a reliable indicator of photodegrada-
tion depth. To evaluate this, Raman spectroscopy coupled to an 
optical microscope was performed on the cross-sections of the 
samples, measuring the intensity of the orthorhombic crystal 
band at different depths. The depth where crystallinity changes 
due to chemi-crystallization was identified as the photodegra-
dation depth.

Figure 9 shows a typical crystal band intensity profile, as well 
as the degree of crystallinity along the depth of 3- and 2-mm 
thick samples for different UV exposure times. More detailed 
data can be found in Figure S2. Figure 9 shows that the in-
tensity of the crystal band, and consequently, the degree of 
crystallinity, is quite similar for both the neat material and the 
nanocomposite before UV exposure, independently of depth. 
Lower values around 38% are observed close to the surface 
due to the skin effect, in which cooling rate and crystal mor-
phology are different from the bulk [44]. On the other hand, 
the core reaches values in the range of 60%–65% crystallin-
ity. As the addition of 0.5 wt% FLG did not change the overall 
crystallinity of the material before UV exposure, any increase 
in crystallinity after UV exposure can be attributed to chemi-
crystallization effects.

After 4 days of UV exposure, neat HDPE shows a slight in-
crease in the crystal band intensity within the first 100–150 μm 

FIGURE 6    |    Retention of elongation at break of (a) neat HDPE, and (b) HDPE05 with thicknesses of 3 and 2 mm as a function of exposure time and 
corresponding effective UV dosage. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7    |    Raman spectrum of neat HDPE exposed surface with 
different UV exposure times. [Color figure can be viewed at wileyon-
linelibrary.com]
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in both 3- and 2-mm thick samples. This indicates chemi-
crystallization occurred in this region. However, the samples 
remain unaffected at greater depths. It is worth emphasizing 
that the slightly higher crystallinity observed on the back-face 
of the samples is due to the faster development of photodegra-
dation processes at the surface than in the bulk, which can lead 
to chemi-crystallization on the back-face of the samples. After 
10 days of UV exposure, the affected depth increases to 300 and 
400 μm in neat HDPE-3 mm and neat HDPE-2 mm, respectively. 
Subsequently, after 15 days of UV exposure, the affected depth 
is extended to 500 μm in neat HDPE-3 mm, while an increase 
in the crystal band intensity is observed throughout the entire 
sample depth in neat HDPE-2 mm.

As can be seen in Figure  S2, the increase in the crystal band 
intensity and affected depth for HDPE05 becomes apparent only 
after 15 and 10 days of UV exposure for the 3- and 2-mm thick 
samples, respectively. This reveals the remarkable stabilizing 
effect of FLG in preventing photodegradation-induced micro-
structural changes.

The photodegradation depth (D) is identifiable in Figure  9, 
where the polymer's degraded layer undergoes chemi-
crystallization, resulting in increased crystallinity relative 
to the unexposed material at each corresponding depth. It 
is important to note that the failure of a sample is intrinsi-
cally linked to the ratio of photodegradation depth (D) and 

FIGURE 8    |    Schematic of chemi-crystallization evolution with UV exposure time. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9    |    Crystal band intensity and crystallinity profile as a function of sample depth for different UV exposure times for (a) 3 mm pure HDPE 
samples, (b) 2 mm pure HDPE samples, (c) 3 mm HDPE samples containing 0.5 wt% graphene, (d) 2 mm HDPE samples containing 0.5 wt% graphene. 
[Color figure can be viewed at wileyonlinelibrary.com]
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its thickness (T), that is, the relative photodegradation depth, 
which is calculated according to Equation (7) and is presented 
in Figure 10.

When the relative photodegradation depth is analyzed, the 
effect of adding FLG on the stability of HDPE under UV ex-
posure becomes evident. While the 3-mm thick HDPE sample 
reached a D/T of 16.7% after 15 days of exposure, the 2-mm 
thick HDPE sample exhibited a D/T of 100% after just 10 days 
of exposure. On the other hand, the 3- and 2-mm HDPE05 
samples reached D/T values of only 6.7% and 12.5%, respec-
tively, after 45 days of exposure. Following the determination 
of D/T, this parameter was effectively employed to analyze the 
samples' embrittlement. This analysis and its findings are de-
tailed in the following section.

3.5   |   Failure Behavior Based on Relative 
Degradation Depth (D/T)

The experimental failure behavior of neat HDPE and HDPE05, 
based on the relative photodegradation depth and UV dosage 
per sample volume, is presented in Figure 11. The samples that 
exhibited ductile behavior (fracture in Zone III or IV) are shown 
in green. The samples that exhibited brittle behavior (fracture 
in Zone I or II) are in red. As expected, the higher the relative 
photodegradation depth in HDPE, the more brittle the material's 
behavior due to the deeper changes in the microstructure.

Embrittlement happens at D/T values of around 10% in neat 
HDPE, which takes place at a dosage of 1.6 × 107 J/m3. On the 
other hand, HDPE05 sustained a ductile failure even at much 
higher UV dosages (1 × 108 J/m3), that is, more than five times 
higher than that of neat HDPE, while also maintaining a low 
relative photodegradation depth of just 12.5%. These results 
highlight the FLG photo-stabilizing effect on HDPE, preventing 
brittle failure in the composites even at higher UV dosage.

4   |   Discussion

In this study, a notable enhancement in the UV stability of HDPE 
composites was achieved through the incorporation of FLG. 
Retention of elongation at break was calculated for neat HDPE and 
its composites as a function of sample thickness, exposure time, 
and corresponding UV dosage. The retention curves exhibited 
a reverse sigmoidal shape, with significant changes in the pres-
ence of FLG. Not only was the first plateau extended, indicating 
a delay in the initiation step, but the slope of the curve decreased 
significantly, demonstrating a deceleration in the propagation 
step. These results are in good alignment with our previous work, 
which confirmed that FLG can act as both UV absorber/reflector 
and free radical scavenger, effectively preventing both the initia-
tion and propagation steps [8]. Moreover, the HDPE05 retention of 
elongation at break curves displays a tendency to reach a nonzero 
plateau, even at higher exposure times. This suggests a unique and 
promising potential of HDPE05 to maintain ductile behavior even 
after significant exposure to UV radiation, as the degraded layer 
remains restricted to the surface due to a lower initial crystallinity 
and a scarcity of FLG in that region. This hypothesis is corrobo-
rated by the Raman analysis, where it was identified that the de-
graded layer did not exceed 12.5% and 6.7% of the sample thickness 
for 2- and 3-mm thick HDPE05, respectively, even after 45 days of 
weathering.

A correlation between microstructural changes and embrittle-
ment was established in neat HDPE and its composites contain-
ing 0.5 wt% FLG. In neat HDPE-3 mm, chemi-crystallization 
occurred primarily within the first 500 μm of the sample thick-
ness after 15 days of UV exposure, indicating an upper limit 
for photodegradation depth within this range. This result is in 
good agreement with previous studies on LDPE [45] and HDPE 
[46], in which the amount of degradation species showed a 
sharp decrease with the sample thickness, suggesting an oxygen 
diffusion-controlled condition during photodegradation [38]. 
HDPE-2 mm presented an oxygen diffusion-controlled degrada-
tion behavior only up to 10 days of UV exposure. After 15 days 
of UV exposure, chemi-crystallization extended throughout 

(7)Relative photodegradation depth (%) = D∕T × 100

FIGURE 10    |    Relative photodegradation depth as a function of expo-
sure time for neat HDPE and HDPE05 composites. [Color figure can be 
viewed at wileyonlinelibrary.com]
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FIGURE 11    |    Failure behavior of neat HDPE and HDPE05 as a func-
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cates the brittle behavior (Zone I and II). [Color figure can be viewed at 
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the entire thickness of the sample, potentially facilitated by the 
cracks created, which exposed more surface to UV radiation [47] 
and facilitated oxygen to diffuse deeper into the sample. In the 
case of HDPE05, chemi-crystallization took place only within 
the first 250 μm independently of sample thickness, even after 
45 days of UV exposure. The more limited photodegradation 
in HDPE05 compared to that of neat HDPE is attributed to the 
photo-stabilizing effect of FLG.

The photodegradation depth was normalized by the sample 
thickness and correlated with the materials' embrittlement as 
a function of UV dosage per sample volume, as is illustrated in 
Figure  10. Notably, the embrittlement occurred in neat HDPE 
when the relative photodegradation depth reached ~10%, even 
before the appearance of visible cracks, as was observed by 
SEM. This embrittlement was observed at a remarkably low 
value of UV dosage, that is, below 2 × 107 J/m3, which is equiv-
alent to 7–10 days of UV exposure. In fact, HDPE, character-
ized by plastic deformation under tension [38, 48–50], typically 
initiates plastic deformation after surpassing the second yield 
point. At the second yield point, tie molecules transfer the load 
to the crystal structures and initiate plastic deformation through 
lamella slipping and fragmentation [51, 52]. Embrittlement oc-
curs when the material fails to progress beyond the second yield 
point and effectively transfer the load to the crystal structures. 
Photodegradation induces chemi-crystallization and chain scis-
sion, consequently disrupting the tie molecules from transferring 
the load to crystal structures. In turn, this results in a reduction 
of elongation at break and, therefore, embrittlement. By correlat-
ing the tensile behavior with the degree of crystallinity estimated 
from Raman analysis, this study revealed that embrittlement oc-
curs when chemi-crystallization induced by photodegradation 
reaches ~10% of the sample thickness in neat HDPE. However, 
the incorporation of 0.5 wt% FLG led to a remarkable resistance 
to embrittlement. Interestingly, despite the formation of surface 
cracks at extended exposure times, as was observed in SEM 
images, HDPE05 maintained its ductile behavior on the tensile 
tests. Therefore, the photo-stabilizing effect of FLG may not be 
the only contributor to the sustained ductile behavior. To more 
adequately describe this behavior, it is necessary to consider the 
formation of surface cracks in the presence of FLG.

The formation of cracks during photodegradation is known 
to originate from shrinkage and mechanical stress caused by 
chain scission and crosslinking [53]. When FLG is present, it 
increases sample heterogeneity, density, and mechanical stress 
[54], which could lead to the appearance of surface cracks under 
UV exposure. In the composite samples, photodegradation ini-
tiates near the surface, which is deprived of FLG, as was shown 
in Figure 2. As cracks form at a higher density in regions with 
low FLG concentration, as shown in Figure  4, when these 
cracks begin to propagate deeper into the sample, they are ef-
fectively arrested by the FLG-rich regions. This limits their 
progression, confining them near the surface and preventing 
further penetration into the material. Consequently, the embrit-
tled layer becomes isolated from the ductile core, allowing the 
composite to maintain ductile behavior even when the relative 
degradation depth is larger. This is evident in the retained elon-
gation curve of HDPE05-2 mm, where a nonzero plateau indi-
cates sustained ductility despite the microstructural effects of 

photodegradation. This behavior was previously observed in the 
photodegradation of polypropylene (PP)/talc systems, contribut-
ing to the detachment of the degraded layer [34, 55, 56]. These 
features are especially valuable for outdoor applications, as the 
UV resistance conferred by FLG can substantially extend the 
component's service life under continuous environmental ex-
posure. Nevertheless, future studies should broaden the exper-
imental scope by exploring a wider range of FLG contents and 
sample thicknesses, thereby enabling the determination of the 
optimal FLG concentration relative to part thickness.

5   |   Conclusion

In this study, the effect of adding FLG on the photodegradation 
depth of HDPE was investigated. Photodegradation depth and 
chemi-crystallization that occurs across the sample were cor-
related to the transition from ductile to brittle tensile behavior. The 
results showed that embrittlement occurred in neat HDPE when 
the relative photodegradation depth reached only 10% of the sam-
ple thickness for both 3- and 2-mm thick samples. Notably, this 
embrittlement was observed in neat HDPE even before the forma-
tion of surface cracks. In contrast, HDPE containing 0.5 wt% FLG 
showed ductile behavior even at significantly higher UV dosages, 
that is, up to 45 days of UV exposure. Interestingly, the ductile be-
havior was maintained even when the relative photodegradation 
depth exceeded the 10% threshold and surface cracks were pres-
ent. This behavior is attributed to the photo-stabilizing effect of 
FLG through its multifunctionality acting on different fronts, that 
is, UV shielding, barrier effect, and radical scavenging, as well 
as the isolation of the embrittled surface layer from the sample's 
ductile core. In summary, incorporation of 0.5 wt% FLG into the 
polymer matrix extended the embrittlement threshold for relative 
degradation depth from 10% to over 12.5%, as well as the UV dos-
age needed to reach such threshold from 1.6 × 107 to over 1 × 108 J/
m3. This allows the material to endure extended UV exposure 
without succumbing to embrittlement, which has great signifi-
cance for HDPE materials used in outdoor packaging and coating 
applications.
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