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Abstract: The need for the development of new biodegradable materials and modification of the
properties the current ones possess has essentially increased in recent years. The aim of this study
was the comparison of changes occurring in poly(ε-caprolactone) (PCL) due to its modification by
high-energy electron beam derived from a linear electron accelerator, as well as the addition of natural
fibers in the form of cut hemp fibers. Changes to the fibers structure in the obtained composites and
the geometrical surface structure of sample fractures with the use of scanning electron microscopy
were investigated. Moreover, the mechanical properties were examined, including tensile strength,
elongation at break, flexural modulus and impact strength of the modified PCL. It was found that
PCL, modified with hemp fibers and/or electron radiation, exhibited enhanced flexural modulus
but the elongation at break and impact strength decreased. Depending on the electron radiation
dose and the hemp fibers content, tensile strength decreased or increased. It was also found that
hemp fibers caused greater changes to the mechanical properties of PCL than electron radiation.
The prepared composites exhibited uniform distribution of the dispersed phase in the polymer matrix
and adequate adhesion at the interface between the two components.

Keywords: poly(ε-caprolactone); hemp fibers; composites; irradiation; mechanical properties;
biodegradable polymers

1. Introduction

One of the most important biodegradable polymers, produced from petroleum re-
sources, is poly(ε-caprolactone) (PCL) [1–5]. Its physico-chemical properties are generally
beneficial and the material may play a key role in many branches of the economy (both
in specialised and mass applications). However, the PCL properties need to be modified
for some applications. It concerns, for example, properties such as its thermal resistance
due to low melt temperatures (58–60 ◦C) or its barrier properties for some gases [6–8].
PCL mechanical properties can also be modified with the use of mineral or vegetable fillers
that simultaneously lower the price of the polymer. It is important because PCL in its
pristine form is generally more expensive than conventional polymers and even some
biodegradable ones such as PLA [9–13] or TPS [14–17].

PCL properties can be modified by different methods. Various types of PCL polymer
blends as well as composites and nanocomposites are most often obtained. The most well-
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known PCL blends are: (i) PCL/TPS [18–20], (ii) PLA/PCL [21–24] or (iii) PCL/PBAT [25].
PCL blends containing non-biodegradable polymers also exist, e.g., PCL/PVC [26] or
PCL/PBT [27]. Another significant group is PCL composites with natural fillers, includ-
ing plant fibers [28–35]. Other known methods of PCL property modification refers to
processes such as copolymerization, grafting and crosslinking [36–41].

In this study, we proposed a combination of two methods to modify PCL proper-
ties. The first method refers to obtaining PCL composites with hemp fibers (HF) and the
second method is related to irradiation of such obtained composites with the use of elec-
tron radiation. Our literature review revealed only a few studies on PCL/HF composites.
For example, the experimental work carried out by Dhakal et al. [42] investigated the
reinforcement efficiency of hemp fibers with different fiber aspect ratios on PCL-based
biocomposites and compared the influence of these aspect ratios on moisture absorption
behavior along with the tensile, flexural and impact properties of hemp fiber/PCL biocom-
posites. In another study by this author [43], the effects of variable mean hemp fiber content
on nano-mechanical (hardness, modulus, elasticity and plasticity), surface and thermal
properties of hemp fiber/polycaprolactone biocomposites were studied. Dhakal et al. [44]
presented some test results of PCL/HF composites and compared them to the results
of similar composites, i.e., those containing date palm fibers. Studies on PCL/HF com-
posites have also been carried out by Beaugrand et al. [45], who examined, among other
parameters, the effect of processing conditions on defibration and mechanical properties.
Many more studies on PCL composites with other types of natural fibers have been con-
ducted. Examples of such studies are presented in a review publication by Wahit et al. [46].
The authors of this publication concluded that green composites with enhanced mechanical
properties can be successfully prepared. They also showed that natural fibers reduce the
price of these composites and expand their application areas, which in turn could attract
public interest.

Key studies on the modification of PCL properties also concern its radiation modifica-
tion, especially in cases of modified PCL to be applied in medicine or tissue engineering.
Studies in this area were conducted mainly with the use of gamma radiation or electron
radiation [47–49]. These studies indicated that PCL, when subjected solely to irradiation,
does not form a significant amount of gel fraction and the degradation processes are not
dominant at the same periods of time. Good crosslinking of PCL may be successfully carried
out by using crosslinking agents such as triallyl isocyanurate (TAIC) [49–51]. Then, with the
appropriately selected irradiation conditions, PCL can be completely crosslinked. As a
consequence of this, it will not flow and its degree of crosslinking will be more than 90%.

Literature analysis revealed that, there are no known studies on the combined effect of
both electron radiation and natural hemp fibers on PCL properties, in particular, mechanical
ones. Admittedly, some similar studies can be found in the literature, however, they concern
either other types of natural fibers or different polymers. For example, Rytlewski et al.
investigated the effect of electron radiation on the properties of PLA [52] or PCL [53]
containing 20% flax fibers with the addition of 1% to 3% TAIC. Understanding the combined
effect of electron radiation and hemp fibers on the structure and mechanical properties of
PCL is interesting from both cognitive and utilisation aspects. From the cognitive aspect
it is important to know the relationship between the radiation dose, the amount of fibers
in the polymer matrix and the properties of the obtained materials. From the utilisation
aspect, modification of PCL with hemp fibers and electron irradiation has been carried out
to obtain new materials susceptible to biodegradation. Furthermore, the use of hemp fibers
in our study may assist in reducing the adverse effects of PCL’s partial crosslinking and on
its biodegradability.

This inspired the authors of the present article to undertake investigations aimed at the
comparison of the structure and mechanical properties of PCL/HF composites modified by
electron radiation with doses in the range of 10–90 kGy. The comparison of changes in (i)
the structure of the fibers extracted from obtained composites; (ii) the surface geometrical
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structure of sample fractures; (iii) the tensile strength; (iv) the elongation at break; (v) the
flexural modulus; and (vi) the impact strength have been presented in this paper.

2. Experimental
2.1. Materials

The following materials were used in this study:

• Poly(ε-caprolactone) (PCL), type CAPA6800 with a measured melt flow rate (MFR) of
5.1 g/10 min (2.16 kg, 190 ◦C), density of 1.15 g/cm3 and average molecular weight of
ca. 82 kDa was supplied by Ingevity UK Ltd. (Warrington, UK);

• Natural hemp fibers (HF), at 6 mm long, were purchased from the Institute of Natural
Fibers and Medicinal Plants in Poznan (Poland). The cut hemp fibers’ structure is
shown in Figure 1 were applied as the PCL filler.
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Figure 1. SEM image of hemp fibers (HF) structure.

2.2. Apparatus

The following devices were utilised to prepare and investigate the irradiated PCL
composites:

• Co-rotating twin screw extruder of type BTSK 20/40D (Bühler, Germany), equipped with
20-mm diameter screws and L/D ratio of 40 intended to produce granulated
PCL composites;

• Screw injection molding machine of type Battenfeld Plus 35/75 (Battenfeld GmbH,
Solingen, Germany), equipped with 22-mm diameter screw and L/D ratio of 17
designed to produce standard dumbbell-shaped and bar-shaped specimens;

• Linear accelerator of type Elektronika 10/10 (Institute of Nuclear Chemistry and
Technology in Warsaw, Poland) with energy of electrons 10 MeV and electron beam
power 10 kW for irradiation of PCL composites;

• Shaker of type Unimax 1010 (Heidoplh, Germany) was used to extract fibers from
obtained composites;

• Scanning electron microscope (SEM) of type Hitachi SU8010 (Hitachi, Japan) was
used to examine the structure of HF as well as surface geometrical structure of
sample fractures;

• Tensile testing machine of type TIRAtest 27025 (TIRA Maschinenbau GmbH, Schalkau,
Germany) was used to examine mechanical properties under static tension and static
three-point bending;

• Pendulum Impact Tester of type IMPats-15 (ATS FAAR, Novegro-Tregarezzo, Italy)
was intended for the determination of Charpy impact strength.

2.3. Methods

Extrusion of the pristine PCL and granulated PCL composites was performed at the
following temperatures of particular cylinder zones of the co-rotating twin screw extruder:
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140 ◦C, 150 ◦C, 160 ◦C and 165 ◦C. The temperature of the extrusion die head was 160 ◦C
and the screw rotational speed was constant at 250 min−1. The screws were in a specific
configuration that facilitated adequate dispersion and distribution of HF in the PCL matrix.
Moreover, the screws consisted of elements providing intensive HF grinding to obtain
fine fractions. Prior to extrusion, HF was dried at 110 ◦C for 24 h. PCL was not subjected
to drying. Free degassing of any possible released residual moisture was applied at the
screws with lengths of L/D = 22 and L/D = 32, respectively. PCL and HF were introduced
into the extruder from volume feeders in such proportions that PCL composites with
HF contents equal to 2.5, 5, 10 and 20 wt% were obtained. The percentages of fibers
added were chosen based on our previous studies [52,53]. The extrudate was cooled in a
water bath at 15 ◦C and then dried on a conveyor belt in a stream of dry air and finally
granulated. The obtained composites in the form of cylindrical granules (height 5 mm
and base diameter 3 mm) were dried at 50 ◦C for 24 h to eliminate residual moisture.
The prepared samples of the granulated composites were denoted as CF2.5, CF5, CF10
and CF20, where C denotes poly(ε-caprolactone), F denotes natural hemp fibers and the
numbers represent the fibers percentage content. A reference sample, made of the pristine
PCL, was also prepared and denoted as C. During extrusion, basic parameters that include
the following were recorded: (i) extruder motor torque (M), (ii) energy consumption (E)
by the extruder drive system, (iii) temperature (T) of the material being processed that is
measured in the extruder die-head and (iv) pressure (P) of the material being processed
that is measured in the extruder die-head.

The dumbbell-shaped and bar-shaped specimens were prepared according to a relevant
standard (PN-EN ISO 527-2:2012) using a screw injection molding machine (Battenfeld Plus
35/75). The temperatures of the plasticising zones I and II of the barrel were 130 ◦C and
140 ◦C, respectively, and the temperature of the injection molding die head was 140 ◦C.
The temperature of the injection mold was 23 ◦C and the injection pressure was 157–163 MPa
dependent on the kind of composite. The screw rotational speed was constant at 150 min−1.

Sample irradiation was carried out with a linear accelerator type Elektronika 10/10
producing scanned beam of electrons with energy of 10 MeV and of 10 kW power with the
possibility of changing the dose rate by controlling the speed of the conveyer. The acceler-
ator is located at the Institute of Nuclear Chemistry and Technology in Warsaw, Poland.
The samples (granulated samples and injection-moulded pieces) were irradiated with
doses of 10, 20, 40, 60 or 90 kGy. Maximum single doses were 20 kGy. This limitation
was caused by an increase in temperature of the irradiated material that was equal to ca.
4–7 ◦C for single doses of 10 kGy. Large single doses cause intensive heating of the material,
therefore some additional structural changes may occur. Thus, samples were irradiated
with lower doses multiple times. During the irradiation procedure, all the granulated
samples and moulded pieces were placed in aluminium containers in single layers of the
thickness of up to 2 cm. The containers were put on the conveyor belt moving at the
speed of 0.3–1.2 m/min under the accelerator scanner. The actual speed was related to the
radiation dose absorbed by the polymer material being modified.

The HF structure in the obtained composites was determined by SEM analysis after
dissolving the composites in methylene chloride for 24 h at room temperature and then
filtering the fibers fraction and finally drying them at 50 ◦C for 24 h.

The HF structure (before and after extrusion) as well as the surface geometrical struc-
ture of the sample fractures, including distribution of the dispersed HF phase, were evalu-
ated by SEM using the secondary electron (SE) detector and accelerating voltage of 10 kV.
The fractures were made in liquid nitrogen. A 5-nm thick gold layer was sputtered on all
of the samples to be analysed by SEM. For that purpose, a cathode sputtering apparatus
was used, which was equipped with a coating thickness gauge based on a quartz crystal of
varying conductivity.

Tensile strength (σM) and elongation at break (εB) were evaluated according to the
PN-EN ISO 527-1:2012 standard by using the extension rate of 10.0 mm/min.
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Flexural modulus (Mf) was measured by the three-point bend test at a bending
deflection rate of 5.0 mm/min. The measurements were carried out in accordance to the
PN-EN ISO 178:2011 standard.

Impact strength (acN) was evaluated according to the PN-EN ISO 179-1:2010 standard.

3. Results and Discussion
3.1. HF Structure in Obtained Composites

The structure of the HF taken from obtained composites (Figure 2) is significantly
different compared to that shown in Figure 1. First of all, the fibers in the obtained
composites possess a significantly reduced length and diameter (even 10 times their length).
This is due to two reasons. Firstly, the lengths of the fibers were shortened by the use
of a plasticising system containing elements that induced intense mixing and shearing,
as well as retracting elements. These elements divided the fibers into smaller particles,
including single macrofibrils and, as a result, a fine fraction with high dispersion in the
polymer matrix was obtained. Secondly, some of the fibers were additionally shortened in
the granulation process.
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Figure 2. HF structure after extraction from PCL/HF composites ((A) CF2.5; (B) CF5; (C) CF10;
(D) CF20).

The fibers in the CF2.5 composite (Figure 2A) have a larger diameter and a more
uniform structure compared to the fibers in the other composites. Here and there, a single
fiber bundle can be seen. As the composite fiber content increases, their structure changes.
At the highest percentage filling, there are a few coarse fibers with intact structure and the
dominant fraction is composed of single fiber bundles or individual macrofibrils (Figure 2D).

The change in the fiber structure in individual composites is related to the changing
processing parameters, which in turn are a derivative of the increasing fiber content in
the plasticised polymer mass. As the content of HF in the composite increases, all the
measured parameters of the extrusion process, i.e., M, E, T and P also increase (Table 1).
The increase in these parameters, which are indirectly related to the increase in shear forces,
result in changes in the structure of the fibers as shown in Figure 2. Thus, the structure
of the obtained fibers may have a significant impact on the mechanical properties of the
irradiated PCL/HF composites, which are discussed in Section 3.3.
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Table 1. The extrusion process parameters for PCL and its composites with HF.

Sample M (Nm) E (kW) T (◦C) P (MPa)

C 16–17 0.95–0.97 165 10–11
CF2.5 18–20 0.98–1.02 166 12–14
CF5 20–21 1.01–1.05 168 14–17

CF10 21–22 1.04–1.08 170 16–19
CF20 22–23 1.06–1.11 171 20–24

3.2. Composites Structure

The structural analysis results of two selected composites (CF2.5 and CF20) by scan-
ning electron microscopy (SEM) are shown in Figure 3.
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Based on the images of the structures shown in Figure 3, it can be concluded that all
fractures are brittle fractures. Moreover, the nature of these breakthroughs does not change
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with an increasing radiation dose. In general, all images obtained for composites with the
same degree of fiber filling, i.e., 2.5% or 20%, have comparable structures. This proves that
an increase in the radiation dose does not cause significant changes in the fracture structure
of composites with a specific HF content. Subtle changes can only be found when assessing
the adhesion at the polymer–fiber interface. With an increasing radiation dose, the distance
between the phases slightly decreases, which is especially visible in the case of sample
CF2.5. On one hand, it may be caused by an increase in thermal expansion of the irradiated
material, mainly of the polymer phase, as a result of the temperature increase. On the other
hand, it may be related to lower secondary shrinkage due to the changes in the structure of
macromolecules after irradiation. Figure 3 also shows that the fibers in composites with
a higher percentage filling are finer, which is consistent with the data shown in Figure 2.
The craters seen in some photos may come from the extraction of the fibers from the matrix
during the fractures. These craters do not disadvantage the material, but are merely a
replica of the other half of the sample. The surface structures of the other composites (CF5
and CF10) are very similar and therefore they are not shown here.

3.3. Mechanical Properties

The mechanical properties test results of non-modified PCL and PCL/HF composites,
as well as irradiated PCL and irradiated PCL/HF composites are illustrated in 3D three-
dimensional graphs (Figures 4–7) and summarized in Table 2. The three-dimensional
graphs (3D) were made using STATISTICA version 10.0 software (StatSoft).
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Table 2. Mechanical properties of pristine PCL, PCL/HF composites, irradiated PCL and irradiated
PCL/HF composites.

Sample Dose (kGy) σM (MPa) εB (%) Mf (MPa) acN (kJ/m2)

C 0 27.0 ± 0.9 1091 ± 24 351 ± 26 39.4 ± 0.2
CF2.5 0 27.6 ± 0.5 1105 ± 52 362 ± 35 15.7 ± 0.1
CF5 0 23.4 ± 0.8 910 ± 9 395 ± 69 12.9 ± 0.3
CF10 0 19.7 ± 0.4 518 ± 71 635 ± 68 11.4 ± 0.1
CF20 0 23.6 ± 0.3 48 ± 8 880 ± 64 8.8 ± 0.1

C 10 27.7 ± 0.8 1128 ± 24 381 ± 21 33.8 ± 0.2
CF2.5 10 26.2 ± 0.4 1077 ± 43 396 ± 42 12.0 ± 0.2
CF5 10 23.6 ± 0.3 836 ± 25 487 ± 38 10.7 ± 0.2
CF10 10 20.0 ± 0.1 527 ± 45 635 ± 68 8.7 ± 0.1
CF20 10 23.4 ± 0.9 28 ± 1 1158 ± 68 7.1 ± 0.3

C 20 27.3 ± 0.9 1096 ± 26 392 ± 21 29.5 ± 0.1
CF2.5 20 28.1 ± 0.4 1064 ± 70 435 ± 32 10.4 ± 0.1
CF5 20 24.2 ± 0.7 820 ± 21 499 ± 41 9.5 ± 0.2
CF10 20 20.0 ± 1.1 364 ± 41 639 ± 78 7.8 ± 0.1
CF20 20 23.3 ± 0.8 26 ± 2 1220 ± 22 6.5 ± 0.3

C 40 27.7 ± 1.1 1076 ± 43 399 ± 31 25.2 ± 0.1
CF2.5 40 24.8 ± 1.2 966 ± 76 433 ± 12 9.0 ± 0.1
CF5 40 23.1 ± 0.6 811 ± 7 502 ± 29 8.3 ± 0.2
CF10 40 20.6 ± 0.5 194 ± 70 640 ± 73 6.8 ± 0.2
CF20 40 23.8 ± 1.2 9 ± 4 1080 ± 72 5.6 ± 0.2

C 60 26.1 ± 1.1 1073 ± 74 394 ± 16 21.0 ± 0.1
CF2.5 60 25.8 ± 0.7 951 ± 71 457 ± 20 7.9 ± 0.1
CF5 60 20.4 ± 0.3 648 ± 35 507 ± 55 7.4 ± 0.2
CF10 60 21.4 ± 0.7 141 ± 49 636 ± 61 6.2 ± 0.1
CF20 60 24.3 ± 0.4 6 ± 1 1146 ± 81 5.0 ± 0.1

C 90 23.6 ± 1.3 903 ± 65 404 ± 22 17.3 ± 0.3
CF2.5 90 24.5 ± 1.9 954 ± 38 419 ± 30 6.8 ± 0.1
CF5 90 19.8 ± 0.1 633 ± 26 498 ± 49 6.4 ± 0.3
CF10 90 22.0 ± 0.3 41 ± 25 687 ± 52 5.3 ± 0.1
CF20 90 24.6 ± 0.4 5 ± 1 951 ± 72 4.6 ± 0.1
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The data from Figure 4 indicates that the tensile strength (σM) for PCL significantly
decreases when the dose of electron radiation is 60 or 90 kGy. The decrease is 3% and 13%,
respectively. Smaller doses of irradiation do not affect the σM of that polymer.

Other dependencies can be observed in the case of non-irradiated composites con-
taining HF. In their case, the σM initially decreases with the rising HF content and then
increases. In Figure 4 there is a clear extreme of strength, the lowest value of which can be
observed in the 10% HF content composite. When compared to pristine PCL, filling com-
posites with 10% HF causes a decrease in σM by 27%. Larger amounts of HF do not cause
a further decrease in σM, but they are the reason for its increase of 20%, compared to the
CF10 sample. However, the σM value of the non-irradiated CF20 composite is not larger
than the σM value of any PCL sample irradiated with doses ranging from 10 to 90 kGy and
it is at most equal to the strength of the PCL irradiated with the dose of 90 kGy.

Similar observations are seen in the case of irradiated PCL/HF composites, i.e., for a
given dose, as the content of HF in polymer matrix increases, the σM initially decreases
and then increases. However, in this case, the minimum σM value of irradiated composites
depends on the irradiation dose. For doses of 10, 20 and 40 kGy, the minimum occurs
in composites with 10% HF filling. In the case of doses of 60 and 90 kGy, the minimum
occurs in composites containing 5% HF. Moreover, in composites containing 10 or 20% HF,
an increase in σM with an increasing dose is observed, which is not observed in composites
with smaller fiber content.

Elongation at break (εB) results for the same samples analysed in σM tests are presented
in Figure 5.

Figure 5 shows that both types of modification applied (irradiation and/or addition of
HF) significantly reduces the εB value. Elongation decreases both as the electron radiation
dose increases and when HF content increases and especially when both of these factors
occur simultaneously. Elongation is least influenced by electron radiation, which reduces its
value by a maximum of 17% for samples irradiated with 90 kGy. The decrease in elongation
at break following electron radiation may result from elongation of the macromolecules
due to mutual linking at chain ends or the formation of branched structures in notable
amounts [50]. HF induces a significantly higher effect on the εB value, where a maximum
decrease of 95% is noted. The highest influence on the εB value of the studied polymer is
the combined action of electron radiation and HF, which reduces εB by as much as 99%.
There is, at least, a 100 times decrease in the εB value in comparison to non-modified PCL
and this occurs in composites with 20% HF content and that were irradiated with doses of
40, 60 or 90 kGy.

The data in Figure 6 indicates that electron radiation in a dose of 90 kGy causes a
growth in PCL’s flexural modulus (Mf) value by up to 13%. Smaller doses cause similar
increases where the growth is ca. 11–12%. The flexural modulus of PCL/HF composites
increases as the HF content increases. This rate of growth can be considered an expo-
nential function, i.e., at low HF concentration (2.5 or 5%) the modulus increases slightly.
However, in the case of a filling with more than 10%, a significant growth in its value is
observed. The Mf value of the composite containing 20% HF is over two times greater than
the modulus of pristine PCL. This knowledge has significant importance on the eventual
suitable range of application for these types of composites.

Irradiation of PCL/HF composites affects their Mf values. When the radiation dose
is 10 kGy, a significant increase in the Mf value is observed. Higher doses do not have a
considerable influence on the further growth of modulus values. Differences in Mf values
of composites irradiated with doses of 20, 40 or 60 kGy do not differ notably from each
other (Table 2). An exception to this is the case of when the CF20 composite is irradiated
with 90 kGy and its Mf value decreases slightly. This may be due to degradation of both
composite phases and, in particular, the HF phase. We can assume this because no decrease
in the Mf value was observed for lower fiber contents.

The impact strength (acN) of PCL shown in Figure 7 decreases significantly as the radia-
tion dose increases. The maximum decrease in the PCL’s impact strength, 56%, occurs upon
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irradiation of the polymer with 90 kGy. This may result from the formation of a branched
or partially crosslinked structure of PCL macromolecules that hinders their conforma-
tional changes. This, in turn, limits the amount of energy absorbed by the irradiated PCL.
Possible limitations for the rotation of macromolecular fragments can also affect other
mechanical properties, including Mf or εB, which were presented earlier.

The PCL/HF composites are also characterised by significantly reduced impact
strength. It is also worth noting that the highest impact strength of non-irradiated compos-
ite (sample CF2.5) is considerably lower than the lowest impact strength value of irradiated
PCL. By introducing the amount of just 2.5% of fibers (sample CF2.5) into the polymer
matrix causes a reduction in impact strength by 60% and the addition of 20% fibers (sample
CF20) reduces its value by 78%. Therefore, it can be concluded that the impact strength
of PCL is more significantly influenced by even a minimal amount (2.5 wt%) of fibers
introduced into the polymer matrix than by electron radiation with the highest applied
dose (90 kGy).

In the case of irradiated PCL/HF composites, further decreases in impact strength are
observed. However, while present, the changes in impact strength of the composite after ir-
radiation are less significant. For example, the impact strength of the CF2.5 composite after
irradiation with the maximum dose (90 kGy) decreases by a maximum of 83% compared
to the impact strength of pristine PCL. Thus, irradiation decreases the impact strength
of PCL by an additional 23% compared to the non-irradiated CF2.5 composite. In turn,
the impact strength of the composite containing the maximum amount of fibers (sample
CF20) and irradiated with the maximum dose (90 kGy) decreases by a maximum of 88%
compared to the impact strength of pristine PCL. For this composite (CF20), irradiation de-
creases the impact strength of PCL by an additional 10% compared to the non-irradiated
CF20 composite.

The data in Table 2 indicates that large relative changes occur in the impact strength
values for individual composites after irradiation. For example, doses of 10 and 90 kGy led
to a decrease in the impact strength of the CF2.5 composite by 24% and 57%, respectively.
Moreover, an increase in the HF weight fraction in the PCL matrix causes a decrease in
the relative differences in impact strength for composites after irradiation. For example,
the doses of 10 and 90 kGy decreases the impact strength of CF20 composite by 19% and
48%, respectively. The significant reduction in the impact strength of non-irradiated and
irradiated PCL/HF composites results mainly from the stiffening of the material and the
perpendicular orientation of the natural fibers (Figure 3) in relation to the impact force
applied by the hammer during strength testing.

4. Conclusions

The structure and mechanical properties of the investigated materials depended on
three main factors: (i) processing conditions, (ii) qualitative and quantitative contribu-
tion of dispersed phase and (iii) the magnitude of the electron radiation dose. The final
fibers’ structures in the obtained composites were closely linked to processing condi-
tions, which also depended on the percentage filling of these fibers in the polymer matrix.
Electron radiation did not significantly change the structure of the prepared composites.
Only small changes could be observed in the case of adhesion between the dispersed phase
and the polymer matrix. The structure of the composites, however, depended significantly
on the HF content. Mechanical properties of the study’s composites were greatly influenced
by electron radiation. Furthermore, as the radiation dose increased, the values of impact
strength, elongation at break and in part tensile strength decreased while the flexural
modulus increased. An especially interesting synergistic effect on PCL properties was
observed and was related to the combined action of electron radiation and natural fibers
addition. For example, depending on the used dose and fibers amount, elongation at break
can be reduced from 1% to 99%, while the flexural modulus can increase from 1% to 248%.

Hemp fibers may be used as an additive in the PCL matrix to manufacture biodegrad-
able materials. Ecological advantages and the low price of these fibers compared to the
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price of PCL highlight a direction for further research in this field. Moreover, the ap-
plied fibers should additionally accelerate the biodegradation process of such materials.
This statement refers, specifically, to radiation-modified biodegradable polymers that can
be partially crosslinked and, as consequence of this, the biodegradation process may be
slowed down. Thus, hemp fibers should lessen the adverse effect that crosslinking has on
biodegradability. In this case, further studies determining the combined action of electron
radiation and natural fibers on the biodegradation of these materials may be interesting.
Furthermore, the post-radiation oxidation processes of both the matrix and HF as well as
the protective effect of lignin in the obtained materials may also be the subject of further
research. The radiation-modified composites presented in this article can be applied pri-
marily for the production of biodegradable packaging, including rigid and flexible ones,
depending on the applied radiation dose and the fibers content.
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reinforced polycaprolactone modified by triallyl isocyanurate and electron radiation. Polym. Compos. 2019, 40, 481–488. [CrossRef]

http://doi.org/10.3390/app10072636
http://doi.org/10.1016/j.indcrop.2018.10.044
http://doi.org/10.1002/app.38468
http://doi.org/10.1002/pc.22249
http://doi.org/10.1016/j.medengphy.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18760952
http://doi.org/10.1016/j.polymdegradstab.2004.03.010
http://doi.org/10.1016/S0969-806X(99)00449-1
http://doi.org/10.1002/pat.3610
http://doi.org/10.1016/j.polymertesting.2015.10.007
http://doi.org/10.1016/j.indcrop.2018.01.004
http://doi.org/10.1002/pc.24672

	Introduction 
	Experimental 
	Materials 
	Apparatus 
	Methods 

	Results and Discussion 
	HF Structure in Obtained Composites 
	Composites Structure 
	Mechanical Properties 

	Conclusions 
	References

