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Abstract. The search for novel materials suitable for the construction of boat
structures and components has acquired paramount importance in the last few years,
driven by technological developments in terms of processes and formulations.
Particularly, specific types of plastics have attracted attention due to manufacturing
techniques that are able to exploit the material’s mechanical properties at their best
while ensuring execution simplicity and precision. This is the case of High-Density
Polyethylene, commonly known with its acronym HDPE and increasingly used for
the construction of small workboats. The numerous positive features of HDPE for
marine applications can be summed up in high flexibility, toughness and durability,
anti-corrosion properties, and excellent resistance to marine growth. In addition,
HDPE can be recycled in several ways for different applications and may give origin
to regenerated polyethylene as well, positioning itself in a market that favours
materials capable of increasing the eco-sustainability of the final products. Despite
all these benefits, the quite limited knowledge and expertise related to the different
formulations of the materials available on the market and the presence of several
suppliers can lead to incorrect applications that might jeopardise its large-scale
diffusion. Moreover, the properties of regenerated HDPE must be thoroughly
investigated to understand its potential scope of use. For these reasons, almost all
Ship Classification Societies are still working on proper regulations applicable to
this material, with some tentative proposals from RINA and Bureau Veritas. The
present paper aims to fit into this context by presenting a mechanical
characterisation activity to evaluate tensile properties of both virgin and recycled
materials through experimental tests. After describing the different types of HDPE
employed, the authors present the testing approach and its results.
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1. Introduction

Within the shipbuilding sector, as well as all the other industries, growing emphasis on
sustainability has led to the exploration of innovative materials that fulfill performance
requirements while minimizing environmental impact [1].

In particular, high-density polyethylene (HDPE) has emerged as a valuable structural
material in the construction of small and workboats (Figure 1) [2]. This material is
characterized by its high chemical resistance, anti-corrosion properties, and mechanical
flexibility [3], along with its potential for reuse in both additive manufacturing processes
and thermoforming techniques such as rotomoulding [4-6].

HDPE utilized in the marine sector can originate from either virgin polymer or
recycled sources. Virgin HDPE, produced directly from petrochemical feedstocks, offers
consistent quality, uniform mechanical properties, and high purity, making it suitable for
applications requiring stringent performance standards [7,8]. In contrast, recycled HDPE,
derived from post-consumer or post-industrial plastic waste, may exhibit greater
variability in composition and properties due to previous usage and the recycling process
itself [9]. This can result in differences in strength, durability, and long-term performance,
which must be carefully evaluated depending on the intended application. Nonetheless,
advances in recycling technologies have significantly improved the reliability of recycled
HDPE, making it a viable alternative in many non-critical structural and outfitting
components within the marine industry [10-12].

Given the relatively novel application of HDPE in the marine environment, a
comprehensive understanding of its mechanical performance under different operational
and loading conditions is essential [13]. In recognition of this emerging trend,
classification societies such as Registro Navale Italiano (RINA) and the French Bureau
Veritas (BV) have recently developed and updated technical regulations to address the
use of HDPE in hull construction. Specifically, RINA has revised its rules for plastic,
aluminum alloy, and wooden hulls [14], while BV has introduced a dedicated rule note
covering hulls made from composite and HDPE materials [15].

In this context, the present study focuses on virgin and recycled HDPE and aims at
evaluating their tensile properties through experimental tests performed in accordance
with ISO and ASTM standards [16,17]. From the analysis of the resuts coming from the
testing procedure, the authors performed a detailed comparison among the mechanical
properties of both materials as given by several sources and laid the basis for a greater
employment of recycled HDPE in marine and boatbuilding applications.

Figure 1. HDPE workboat (https://workboat365.com/wp-content/uploads/2023/11/6.webp).
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2. Material and methods
2.1. Materials

For the purposes of the mechanical tests performed within the study, the authors focused
on the properties of HDPE “single-skin” panels. They typically have a density of
approximately 0.98 g/cm?, a value that ensures their lightweight nature while maintaining
good mechanical strength. Commonly available thicknesses range from 1 mm to 50 mm,
with different surface finishes depending on their thickness as follows:

e Panels with a thickness between 2 mm and 5 mm feature a glossy finish on both
sides, making them ideal for applications requiring a smooth and easily cleanable
surface.

e Sheets of 1 mm thickness, as well as those thicker than 6 mm, have one glossy
and one matte side, providing greater flexibility in use depending on specific
industry requirements.

Among the main applications of HDPE panels in industrial sectors, the most
important are the following: chemical engineering and tank construction, industrial
machinery, and aquaculture, benefiting from the material's excellent resistance to
chemical aggressives, corrosion and saline environments; mechanical engineering,
where HDPE is used for lightweight yet durable structural components; vacuum forming
industry, where it is employed in the production of packaging and peculiar customized
solutions; water treatment and wastewater management, as the material is chemically
inert and does not release harmful substances into the environment. For boatbuilding
applications, HDPE panels are the most commonly used commercial format due to its
ease of thermoforming, cutting, and welding. The ability to process the material using
various techniques allows for the production of complex and customized shapes,
essential to ensure the proper hulls’ curvatures deriving from hydrodynamic requisites.

As the present research aims at investigating the tensile properties of virgin and
recycled HDPE through the execution of experimental tests, two different materials were
selected and employed in the manufacturing of the specimens. For both, the mechanical
properties provided by the suppliers in their technical datasheets are reported in Table 1
[18,19]. These quantities will be also compared with the outcomes of the mechanical
tests as part of the study, in order to confirm their validity.

As further knowledge, the authors analysed the expected mechanical properties of
HDPE provided within the Rules issued by the classification societies Bureau Veritas
(BV) and Registro Italiano Navale (RINA) [20]. Both regulations consider the non-linear
behaviour of the material, and state that the main mechanical characteristics to be
considered are to be defined by the manufacturer and/or by mechanical tests at the yield
limit of the material [14,15]. The qualitative trends of HDPE stress-strain curve as given
by both the Rules are reported in Figure 2. With specific reference to RINA Rules,
currently the adoption of recycled HDPE is not allowed for structural applications. This
aspect represents one of the driver of the present research, as the authors aims at
deepening the knowledge regarding this type of material and its mechanical properties.

In terms of technical characteristics as given by the materials’ suppliers, virgin
HDPE shows very good welding and processing properties, good chemical resistance,
high adhesion in a composite system, and is so highly suitable for tank building. On the
other hand, the recycled product offers good wear and permanent UV-resistance, and
good antistatic properties.
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Table 1. Mechanical properties of virgin and recycled HDPE [18,19].

Value
Virgin Recycled
General properties
Density 0.95 >0.93 g/cm’
Water absorption <0.01 <0.01 %
Mechanical properties
Yield stress 22 >20 MPa
Elongation at break >50 - %
Modulus of elasticity 800 >800 MPa
Shore hardness D 63 6063 -
Thermal properties
Melting temperature +135 +135 °C
Thermal conductivity 0.40 0.40 W/(m-K)
Coefficient of linear thermal expansion +150 + +230 +200 10°%/K
Service temperature — long term -50 ++80 -100 /+80 °C
Service temperature — short term +100 +100 °C
UL 94 Flammability (thickness 3-6 mm) [21] HB HB -
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Figure 2. Stress-strain curve of HDPE as reported in Rules: (a) BV [15]; (b) RINA [14].

2.2. Methods

In compliance with the requirements established by BV and RINA, the authors adopted
the testing guidelines provided by the International Organization for Standardization
(ISO) and American Society for Testing and Materials (ASTM). Specifically, the
attention was focused on the standards ISO 527-1 “Plastics — Determination of tensile
properties - Part 1: General Principles” and ASTM D638-14 “Standard Test Method for
Tensile Properties of Plastics” that determine the tensile properties for plastic materials
in terms of tensile strength, modulus and stress-strain relationship [16,17].

The testing procedure implies that the specimen is extended along its major
longitudinal axis at a constant speed until the specimen fractures or until the stress (load)
or the strain (elongation) reaches some predetermined value. During this procedure, the
load sustained by the specimen and the elongation are measured. The data acquisition
frequency needed for the recording of data (load, elongation) must be sufficiently high
in order to meet accuracy requirements. This data acquisition depends on the following
quantities:

e v: the test speed, in mm/min;
e L/L,: the ratio between the actual length and initial reference length;
e r:the minimum resolution, in mm, of the strain signal to obtain accurate data.
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The tests were carried out using an Italsigma servo-hydraulic testing machine
equipped with a 25 kN load cell, calibrated according to ISO 7500-1 in Class 1. After
some preliminary tests based on an actuator speed, a value equal to 10 mm/min was
adopted. Furthermore, all the tests were performed in the same preferred atmosphere
corresponding to a temperature equal to 23 £+ 2 °C and a relative humidity of 50 £ 10%.
The shape of the specimens was elaborated by the authors in accordance with the above-
mentioned ISO and ASTM standards: specifically, the dog-bone geometry was adapted
to the geometric constrains of the testing machine used in terms of overall length and
width without altering the proportional ratios given by the standards (Figure 3). Figure 4
shows the pictures of the manufactured specimens in both virgin and recycled HDPE:
from the images, the different surface finishes that characterise the two materials can be
appreciated (in particular, the recycled material presents a surface slightly rigged). In
terms of workability, the specimen manufacturer stated that the recycled material proved
to be more challenging to process.

A set of 8 specimens were tested for each material. All the specimens were indexed
with a specific alpha-numerical code representing the type of material used (virgin or
recycled), the nature of load applied (tensile), the thickness t, and any unique specimen
details. Letter meanings are reported in Table 2. Furthermore, each tested specimen was
labelled with a number to perform a sequential count, allowing a precise collection of
the results. In accordance with the proposed coding system, the specimens tested within
the present research were labelled as either VT15S, for those made from virgin HDPE,
or RT10S, for those made from recycled material.

Mean values (x) and standard deviation values were calculated for both the tensile
strength (assumed at the yield limit in accordance with the Rules) and Young modulus.
For the latter, the value of the modulus, as usual, was considered equal to the slope of
regression straight line of the initial stress-strain data drawn from each test. In detail, the
initial stress-strain data considered were selected in order to achieve a value of the
determination coefficient R? at least equal to 0.99.

55

Figure 3. Dog-bone tensile test specimen.
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Figure 4. Dog-bone tensile test specimens: (a) virgin HDPE; (b) recycled HDPE.

Table 2 - Letter meanings of the specimens’ code.

Material code Load type  Thickness t Details
V Virgin . 15 Thickness of 15 mm .
R Recycled T Tensile 10 Thickness of 10 mm S Simple dog-bone

3. Results and discussions

Eight specimens for each material (virgin or recycled HDPE) were tested. Figure 5 shows
a specimen during the tensile test and the reference length L, adopted to evaluate the
nominal strain.

For each specimen, the test results are priorly represented by the load-elongation
graph, then converted into the nominal stress-strain graph through the formulae:

AL (L)

_Ao Strain: € = I = I (1)

in which F [kN] is the applied load, A, [mm?] is the initial cross-section area of the
specimen (equal to 225 mm? for VT15S and 150 mm? for RT10S specimens),
AL =L — Ly, [mm] is the elongation evaluated with respect to the reference length
Lo = 50 mm.

Figures 6 and 7 represent the stress-strain graphs for virgin- and recycled-HDPE,
respectively. For virgin HDPE, specimen number as 7 was not considered as some
problems occurred during the testing procedure.

Stress [MPa]: o

Figure 5. Reference length for the tensile tests.
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Figure 6. Stress-strain curve for virgin-HDPE specimens VT15S.
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Figure 7. Stress-strain curve for recycled-HDPE specimens RT10S.

Both the types of specimens VT15S and RT10S were subjected to large permanent
elongation under tensile loading and did not suffer any fracture; furthermore, the
deformation was not recovered after the load was removed.

The quantitative results obtained for the specimens tested are reported in Table 3 for
virgin-HDPE specimens (VT15S) and in Table 4 for recycled-HDPE specimens (RT10S).
The highest values of load, and relative stress, as well as the value of Young modulus
for tensile tests are shown; for stress and Young modulus, the mean values and standard
deviations, along with the standard error are also provided.



1006 S. Bertagna et al. / Investigation on the Tensile Properties of Virgin and Recycled HDPE

By comparing the curve provided in both BV and RINA Rules reported in Figure 2
with the stress-strain curves obtained through the tests (Figure 6 and Figure 7), it is
evident that the maximum tensile stress measured during the tests corresponds to the
yield limit as defined by the Rules. Based on this assumption, Table 5 provides a
comparison among the results obtained from the tensile tests in terms of mean values for
both maximum stress and Young modulus and the values offered by both the Suppliers’
technical datasheets and the Classification Societies’ Rules.

From the numerical results, it is evident that the values of yield stress and Young
modulus offered by both datasheets and Classification Societies are confirmed. In fact,
the test results exhibit mechanical properties that surpass the values reported by the
material suppliers, indicating a performance level beyond the expected specifications.
Furthermore, it can be seen that there is no significant difference between the mechanical
properties of the virgin and recycled HDPE. The same value of maximum tensile stress
was obtained for both the types of material. The Young modulus, instead, is slightly
higher for recycled HDPE. In terms of standard deviations, the small values observed for
both virgin and recycled HDPE reflect a high degree of precision in the results.

Table 3. Results obtained for virgin-HDPE specimens (VT15S).

Mean Standard Standard

Specimen 1 2 3 4 5 6 7 .
value deviation error
Max load
[KN] 47 6.0 6.0 5.9 5.6 5.0 5.1 - - -
Max stress 21 27 26 26 26 25 22 247 23 +0.87
[MPa]
Young Modulus 00 990 937 947 1064 852 905 943 68.1 1258
[MPa]
Table 4. Results obtained for recycled-HDPE specimens (RT10S).
1 2 3 4 5 6 - 3 Mean Stal}da}rd Standard
value deviation error
Max load
[KN] 35 40 40 37 35 34 36 35 - - -
Maxstress o3 57 27 24 23 23 24 23 243 1.8 +0.62
[MPa]
Young
Modulus 975 966 964 992 915 930 997 922 958 31.6 +11.2
[MPa]
Table 5. Comparison among the test results and the values provided by technical datasheets (DS) and Rules.
Virgin-HDPE Recycled-HDPE Ship Classification
VT15S RT10S Rules
Test mean DS Test mean DS BV RINA
value [18] value [19] [15] [14]
Max stress [MPa] 24.7+0.87 22 24.34+0.62 >20 24 22
Young modulus [MPa] 943 +25.8 800 958+11.2 >800 950 950

4. Conclusions

This study presented a comprehensive analysis of the mechanical properties of virgin
and recycled high-density polyethylene (HDPE) materials, with a particular focus on
their applicability in maritime contexts. By examining the regulatory frameworks
provided by RINA and Bureau Veritas, alongside ISO and ASTM standards, the authors
established a foundational understanding of the requirements for materials used in



S. Bertagna et al. / Investigation on the Tensile Properties of Virgin and Recycled HDPE 1007

marine applications. Subsequently, an experimental campaign involving tensile tests on
standardized dog-bone specimens was carried out to assess the mechanical responses of
both virgin and recycled HDPE.

The results indicate that both virging and recycled HDPE show comparable
mechanical properties in terms of tensile strength and Young modulus. Furthermore, the
measured tensile values are comparable to those provided by the supplier for both virgin
and recycled materials. In fact, in several tests, some values exceeded the supplier’s data,
contrary to the initial expectations of the experimental campaign. With respect to the data
provided by Classification Society Rules, these were confirmed as well by the results
coming from the mechanical tests.

The findings suggest that recycled HDPE can be considered a viable alternative in
specific contexts, contributing to sustainability efforts by reducing reliance on virgin
materials. Specifically, the authors aim at presenting the results obtained to the above-
mentioned Classification Societies, with particular attention to RINA, and open a
discussion related to the possibility of introducing recycled-sourced HDPE for the
manufacturing of structural members in boatbuilding applications.

Future research should focus on evaluating the long-term performance of recycled
HDPE under marine environmental conditions, including exposure to UV radiation,
saltwater corrosion, and cyclic loading. Such studies will be crucial in fully validating
the suitability of recycled HDPE for broader applications within the boatbuilding sector.
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