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Abstract. High-performance polymeric materials, such as high-density
polyethylene (HDPE), can be considered a good choice for building boat hulls.
HDPE is a thermoplastic polymer; hence, it has the advantage of being recycled and
easy to produce. Moreover, its high corrosion and chemical resistance makes this
material suitable for the marine environment. The application of HDPE in
boatbuilding is relatively new. Thus, a deep knowledge of its mechanical properties
as well as failure modes under mechanical loads is required. Preliminarily, non-
destructive evaluation of defects due to the production technology has been
performed on the HDPE specimens by active thermography and ultrasonic phased
array. The mechanical behaviour under different loading conditions (tensile,
bending) has been experimentally evaluated. The strain field during tensile tests has
been calculated by digital image correlation technique and thermal behaviour was
detected by infrared thermography. The experimental campaign aimed at assessing
the mechanical strength of the investigated HDPE material. The effect of strain rate
on their mechanical behaviour was also evaluated. For this reason, the specimens
were subjected to different test speed. The results of mechanical tests highlighted
that HDPE has good mechanical properties and very high ductility, together with
the ability to give highly concentrated deformation (necking) and fibrillar failure.

Keywords: ship structures and materials; high-density polyethylene; boat hulls;
mechanical properties; experimental techniques.
1. Introduction
Fiber Reinforced Plastic (FRP) boats currently make up 90% of the circulating
boats, despite the high level of pollution resulting from their production and disposal, so

they represent a significant problem for the environment and related health issues [1, 2].
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The adoption of eco-friendly materials, such as wood [3,4], and disruptive
technologies, such as additive manufacturing, leads to obtain both a sustainable ship life-
cycle and a weight reduction in accordance with the Green Shipbuilding approach [5-7].
In this context, there is a lot of attention towards plastic materials derived from recycled
material. Specifically, high-density polyethylene (HDPE), a thermoplastic polymer
belonging to the polyolefin family, is finding wide application in the nautical field as a
structural material for the construction of small-size vessels [8, 9], with specific reference
to workboats. HDPE is a durable material, which combines chemical resistance and anti-
corrosion properties, so it is well suited for long-term use. From the environmental point
of view, HDPE is recyclable in all its forms, despite being derived from petroleum, and
can be recycled into filaments for Additive Manufacturing (AM) technology or chipped
material for use in thermoforming processes such as rotational moulding [10, 11].
Furthermore, the same HDPE material, usable in the nautical field, can be produced from
virgin material and/or recycled material [12, 13], so HDPE is perfect for inclusion in a
circular economy process. In terms of processing approaches, its thermoplastic nature
guarantees high ease of working and the possibilities of shaping it to achieve complex
and specifically designed geometries. As regards mechanical properties, HDPE is
characterised by high impact resistance, wear resistance, stiffness, corrosion, and
chemical resistance. In addition, it benefits from high electrical resistance, acting as an
insulator that blocks electricity and heat, and the capacity of not absorbing moisture.
Other important properties are non-toxicity and long-life cycle. The basic structural
elements come in two forms: “single skin” panels and sandwich panels, made of two thin
skins with a HDPE honeycomb core, which are particularly interesting for the
construction of boat superstructures, as they can offer self-supporting characteristics in
terms of structure and thermal-acoustic insulation.

Within boatbuilding applications, the lower density of HDPE with respect to water
enhances the buoyancy capacity of vessels and allows for an increase of the maximum
payload. In addition, HDPE boats have a good resistance to marine growth: anti-fouling
coatings are not necessary, with important benefits for the surrounding environment. Its
toughness and durability enable withstanding impact from collisions with debris, rocks,
or other vessels, reducing the risk of damage and subsequent repairs. Finally, HDPE no-
ageing property and UV-ray resistance, durability, and low maintenance requirements
may result in a significant reduction of operational costs. On the other hand, the biggest
disadvantages of HDPE are its higher market cost, compared to traditional composites
used in boat building, and the current limited expertise about this material.

Knowledge of the quality and mechanical properties of HDPE is of extreme
significance for its application in the nautical field. The Italian Ship Classification
Society “Registro Italiano Navale (RINA)”, along with the French Classification Society
“Bureau Veritas (BV)”, has recently introduced tailored rules [14- 16] to address the use
of this material and define the requirements necessary for the classification of hulls made
of HDPE [17]. Given the above framework, this study explores the mechanical
characteristics of HDPE material for nautical constructions through mechanical tests and
two experimental techniques, which were applied by some of the authors for the
investigation of materials and welded joints [18, 19]: infrared thermography (IRT) and
Digital Image Correlation (DIC). Bending and tensile tests were carried out on HDPE
specimens. The tensile tests were performed on the following different typologies of dog
bone HDPE specimens in order to compare their mechanical properties in terms of
Young’s modulus and tensile strength: virgin, recycled and butt-welded joints
manufactured by means of 2 technologies.
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2. Materials and Methods

The tensile and the three and four-point bending tests were carried out using an
Italsigma servo-hydraulic testing machine equipped with a 25 kN load cell. The load cell
is calibrated according to ISO 7500-1 in Class 1. The experimental set-up included the
following experimental techniques: IRT and DIC, which were applied simultaneously
during the tests. DIC techniques, with open source 2D DIC software Ncorr v1.2, was
used to calculate the field of displacements and strains during the tensile tests. A speckle
pattern was painted on the specimen surface using gel coat spray. The tests were recorded
with a super-macro lens at a resolution of 1280 x 720 pixels and an acquisition rate of 60
fps. The images were calibrated, considering the dimensions of the specimens, with a
resolution of 0.18 mm/pixel for the tensile specimens and 0.3 mm/pixel for the bending
specimens. FLIR SC640 infrared (IR) camera, whose characteristics are reported in Table
1, was applied during the tests to monitor the surface temperature of the specimen. The
other surface of the specimens was painted black for applying the IRT technique and the
IR camera was calibrated considering the blackbody reference for the surface emissivity.
The thermal images were acquired at 3.75 Hz and analysed using the FLIR ResearchIR
Max software. The experimental set-ups for tensile and bending tests are shown in
Figures 1 and 2, respectively. The tensile tests were performed at actuator speed of 10
mm/min except for the specimens VT15S 1 and RTI10S 1 whose speeds were
respectively 2 mm/min and 5 mm/min. Static three- and four-point bending tests were
carried out at a deflection rate of 10 mm/min. The lower support span has a length of 280
mm (Figures 3 and 4). The higher support span for the 4 point bending tests has a length
of 130 mm (Figure 4).

Table 1. Thermal camera characteristics.

IR resolution 640 x 480 pixels
Sensor Microbolometer

Lens IR, focal length 38 mm
Accuracy +2°C

Thermal sensitivity 30mK @ 30°C
Spectral range 7.5-13 um

Figure 3. Three point bending test. Figure 4. Four point bending test.
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3. Results and discussion

3.1 Results of the bending tests on virgin HDPE specimens

The strain was evaluated during the bending tests by means of DIC analysis
considering the deflection at the middle of the specimen on the lower surface. Figures 5
and 6 show the load-deflection curves of the four- and three-point bending tests,
respectively. The bending tests were carried out on specimens having rectangular cross-
section as shown in Figure 7. Figure 8 shows the specimen after the load removal. Figure
9 shows the DIC images detected during the bending test for VB15-9 specimen. The
specimens were subjected to large deflection under bending loading (as shown in Figure
9) without fracture and a large amount of the deflection was recovered after the load was
removed (Figure 8), confirming the deflection is mainly due to elastic strain.
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Figure 5. Load-deflection curves of the four-point  Figure 6. Load-deflection curves of the three-point
bending tests. bending tests.
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Figure 8. Specimen VB15-9 after load removal. Figure 9. DIC images of the specimen VB15-9
during the bending test.
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3.2 Results of the tensile tests on virgin and recycled HDPE specimens

The tensile tests were carried out on dog-bone virgin and recycled specimens
(identified as VT15S and RT10S) with a geometry shown in Figure 11. The strain was
evaluated during the tensile tests by means of DIC technique considering the
displacement Al respect to a reference length 1o of 50 mm at the middle of the specimen
(Figure 12). Figures 13 - 16 show the DIC and IRT images detected during the tensile
tests for VT15S-2 and RT10S-2 specimens. Internal damage mechanics is the cause of
the temperature increase in thermographic results. The VT15S and RT10S specimens
were subjected to large permanent elongation under tensile loading (Figures 13 - 16)
without fracture and the deformation was not recovered after the load was removed.
Figures 17 and 18 show the load-displacement curves of the tensile tests for VT15S and
RT10S specimens.

50 mm

Figure 11. Geometry of the specimens for tensile  Figure 12. Reference length for the tensile tests.
tests.
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Figure 13. DIC images of the specimen VT15S -2.  Figure 14. DIC images of the specimen RT10S - 2.
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Figure 15. IRT image of the specimen VT15S 2 Figure 16. IRT image of the specimen RT10S 2
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Figure 17. Load-displacement curves of the tensile ~ Figure 18. Load-displacement curves of the tensile
tests for VT15S specimens. tests for RT10S specimens.

The manufacturing of the welded specimens was based on the use of different
equipment: a computer numerical control (CNC)-controlled automatic welding machine
suitable for butt welding of plastic sheets (TECNODUE welding machine) and extrusion
welding machine (LEISTER FUSION 3C extruder with LEISTER TRIAC ST heat gun).
Some tensile tests were carried out on virgin HDPE butt welded dog-bone specimens,
produced by means of machine welding with a thickness of 10 and 15 mm (identified as
VT10BWM and VT15BWM) and extrusion welding with a thickness of 10 and 15 mm
(identified as VT10BWE and VT15BWE). Figure 19 shows the geometry of the HDPE
butt welded dog-bone specimens and some fractured specimens are shown in Figure 20.
Figures 21 and 22 show the load-displacement curves of the tensile tests for VT10BWM
and VT15BWM specimens. The VT10BWM specimens were subjected to large
permanent elongation under tensile loading without fracture and the deformation was not
recovered after the load was removed in a similar way to the VT15S specimens except
for the VT10BWM-1 specimen which was subjected to fracture as can be seen from its
load-displacement curve, which has a load drop (Figure 21). The VT15BWM specimens
were subjected to fracture under tensile loading except for the VT15SBWM-4 and
VT15BWM-5 specimens which were not subjected to fracture as can be seen from their
load-displacement curves, which have not a load drop (Figure 22).

Figures 23 and 24 show the load-displacement curves of the tensile tests for
VT10BWE and VT15BWE specimens. The VT10BWE specimens were subjected to
large permanent elongation under tensile loading without fracture and the deformation
was not recovered after the load was removed in a similar way to the VT15S and
VT10BWM specimens. The same response occurred for VT15BWE specimens except
for the VT15BWE-4, VT15BWE-5 and VT15BWE-7 specimens which were subjected
to fracture as can be seen from their curves, which have a load drop (Figure 24).

1Y

Figure 20. Some specimens of different
Figure 19. Geometry of the butt-welded dog-bone typologies fractured during the tensile tests: (a)
specimens for tensile tests. VTISBWE 5, (b) VT1SBWM_6, (¢)
VT10BWM 1.
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Figure 23. Load-displacement curves of the tensile ~ Figure 24. Load-displacement curves of the tensile
tests for VTI0BWE specimens. tests for VT15BWE specimens.

Table 2 reports the average and standard deviation values of Young’s Modulus and
tensile strength, obtained by the tensile tests. The values of the Young’s Modulus were
evaluated by means of a Matlab routine. The value of Young’s Modulus was considered
equal to the slope of the linear curve, interpolating the stress-strain curve in order to
achieve a value of the determination coefficient R?=0.99. The low values of the standard
deviation (Table 2) confirm that there is no high scattering between the tensile tests. The
results of the tensile tests (Table 2) demonstrate that there is no significant difference
between the mechanical properties of virgin and recycled HDPE and between the base
material and the welded joints, obtained by two different welding manufacturing.

Table 2. Results for the tensile tests in terms of Young Modulus.

Specimen Number of  Average value Standard Average value Standard

typology tested of Young deviation of of tensile deviation of

specimens Modulus Young Modulus strength tensile strength
[MPa] [MPa] [MPa] [MPa]

VTI15S 7 943 68.1 24 2.3
RT10S 8 958 31.6 24 1.8
VT10BWM 8 1038 52.8 24 1.1
VT15BWM 8 931 64.3 24 1.2
VT10BWE 8 1119 78.7 25 1.5
VT15BWE 8 1060 45.5 25 1.2

4. Conclusions

Tensile and bending tests were performed on both virgin and recycled HDPE specimens
and on welded joints. The experimental tests showed good repeatability. Regarding the
bending test, it was observed that deformation was primarily due to elastic deformation.
In the tensile test, the virgin and recycled HDPE specimens were subjected to significant
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permanent elongation under load without fracture, and the deformation was not
recovered after load removal. A similar behavior was observed for the butt-welding dog-
bone specimens (machine welding) VT10BWM and the butt-welded dog-bone
specimens (extrusion welding) VT1I0BWE and VT15BWE, except for some specimens
that fractured. Conversely, the VTISBWM dog-bone specimens predominantly
fractured. From the tensile tests, it can be seen that there is no significant difference
between the mechanical properties of the different typologies (virgin and recycled
HDPE, base material and welded joints). In conclusion, virgin and recycled HDPE
materials show promising mechanical properties for structural applications for boat
building.
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