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Abstract: This study investigates the effect of void features in additively manufactured polymers
on water diffusion, focusing on polyethylene terephthalate glycol (PETG) composites. The ad-
ditive manufacturing (AM) of polymers, specifically, material extrusion AM (MEAM)), results in
manufacturing-induced voids, therefore affecting the water resistance of the printed parts. The
research analyses the effects of size, shape, orientation and the hydrophilicity of voids on moisture
diffusion in PETG composites employing numerical (finite-element) simulations. Two void types
were examined: voids of Type I that retard the moisture propagation and voids of Type II that enhance
it. Simulations demonstrate that a higher volume fraction of voids and their orientation with regard to
the diffusion direction significantly hinder the moisture transport for Type I voids. Conversely, due to
their high diffusivity, Type II voids serve as channels for rapid moisture transmission. Consequently,
for such materials, the global diffusion rates mainly depend on the volume fraction of voids rather
than their shape. These findings indicate the critical role of voids in the design of AM parts for
environments exposed to moisture, such as marine and offshore applications. Understanding the void
effects is critical for optimising the durability and performance of MEAM components underwater
exposure.

Keywords: additive manufacturing; composite material; water diffusion; void; finite-element
modelling

1. Introduction

Additive manufacturing (AM) is a widely used method with potential applications
in various sectors, including the shipbuilding and biomedical industries [1-4]. Alongside
metallic materials, AM widely uses polymers, employing Fused Deposition Modelling
based on mechanical extrusion, also known as material extrusion additive manufacturing
(MEAM). Among polymers, polyethylene terephthalate glycol (PETG) is one of the main-
stream materials in AM as it demonstrates excellent mechanical properties and chemical
resistance. Thanks to these properties, it has a significant potential in naval structures and
for other uses in the marine environment [5]. However, the degradation of 3D-printed
PETG as a result of its exposure to water is one of the major challenges that should be
considered during the design and manufacture of components for the maritime sector.

Li et al. [6] explored the hygrothermal degradation of traditional carbon fibre (CF)
woven/PETG sheet-laminated composite (produced using hot-press moulding) at 20 °C,
45 °C and 60 °C for 90 days. PETG specimens reinforced with CF-woven fabric absorbed
less water than pure PETG samples at all the studied test temperatures. The flexural
strength of such specimens exhibited a decrease ranging from 28.6% to 32.2% across a
temperature range of 25 °C to 60 °C. PETG specimens produced with material extrusion
AM (MEAM) after immersing in salt water at 30 °C for 21 days demonstrated a reduction
in tensile strength of 6.36%, as was found in [7]. Compared to polylactic acid (PLA) and
polycarbonate (PC), PETG specimens showed a better resistance to water ageing. The
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extent of reduction in mechanical performance after water ageing is one of the critical
factors for many naval applications.

Microstructural analysis with scanning electron microscopy (SEM) of specimens failed
in a 3-point bending test, which showed that the absorbed water mainly influenced the
interface area, leading to debonding between the matrix and fibres. For MEAM composite
materials, the gaps between layers, voids and other defects generated during their man-
ufacture led to higher levels of water diffusivity and absorption rate as well as a larger
surface area for water permeation [8]. Also, surface roughness affects diffusivity by varying
the surface area; it is linked to layer thickness, printing speed, nozzle temperature and
other manufacturing factors [9].

Current research on water diffusion in composite material focuses on Fick’s or Lang-
muir’s diffusion in the matrix by considering it as a homogeneous material [10]. However,
various researchers indicate that manufacturing-induced voids in MEAM structures are
unavoidable, significantly increasing the volume fraction of porosity in the printed sam-
ples [11,12]. The dimensions and shape of voids are related to the insertion of reinforcement
material [13], the gap between the contour layer and the infill zone due to the printing line
width [14], the infill pattern, etc. The research of Goh et al. [15] found voids with a size of
more than 16.4 um in the matrix of MEAM carbon- or glass-fibre-reinforced nylon. Voids
due to the imperfect bonding between the fibre and the matrix were also observed [16].

Alongside the entrapment of air and volatile components evolving from the resin
during liquid processing of the composite, the shrinkage of the matrix after curing leads
to voids in the interphase area between the matrix and fibres [17]. For an AM material,
voids between beads formed during 3D printing were found with a diameter of less than
30 um or more than 100 um [18] (Figure 1). The size of voids with triangular cross-sections
between beads could be reduced by increasing the volume fraction of fibres or diminishing
the layer thickness. Such voids have an additional further influence on diffusion in the
through-thickness, longitudinal and transverse directions.
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Figure 1. Schematic presentation of 3D-printed fibre-reinforced composite manufactured with
MEAM [18].

Historically, research into diffusion in polymers started on materials produced with
traditional (i.e., non-AM) processes. Abdelmola and Carlsson [19] examined the effect
of voids on water diffusion in epoxy with different volume fractions of voids by adding
different amounts of surfactant and blowing agent. The microscopic analysis indicated that
the artificially generated voids were spherical, and their diameter was much less than the
specimen thickness. Specimens that use both surfactant and blowing agent were influenced
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by the voids most significantly and some of the voids in the matrix were connected. The
water-uptake experiment demonstrated that the matrix’s voids substantially accelerated
the diffusion process. The content of moisture in specimens with low and medium void
fractions was slightly higher than that in the pure-matrix sample. However, in specimens
with a volume fraction of voids in the range from 50% to 60%, moisture absorption was
significantly higher than in materials with lower porosity, likely due to water filling the
connected voids. Futhermore, studies with differential scanning calorimetry (DSC) and
dynamic mechanical analysis (DMA) were conducted on the specimens with different
volume fractions of voids to investigate the effect on the glass transition temperature Ty
before and after water ageing. No variation in Ty was found during water ageing of
specimens with different microstructures.

Wang [20] explored the effects of the volume fraction of voids, their size and shape
on the water diffusion in plain woven composites with finite-element (FE) analysis both
at micro- and meso-scales. In the developed model, carbon fibres were assumed to be
hydrophobic and the water diffusion rate in the void was ten times higher than in the
matrix. The voids were randomly generated to simulate the manufacturing-induced defects
in the composite material. According to the simulation results, the diffusion rate in all
directions was proportional to the void volume fraction. The mass diffusion rate in the
thickness direction increased as the void size expanded, whereas the in-plane diffusion rate
decreased with the increasing void size. Furthermore, the standard deviation increased
significantly with larger void sizes. This could be explained by the growing extent of
randomness in models with a constant void volume fraction but fewer (i.e., larger) voids.
To assess the effect of the shape of voids, spherical and ellipsoidal voids were considered.
The former led to a lower diffusion rate, especially in cases of their higher eccentricity.
Hocine et al. [21] investigated the effect of an elliptical crack-shaped cavity aligned along
the x-axis of a matrix on water diffusion. The void significantly accelerated the diffusion
process when moisture penetrated in the x direction. This was because water vapour in
the cavity had higher diffusivity compared to that for the matrix. Conversely, the void
had a minor contribution when the diffusion was along the y direction. The study also
employed models with cavities with different aspect ratios, revealing anisotropic diffusion
when the voids were flat. In contrast, a model with a round void exhibited isotropic
diffusion characteristics. Additionally, the distribution effect of multiple voids was studied.
For elongated elliptical cavities, their increased aspect ratio led to a greater impact on
the diffusion process. Furthermore, models with numerous small voids displayed more
isotropic diffusivity than those with fewer, larger voids in the case of the constant volume
fraction of voids.

In AM materials, the voids are usually aligned regularly between printing beads as
shown in Figure 2. Such voids are due to the shrinkage of the matrix during cooling, and
their size aligns with the findings of Tekinalp et al. [18]. This allows to use of a model of
a representative volume element (RVE) in FE analysis to gain a deeper understanding of
water diffusion within the specimen.

To construct a detailed RVE model, it is important to obtain an accurate value of the
volume fraction of voids and their dimensions. Multiple methods were applied for the
analysis of voids in composites [17]. Direct measurements of material density are one of
the most affordable and straightforward ways to determine the level of porosity, as voids
do not contribute to the material’s mass. However, the density of the pure matrix is always
inaccurate due to unavoidable curing-induced voids. Additionally, for fibre-reinforced
composites, assessing the volume fraction and mass of fibres by burning off the matrix
or dissolving it with a chemical solvent introduces errors, as the residual matrix remains
on the fibres after the treatment; also, the fibres can be damaged during the procedure.
Little et al. [22] explored the properties of voids in epoxy with micro-CT scanning with a
resolution of 7 um. Voids below this resolution threshold—some 20% of the total—were
undetected. Still, they constitute less than 0.5% of the total void volume, having a negligible
impact on water diffusion in the composite material. Although micro-CT can accurately
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describe the shape, size and location of voids, the required increase in the scan resolution
increased its cost and time. In a traditional microscopic analysis, a destructive cutting is
required to inspect the cross-section of the specimen. As a result, the acquired shapes and
dimensions of voids are restricted to a 2D plane.

Printer layering sequence Printer layering sequence

X

Printing §
direction

Voids

Figure 2. Transversal cross-section of 3D-printed PETG specimen reinforced with short carbon fibres.

In this study, an FE-based assessment of the effect of voids in a MEAM composite is
performed at a microscale with the ABAQUS 2023 software package. The study focuses on
the impact of void shape and size on water diffusion linked to the moisture transport in
the matrix. At this stage of research, the contribution of fibres to the diffusion process is
not considered.

2. Methodology

Microscale finite-element models for a polymer domain with different inter-bead voids
are shown in Figure 1. The size of the model is 0.2 mm by 0.2 mm. Water diffusion in
models with different sizes and shapes of voids shown in Figure 3 was simulated and
compared to understand the diffusion around the voids further. Following a separate
mesh sensitivity study, a quadratic-dominated mesh with element size of 0.001 mm was
applied to the circular, diamond and pure matrix models. For the triangular-void model,
0.001 mm triangular elements were used to better fit the contours of the void. Such a finer
mesh, compared to elements commonly used in models of 3D-printed composites with
dimensions of around 1 mm (see, e.g., [23]), was required for microscopic simulations due
to the characteristic dimensions of the defects.
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Figure 3. Schematics of 0.2 mm x 0.2 mm FEA models: (PM) no void; (C010), (C015) and (C005)
circular voids; (T) triangular void; (D) diamond-shape void.
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Table 1 provides notation for the implemented FE models of polymers with different
voids and corresponding levels of porosity that change from 2.7% for triangular voids to
44.2% for the largest cylindrical pore. The case of pure matrix (i.e., with a porosity of 0%)
was considered as a reference.

Table 1. Notation of FE models and volume fraction of voids in them.

. . Triangle and . Circle Circle Circle
Void Shape Pure Matrix Inverted Triangle Diamond ©0.05 mm ©0.10 mm ©0.15 mm

Model notation Tand IT D C005 C010 C015

The volume 2.7% 17.7% 4.9% 19.6% 44.2%

fraction of void

In the research of Wang [20], an assumption of the hydrophilic character of the mod-
elled material was made, and, therefore, two types of voids are compared in the FE model
as shown in Table 2: Voids of Type I are completely hydrophobic, while those of Type II are
filled with air and absorb moisture from the water vapour in the air. Such assumptions,
related to extreme cases of the material’s hygroscopic response, are related to the lower
and upper bonds of diffusivity. Some researchers [20,24] assumed that the diffusivity in
the void was ten times larger compared to the matrix. This assumption highlights the
importance of void parameters in influencing the diffusion process within the matrix.

Table 2. Water diffusion coefficient of PETG matrix and voids of different types.

. Ageing Temperature . .. ) Maximum Water
Material ©0) Diffusivity (mm?ms) Uptake in Volume (%)
PETG * 25 8.02 x 104 0.55
Void Type I 25 0 0
Void Type II 25 0.026 ** 0.55

* From [6]. ** From [25].

For maximum water uptake in voids of Type II, it is assumed that the maximum
amount of water absorbed is equivalent to the amount absorbed in the matrix. A further
sensitivity analysis of the maximum water uptake in the void is shown in Figure 4. By
reducing water solubility in a void tenfold compared to that in PETG, the saturation time
was only slightly reduced. Conversely, increasing the solubility by 10 times significantly
increased the saturation time. By reducing solubility to 10% of the water solubility, the
saturation time is only slightly reduced. The sample saturated even slower than in the case
of the pure-matrix model.

The global water concentration (C) was calculated by dividing the sum of water
volumes in each matrix element by the total volume in the matrix in ABAQUS:
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Figure 4. Evolution of water uptake for different void shapes: (a) Type I; (b) Type II. (c) Effect of
solubility on water uptake.

3. Results and Discussion

Numerical simulations of water diffusion were implemented with ABAQUS for all
the void shapes and types to elucidate its thermo-spatial evolution. The results of the
analysis for Type I voids demonstrated that the inverted-triangular and the circular void
with the largest diameter had the most significant retardation effect on moisture diffusion
(Figure 4a). The rest of the models underwent saturation following a specific sequence
of void shapes and sizes: the circular void with a diameter of 0.10 mm, followed by the
diamond-shaped void, then the triangular void and, finally, the smallest circular void (with
a diameter of 0.05 mm). This saturation pattern may be attributed to the volume fraction
of the voids, as detailed in Table 1, with large hydrophobic voids restricting the moisture
propagation into the matrix. Table 1 provides notation for the implemented FE models of
polymer with different voids and corresponding levels of porosity that change from 2.7%
for triangular voids to 44.2% for the largest cylindrical pore. The case of pure matrix (i.e.,
with porosity of 0%) was considered as a reference.

Apart from the volume fraction, the shape of the voids and their orientation about
the water-penetration direction significantly impacted the diffusion process. The time to
reach a 90% saturation time increased by up to one-third compared to that for the pure
matrix model. For instance, the wide top side of the inverted-triangle void obstructed the
water absorption. As is obvious from Figure 5, the concentration contour for 5 ms indicates
that this top edge of the IT void created a barrier to moisture transport compared with the
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case of the triangular void of the same dimensions. This barrier effect was primarily due to
the reduction in the cross-sectional area available for diffusion, effectively restricting the
moisture propagation through the matrix.

Void
Shape PM €005 Co010 co15 D T IT
Time
Water
" i
Eee—— | ——————— | EEE————— | EE————— |
[ | — Ees——_ | E————— | E——— | S
| L.A o0 e
P | [ | P |
- |
I | (U | — —
| | e
30ms - . “ -
[ — [ [ 1 I I s

L 0.55% 0.50% 0.45% 0.40% 0.35% 0.30% 0.25% 0.20% 0.15% 0.10% 0.05% 0
z

Figure 5. Spatial evolution of water uptake process for different voids of Type I.

In contrast to the T and IT models, with their voids positioned away from the top
edge of the analysed domain, other void configurations exhibited higher initial moisture
concentrations when compared to the pure matrix. The central region of the top layer
reached the saturation state earlier than the peripheral elements (Figure 5). This early
saturation phenomenon was caused by the voids” hydrophobic character, which prevented
water penetration, accumulating moisture in the adjacent elements. After 10-20 ms of the
diffusion process, the concentration curves of the rest of the models intersected with that of
the pure matrix.

The simulated development of the mass flow rate (see Figure 6) provided further
insight into the moisture transport path and the distribution of fluid in the models. The
central region in the area adjacent to the water-exposed top edge had a higher mass flow
rate compared to the elements in the peripheral horizontal parts. The opposite situation
was observed at the bottom part of the model: the central region showed a substantially
lower mass flow rate compared to the peripheral elements since the water propagated from
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the horizontal peripheral elements. This observation confirmed that moisture movement
was influenced by the hydrophobic void edges. For the C015 model, the time to reach 0.5%
concentration of moisture was 20% more than for the pure-matrix model.
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Figure 6. Mass flow rate at 5 ms calculated with FEM models.

Therefore, in a situation of a hydrophobic void, its shape has a notable influence on
the direction and amount of flow in the local area. Such voids could also create barriers to
moisture diffusion by limiting the channel size.

The models of Type II demonstrated a different behaviour (Figure 4b). Here, the
model containing a circular void with a diameter of 0.15 mm reached saturation first. It
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was followed by the models in the following order: C010, D, C005, IT and, finally, T. The
obtained results demonstrated that the hydrophilic (Type II) voids could significantly
affect the transport of moisture and the overall diffusivity of the porous materials. The
sequence, in which the models reached the saturation state, corresponded to the volume
fraction of voids (Table 1): the higher the level of porosity, the earlier the transition to
saturation. Comparing the T and C005 models, the triangular void has a longer perimeter
(i.e., surface contacting with the water) compared to the circular one, despite the former
having a smaller void volume fraction. Consequently, the triangular models could transmit
the moisture more effectively. This result indicates that when the voids can effectively
transport moisture and have significantly higher diffusivity than the matrix, the overall
diffusivity of the material depends on the volume fraction of the void. Furthermore, the
geometric shape of the voids also contributes to the level of effective diffusivity. Voids with
larger perimeters exhibited higher diffusion efficiency than circular voids with a similar
volume fraction. However, this could not explain the difference in diffusion efficiency
between the T and IT models. A further explanation based on the mass flow rate diagram
is given below.

The spatial evolution of the diffusion process across various models at different time
intervals is presented in Figure 7 for Type II voids. Initially, within the first millisecond,
there was no significant difference in moisture penetration between most models and the
reference-pure-matrix model. This was because only a minimal amount of moisture entered
the voids during this brief period. However, C015 demonstrated some deviation from this
development: a thin layer of elements surrounding the bottom of the void displayed a
higher moisture concentration compared to the adjacent matrix. This was a consequence
of the large hydrophilic void, transmitting moisture to the surrounding elements more
effectively than the matrix. By 2.5 ms, the voids in most models transferred the moisture to
the surrounding elements and accelerated the diffusion process. However, in the T model,
the diffusion was less pronounced than in other models due to the limited interface area
facing the flow direction, which restricted the moisture transfer. This variation in diffusion
effectiveness is consistent with the findings presented in Figure 3: the concentration curves
have large upward deviations from that for the pure matrix after the initial stage. At 5 ms,
the diffusion for the triangular void was still limited by the reduced contact area near its top
peak, thus restricting the efficient transmission of moisture to the surrounding elements.
By contrast, the flat top edge in the inverted triangular increased the contact area of the
hydrophilic void and, therefore, transmitted the moisture to the below elements more
effectively. The upper broader contact area of the IT model led to a more uniform and rapid
diffusion of moisture, compared to the case of the narrower apex for the standard triangular
void. However, after 20 ms, as the moisture concentration on the side of the triangular
voids increased; the IT model had a higher diffusivity than the T model. Furthermore, by
this time, the model with the circular void of 0.15 mm achieved a moisture concentration of
0.5%, which was significantly faster than the pure-matrix model. This saturation time was
approximately 1/2 compared to that of the PM model. Hence, the large hydrophilic void
significantly accelerated the diffusion process.

The mass flow rate contour (Figure 6) provides additional information for under-
standing the diffusion process and specific features of its realisation for voids of different
types, shapes and dimensions. The grey zones in the contour plots are areas with the flow
rate exceeding the maximum value defined in the figure legend. Notably, these extreme
values were observed at the top of the T model for the hydrophilic (Type II) void. This
phenomenon is due to the small mesh size in the simulation of the areas around the apexes,
which resulted in artificially high mass flow rates. Compared to the IT model, the void of
the T model primarily absorbs moisture from the peak area, with the mass flow rate in its
wing area being significantly lower than that in the wings of the IT model. Furthermore,
the peak of the IT model also diffused moisture to the horizontally adjacent elements.
In all Type II models, the central region of the part adjacent to the moisture boundary
had a higher mass flow rate compared to its side elements. This is caused by the high
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diffusivity of such voids, which attracted moisture and then transferred it to areas with
lower concentrations. As a result, higher fluid transport occurred in the central parts of the
domain. In contrast to the Type I void models, the low mass flow rate in the bottom central
area was not present for Type Il models. Moisture from the void penetrated the bottom
interface and, hence, had a different moisture path.

Void
' Shapel  pp C005 C010 Co015 D T IT
Time
Water
B i
[ | B | EEE———" | —— | S | P |
P | N | EE— | e | P | e  E—
P | e P | e |
vt | I I |

7 0 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35% 0.40% 0.45% 0.50% 0.55%

Figure 7. Spatial evolution of water uptake process for different voids of Type II.

4. Conclusions

In this study, multiple finite-element models of a polymer matrix with voids were
developed to investigate the effect of voids in printing beads, inherent in MEAM products,
in the diffusion process in PETG. The results of the simulations indicate that the voids
created during the manufacturing of 3D-printed composites significantly affected the water
diffusion process in them.

It was established that the hydrophobic voids significantly retarded the diffusion
of moisture in the composite model. The time required to reach a 90% saturation state
can be up to a 1/3 longer, depending on the size and shape of the void. This became
more pronounced for the higher porosity and voids occupying considerable parts of the
cross-section available for diffusion. In general, hydrophobic voids limit the propagation
of moisture in the polymer matrix.

In contrast, hydrophilic voids considerably accelerated the diffusion process. The time
to reach a 90% saturation state can be reduced by up to 50% compared to the pure-matrix
model. The high diffusivity of these voids enabled them to act as channels, transferring
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moisture to adjacent elements. The overall diffusivity of the composite model with hy-
drophilic voids was predominantly influenced by the void volume fraction. Larger voids
with high diffusivity enhanced moisture distribution and reduced the time required to
reach saturation compared to the pure matrix.

This study investigates the impact of different void characteristics on the moisture
diffusion process in the PETG matrix. It can be concluded that in the design of 3D-printed
components for marine environments, voids with their main geometrical features are an
important feature to consider.
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