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Abstract: This study scrutinizes the thermomechanical dynamics of 3D-printed hydrofoil blades utilizing
a carbon and glass bead-reinforced thermoplastic polymer. Comparative analyses underscore the pivotal role
of polymer reinforcement in augmenting mechanical strength and mitigating deformation and residual stress.
The investigation elucidates the expeditious and cost-efficient manufacturing potential of low-cost Fused
Filament Fabrication (FFF) printers for small-scale blades, revealing exemplary mechanical performance
with nominal deflection and warping in the PA12-CB/GB printed blade. A comprehensive juxtaposition between
Selective Laser Sintering (SLS) and FFF printing methods favors SLS due to its isotropic properties,
notwithstanding remediable warping. Emphasizing the rigorous marine environment, the study cautions
against the anisotropic properties of FFF-printed blades, despite their low mechanical warping. These
discernments contribute to hydrofoil design optimization through numerical analysis, shedding light on
additive manufacturing’s potential for small blades in renewable energy, while underscoring the imperative for
further research to advance these techniques.
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1. Introduction flow of tides, propelling clean and dependable elec-
tricity generation for a resilient and environmentally

Tidal energy emerges as a critical asset for coastal ~friendly energy landscape **. In response to escalating

[1.2]

nations such as Morocco ", offering a pathway to sus-  energy needs, the utilization of tidal turbines becomes

tainable power by tapping into the continuous ebb and  imperative, particularly with small horizontal axis tur-
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bines (HATT) or vertical axis turbines (VATT) designed
to function in shallower and less robust currents °7,
The significance of these compact marine turbines
lies in their cost-effectiveness, simplified manufactur-
ing processes, and accelerated production, thereby
supporting isolated communities in their quest for ef-
ficient electricity generation. The fabrication of such
turbines can be achieved through advanced techniques
like 3D printing or additive manufacturing (AM) *'%,
facilitating the automated construction of 3D compo-
nents by layering base materials and overcoming limi-
tations in molding fabrication methods ""**), Rouway
et al. ¥ investigate the viability of employing 3D print-
ing technology, specifically Selective Laser Sintering
(SLS), to create compact tidal turbine blades suitable
for deployment in rural regions. The study focuses on
utilizing specific polymers and reinforcements in the
printing process, the research evaluates thermome-
chanical performance, revealing differences in warpage
among materials. Ultimately, the findings emphasize
3D printing as a promising avenue for designing and
developing efficient tidal energy systems, particularly
favoring polyamide 12 reinforced with glass beads
for minimal warpage. Also, in another work, Rouway
et al. " evaluate the thermomechanical capabilities
of a 3D-printed tidal turbine using Digimat-AM. They
also utilize an alternative printing method, Fused Fila-
ment Fabrication (FFF). The study highlights the en-
hanced mechanical performance of a PEI-CB/CF blade
compared to PA6-CB/CF, underscoring the 3D printing
technology’s potential in manufacturing small blades
for green energy applications.

However, the particles are crucial for reinforcing
composites, boosting their mechanical properties and
overall performance "> Their strategic incorporation
enhances strength, stiffness, and durability, improving
the material’s resistance to deformation and fracture.
This reinforcement also extends to thermal and elec-
trical conductivity, making composites versatile for
diverse applications. The size and shape of particles,
whether micro or nanoscale, influence the material’s
behavior, allowing for tailored properties. In addi-
tion, biocomposites with thermoplastic polymers and
natural fibers replace non-biodegradable materials
in wind turbine blades "\, Rouway et al. "*' utilize the
Mori-Tanaka approach to investigate how the elastic
properties of composites are affected by the volume
fraction and aspect ratio of carbon nanofillers such as
CNTs and graphene. The results indicate improved per-
formance when nanofillers are incorporated, resulting
in increased Young’'s modulus and decreased Poisson’s

ratio. Additionally, distinct enhancements are noted
in various orientations for polymers reinforced with
CNTs and graphene nanoplatelets (GNPs).

Momeni et al. ™ found that the development of
plant leaf veins follows an optimized pattern to fulfill
biological functions and withstand environmental
loads. Mimicking this structure, a 4D-printed wind
blade exhibits improved strength, stiffness, and fatigue
life. Galves et al. ** identify the hexagonal infill pattern
as effective in tidal turbine blade construction, Provid-
ing a substitute for the traditional shell-spar frame-
work. Ramirez-Elfas et al. ¥/ analyzed 3D-printed wind
turbine ribs using PLA and CF-PLA materials, revealing
higher compression strength with built-in holes. Ari-
valagan et al. *” innovated a micro wind turbine blade
utilizing 3D printing technology and PLA material, de-
signed specifically for low-wind-speed scenarios. Ari-
valagan et al. ® presented a printing technique using
low-energy electron beam curing to enhance lightning
protection on GFRP wind turbine blades. Findings in-
dicated that the incorporation of a printed carbon fiber
mesh successfully mitigated damage caused by simu-
lated lightning strikes, ensuring the maintenance of
structural integrity with a residual strength of 90.1%.
Ming et al. ** explored the application of a 3D printed
continuous carbon fiber (CCF)/epoxy mesh with self-
heating properties for deicing purposes. The printed
mesh exhibited stable resistance after undergoing hot-
cold cycles and demonstrated an 85% reduction in
deicing time compared to glass fiber-reinforced com-
posites. In a separate investigation, Kim et al. ** in-
vestigated the incorporation of an optical fiber sensor
into a turbine blade made of 3D-printed Ni-alloy. This
allowed accurate temperature monitoring up to 500°C
using directed energy deposition (DED) printing. The
adoption of a strategy involving “line-by-line printing
and stop” effectively reduced thermal energy accumu-
lation, demonstrating the feasibility of monitoring high
temperatures in complex metal structures.

Recycled composite waste transforms into 3D print-
ing filaments, presenting an environmentally friendly
alternative. This sustainable approach aims to dimin-
ish the ecological footprint and encourage circular
practices in manufacturing, thereby supporting the
conservation of resources .. The utilization of repur-
posed composites contributes to the development of
inventive and functional products. In addressing the
challenge of wind turbine blade composite waste, Ra-
himizadeh et al. ®”' propose a recycling solution utiliz-
ing 3D printing technology. According to their study, in-
corporating recycled material into polylactic acid (PLA)
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filaments results in increased specific tensile strength
and modulus when compared to PLA samples without
recyclate. The validity of this recycling method was
confirmed through thermogravimetric analysis and
micro-computed tomography, suggesting the potential
to create environmentally friendly materials with en-
hanced mechanical properties. Furthermore, Rahimiza-
deh et al. * present a recycling approach that employs
mechanical grinding and 3D printing to improve the
mechanical characteristics of 3D printed parts by inte-
grating reinforcement fibers sourced from decommis-
sioned turbine blades. The outcomes indicate a 16%
enhancement in elastic modulus and a 10% elevation
in ultimate strength, underscoring the viability of en-
vironmentally sustainable utilization of materials from
retired wind turbine blades. Meanwhile, Tahir et al.
concentrate on the effect of recycled fiber categories
on the tensile behaviors of 3D-printed PLA specimens
derived from wind turbine blade waste, revealing that
ground fibers exhibit higher ultimate tensile strength,
while pyrolyzed fibers display elevated stiffness val-
ues. The alignment of micromechanical models with
experimental results offers valuable insights into the
effects of recycled fibers on material properties.

2. Materials and Methods

2.1 Materials

The Fused Filament Fabrication (FFF) and Selec-
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tive Laser Sintering (SLS) printing methods make use
of PA12 thermoplastic polymer, chosen for its high
strength and recyclability. These technologies are em-
ployed for printing tidal turbines, utilizing both unrein-
forced and reinforced PA12 polymers with carbon (CB)
and glass (GB) beads. Figure 1 illustrates the thermome-
chanical properties of PA12 concerning temperature, in-
cluding Young’s modulus, density, specific heat capacity,
and thermal expansion coefficient (CTE). Refer to Table
1 for further details. Additionally, Table 2 presents the
thermomechanical properties of CB/GB fillers.

Table 1. Thermomechanical properties of PA12 polymer.

Properties Values
Glass transition temperature T, (°C) 49
Melting temperature T, (°C) 180
Thermal conductivity (W/Kg.K) 0.3
Poisson ratio v 0.39

Table 2. Thermomechanical properties of CB/GB fillers.

Properties Carbon Beads Glass Beads
(cB) (GB)

Density (g/cm?) 1.78 2.54

Diameter (mm) 0.05 0.05

Young’s modulus ("10° MPa) 230 72

Poisson’s ratio 0.2 0.22

Thermal conductivity (W/m.K) 1.7 0.8

Specific heat capacity (J/Kg.K) 720 753

Coefficient of thermal expansion 6
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Figure 1. Thermomechanical properties of thermoplastic polymers.
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2.2 Methods

Aerodynamics and Geometry of the Hydrofoil

When a hydrofoil comes into contact with a water
current, the hydrofoil’s structure is influenced by the
speed, creating a pressure difference between its up-
per (extrados) and lower (intrados) surfaces, as illus-
trated in Figure 2a. Typically, hydrofoils are designed
to produce increased pressure, resulting in a force
perpendicular to the relative velocity known as the lift
force (L). At the same time, there is a force acting par-
allel to the direction of the relative velocity, caused by
the hydrofoil’s opposition to fluid movement, known as
the drag force (D). These forces are commonly trans-
formed into dimensionless parameters denoted as the
lift coefficient (C,) and drag coefficient (C,), as articu-
lated in equation (10).

L D
=m0
(1)
where p represents the density of seawater measured
in (kg/m®), V denotes the varying velocity of ocean cur-
rents expressed in (m/s), A represents the area of the
hydrofoil blade measured in (m?), and L and D refer to
the lift and drag forces, respectively, measured in (N).
The hydrofoil utilized in this investigation was creat-
ed by the IRDL laboratory team at ENSTA Bretagne. It
involved modifying the configuration of a high-lift hy-
drofoil designed for low Reynolds number (Re=2.10°)
and possessing high lift capacity, similar to the WORT-
MANN (FX74-CL5-140). The refined hydrofoil, named
NTS1020 (Nachtane-Tarfaoui-Saifaoui-1020), demon-
strated optimal suitability for a marine current tur-
bine as depicted in Figure 3. Noteworthy adjustments
included a 10% increase in curvature and a 20% in-
crease in thickness, as illustrated in Figure 2. Detailed
dimensions of the hydrofoil are presented in Figure 5.
The NTS1020 hydrofoil exhibited superior hydrody-
namic performance, featuring a lower drag coefficient
(Cp) and a higher lift coefficient (C;) when compared
to the reference hydrofoil (FX74-CL5-140). Notably, it
showcased enhanced thickness in comparison to the
FX74-CL5-140, contributing to the improved structural
strength of the blade, as evident in Figure 4 and Figure
5. The profile, designed for printing purposes, possess-
es significant properties that necessitate experimental
testing to comprehend the impact of printing on aero-
dynamic coefficients.

4

(b)
Figure 2. Characteristic of the hydrodynamic profile
(a). Thickness and curvature of the profile (b).
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Figure 3. The geometry parameters of the NTS1020
hydrofoil compared to the FX74-CL5-140.
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Figure 4. Aerodynamic lift coefficients C, (a) and drag

coefficients C, (b) as a function of angles of attack.

Selective Laser Sintering SLS process

The Selective Laser Sintering (SLS) process involves
the fusion of thin layers of powder, typically 0.1 mm
in thickness, distributed evenly across the construc-
tion area using a powder leveling roller. The part is
fabricated within a sealed chamber filled with nitrogen
gas to minimize oxidation and deterioration of the
powder material. The powder on the build platform is
maintained at an elevated temperature just below the
melting point and/or the glass transition temperature
Ty of the powder " Infrared heaters are strategically
positioned above the build platform to maintain a high
temperature around the forming part and above the
feed cartridges to preheat the powder before spread-
ing it across the construction area. At times, resistive
heating elements placed around the platform are uti-
lized to heat the build platform. This preliminary heat-
ing of the powder and maintaining a consistent high
temperature on the platform are essential to decrease
the laser energy required for the process. The preheat-
ing phase reduces the laser energy needed for melting
and serves to prevent distortion of the part during
fabrication caused by uneven thermal expansion and
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Figure 5. Geometric dimension of the blade.

After the formation and preheating of an appropriate
powder layer, a focused CO, laser beam is employed to
irradiate the powder bed. The beam is manipulated by
galvanometers to thermally fuse the material, creating
a cross-sectional slice. Following the completion of each
layer, the build platform descends by a thickness corre-
sponding to one layer, and a fresh layer of powder is ap-
plied and distributed employing a counter-rotating roller.
The laser proceeds to survey the cross-sectional area of
the following slice. This sequence repeats until the entire
component is constructed, as depicted in Figure 6. A cool-
ing phase is typically necessary to ensure uniform cooling
of the parts to a temperature suitable for handling and
exposure to ambient conditions. Premature exposure of
components and/or the powder bed to room temperature
may cause powder deterioration in the presence of oxygen,
leading to uneven thermal contraction and consequent
distortion of the parts. Ultimately, the components are ex-
tracted from the powder bed, cleaned, and subjected to fin-
ishing processes. The primary limitation of the SLS method
stems from its elevated operating temperatures, which
constrain its suitability for biodegradable materials %,

The initial step in the 3D printing procedure involves
creating the geometric design of a component using
Computer-Aided Design (CAD) software. Subsequently,
the design file undergoes conversion into the Stereo-
lithography (STL) file format, a widely employed for-
mat compatible with various Additive Manufacturing
(AM) machines. The design is subsequently sliced into
thin layers by slicing software. Information about the
part, such as layer thickness, toolpath, part orientation,
material type, layer count, infill density, and pattern
type, is required. This information is prepared in the
slicing software and incorporated into the STL file. The
file is then sent to the 3D printing machine and used as
a command during the fabrication of the part. The ad-
ditive manufacturing process has been summarized in
eight steps, as illustrated in Figure 7 **,
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Figure 6. Diagram of the selective laser sintering (SLS)
process.

Source: **,
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Figure 7. The additive manufacturing process chain.

Source: **,

i. Mathematical Models for SLS

The fundamental equations describing the mechani-
cal and thermal behavior of materials in liquid form
during polymer melting, as well as the circulation of
hot air in the printing chamber, are defined by the con-
servation laws recognized in the principles of mass,
energy, and momentum conservation ®°. These equa-
tions are summarized as follows:

¢ The continuity equation:

Z—’f +V(pv)=0
2
e The momentum equation:
0 T
(gv)+V(pvxv)—V(ﬂ€ffVV) = Vp+V(u,Vv) +5
&)
e The energy equation:
o(ph) _ap _ AN
P aZ+V(pvh)7V 'u+cr, Vh|-S,
4

with p being the pressure in (Pa), S representing the
energy source, S, being the volumetric heat flux in (kJ/
m’s), t denoting time in (h), and v indicating velocity
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in (m/s). Additionally, y, p1.;, and p, stand for viscosity,
effective viscosity, and turbulent viscosity in (N.s/m?),
and h represents enthalpy in (J/kg). The notation v sig-
nifies the divergence operator: v.u = div u

The velocity gradient is simply a matrix of first-
order spatial derivatives:

v = [y, Vy, U,

X aVX aVX

ox oy oz

Vv — Y 8V,V aV,V

ox oy Oz

ov, v, Ov,
EREECE

(5)

In the SLS additive manufacturing process, a heated
powder layer is subjected to selective laser exposure,
enabling the creation of three-dimensional solid com-
ponents made of either polymer or metal. The key
physical phenomena linked with the SLS approach in-
volve heat transfer and powder sintering. The compre-
hensive modeling of the SLS procedure encompasses
optical, thermal, and sintering aspects.

a. Optical Model

The manifestation of optical traits is evident as the
laser beam engages with the surface of the powder
bed. The optical framework takes into account differ-
ent phenomena, including reflection, transmission, and
absorption. In the SLS workstation, a resilient CO, la-
ser is utilized as a source of thermal energy to initiate
selective melting. Generally, laser energy is character-
ized by a significant thermal flux concentrated within a
confined area. The pattern of laser intensity (I) across
the beam diameter follows a Gaussian correlation *”':

2
1(t.w)=(1-R)1, exp(—sz]
w
with:
I 2P

0 2
w

(6)

The reflectivity of the material surface is denoted
by R. The maximum intensity of the beam, represented
by I,, is determined by the laser power (P) and the
radius (w) of the laser intensity profile. The variable r
signifies the radial distance measured from the central
point of the laser beam.

b. Thermal Conductivity Model

The effective thermal conductivity k, within the

region is influenced by not just the temperature of the
powder bed but also by various factors such as the
thermal conductivity of the solid material (k,), the ther-
mal conductivity of the air (k,), and the porosity (¢).
Yagi-Kuni ®* has introduced a thermal conductivity
calculation model that distinguishes between two tem-
perature conditions: low and high temperatures. Un-
der low-temperature conditions, thermal conductivity
is predominantly affected by convection. Conversely,
at high temperatures, the contribution of radiation to
heat transfer becomes significant, consequently influ-
encing thermal conductivity.

k,(1-9)/(1+ 0k, / k, ) for T<673°K

(1-¢)/ [1 Ik +o/(k,+pD,h, )} +¢D,h,

.=

for T >673°K

(W /m°K)
with:

@ =0.02x10"""
(7)

The parameter @ is influenced by the material’s po-
rosity, represented by ¢, and D, denotes the diameter
of the powder grains. The heat transfer coefficients
related to radiation, h,; and h,, , apply to the powder
grain’s surface and the gaps between them, respectively.

c¢. Thermal Model

Thermal performance pertains to the mechanisms
of heat transfer resulting from the infiltration of laser
light into the powder bed. The thermal model encom-
passes phenomena such as conduction, convection,
and radiation. In the SLS process, which focuses solely
on an exterior heat flux (g) per unit incoming area into
the body, the heat transfer characteristics can be eluci-
dated using the fundamental equation of energy balance:

[ pUdQ =] qas
®

where p represents the effective density of the pow-
der bed, while Q2 denotes the volume occupied by the
powder material with a surface area S. Equation (7)
incorporates input parameters such as density, specific
heat and thermal conductivity. It assumes an initial
distribution of uniform temperature across the powder
bed before the sintering process, set equivalent to the
preheating temperature. The equation of heat transfer
for the powder considers both radiation and convec-
tion mechanisms:
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where T represents the powder bed temperature,
T, denotes the external environment temperature, h
stands for the convective coefficient heat, ¢, signifies
the material’s surface emissivity, and o, represents the
Stefan-Boltzmann constant.

d. Sintering Model

The sintering behavior typically pertains to the
transformation of a material from a powdered state
to a solid state during the sintering process, involving
changes in the local powder density p ®®. The changing
density of material over time is explained by the fol-
lowing differential equation that is dependent on time:

dp [ E
—=(r —p)AeXp[—Ej

(10)

The symbol p™ represents the density of the so-
lidified substance. The activation energy, denoted as
E, is adjusted to a suitable value to ensure favorable
sintering kinetics, taking into account the established
parameters of the process. A represents the pre-expo-
nential factor, which is unique to each material and is
measured in units of 5.

ii. SLS Process Parameters

The manuscript employs Digimat-AM software,
which offers thermomechanical analysis capabilities,
for conducting numerical simulations pertinent to 3D
printing. This software serves as a valuable tool for
both printer manufacturers and end-users by facilitat-
ing the detection of manufacturing challenges. Through
numerical simulation, hundreds of printing possi-
bilities can be tested and studied prior to final blade
production. Additionally, Digimat-AM autonomously
computes the characteristics of reinforced polymers,
leveraging the distinct thermomechanical attributes of
polymers and filler particles/fibers via the Mori-Tana-
ka homogenization method. This approach streamlines
the assessment and enhancement of 3D printed com-
ponents, optimizing their performance and structural
integrity.

The process of 3D printing, also known as Additive
Manufacturing (AM), initiates with the creation of the
hydrofoil profile-oriented blade structure through
CAD design tools like CATIA. This investigation utilizes
Digimat-AM to simulate diverse material setups, fore-
casting and evaluating the functionality of the manu-
factured components. Figure 8 outlines the sequential

stages involved in digitally printing a tidal turbine
blade. It is important to highlight that the success of 3D
printing is contingent upon various factors including
the specific process employed, the material used, ther-
momechanical constraints, and more. According to the
scheme presented in Figure 8, the first step involves
defining the geometry of the blade to be printed in the
form of an STL file and the thermomechanical proper-
ties of polymer-based composites and particles. The
thermoplastic polymer used is polyamide 12 (PA12)
due to its biocompatibility for tidal applications. Af-
terwards, the blade’s structure is modeled using the
voxel technique for sequential printing. The printing
procedure involves various variables, including tool
path and specific inputs, to outline the manufacturing
steps. Subsequently, the parameters of the additive
manufacturing (AM) process are converted into a ther-
momechanical simulation, considering heat transfer
mechanisms within the printing device. Following a
finite element simulation, the outcomes are presented
in the form of residual stresses using von Mises, tem-
perature fields, deflection, and mechanical warping of
the printed blade. The Selective Laser Sintering (SLS)
process involves sintering plastic powder within the
solid part. In this process, a laser source selectively
melts the powder by scanning cross-sectional areas
derived from the numerical model of the blade. Subse-
quent layers undergo sintering after the deposition of
new powder, and this iterative process continues until
the entire blade is printed. The parameters for the
SLS printing process applied to the blade are detailed
in Table 3, outlining the printing process’s boundary
conditions. These parameters are carefully determined
and optimized to minimize warping and mechanical
stresses. The blade is printed in a vertical orientation
and is divided into three zones: the lower cylindrical
zone (A), the twisted central zone (B), and the upper
fine zone (C), as depicted in Figure 5. The blade experi-
ences two stages during manufacturing—printing and
cooling. Its thermomechanical behavior and warping
are analyzed using Digimat-AM.

Table 3. SLS printing parameters for the blade.

Parameters Values
Chamber temperature (°C) 330
Laser power (W) 48
Convection coefficient (W/m>.°C) 15
Scanner spacing (mm) 0.15
Recovery time (s) 10
Scanning speed (mm/s) 12500
Beam diameter (mm) 0.5
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Fused Filament Fabrication FFF

The Fused Filament Fabrication (FFF) process oper-
ates by extruding a thermoplastic polymer above its
melting point. This method, widely employed due to its
simplicity, affordability, and minimal waste, produces
printed parts typically composed of pure thermoplastic
material. Consequently, these parts exhibit character-
istics such as low strength, rigidity, and compromised
structural performance ®”. Mechanical properties
of the fabricated components vary based on factors
like filament material, extrusion process, and design
parameters. The key components of an FFF printer
include the heated extrusion head, nozzle, and build
platform, with movement capabilities in three direc-
tions (x,y,z) and the option for heating. The extrusion
head’s movement in the (x,y), (x,2), or (y,z) directions
influences print resolution (see Figure 9). Nozzle diam-
eters range from 250 pm to 400 um, while filament di-
ameters typically measure 1.75 mm. The thermoplastic
filament, heated just above its melting point, is fed into
the extrusion head and then extruded through the noz-
zle onto the build platform. Step by step, this sequence
recurs until the 3D model is finished. Solidification of
the extruded filament occurs through cooling, ensuring
precise control over pore size, shape, and homogeneity.
The extruder comprises a cold end for filament intake
and a hot end, typically aluminum, heated by a heating
cartridge. This heating element melts the filament as
it moves through the thermal tube toward the nozzle.
A forced air cooling system, integrated with the print
head, prevents excessive heat in extruder sections re-
quiring lower temperatures.

Mm

® [nitial CAD *stl file * Material © Heat treatement — ® Minimized
* Material deposition * Surface finish Warpage
« Toolpath Minimized
o« Process e Residual stresses
parameters * Mastered
Porosity
* Mastered
Performance

Figure 8. 3D Printing flowchart for the hydroturbine
by Digimat-AM.

3 Filament

material

Feed motor

Hot nozzle

Extruded material

Platform

f

Figure 9. The Fused Filament Fabrication (FFF)
manufacturing method.
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Recent progress in additive manufacturing includes
integrating strengthening substances into thermoplas-
tic polymers to augment the mechanical characteristics
of printed components. This enhancement involves in-
troducing reinforcing fibers, like carbon and glass fib-
ers, into polymer filaments. In a research conducted by
Shofner et al. *”, an ABS matrix was employed to cre-
ate nanofiber-reinforced composites through the FDM
method. The filament comprised single-walled carbon
nanotubes and ABS plastic. Following the filament’s
creation, a 40% improvement in tensile strength and a
60% increase in Young’s modulus were observed in the
printed parts.

This section elucidates the origin of distortion in
printed components during the FFF printing process.
When a heated thermoplastic layer is laid down, it
undergoes a cooling and solidification process, lead-
ing to contraction. This layer is applied to a preceding
layer that has already undergone cooling and contrac-
tion. The newly deposited layer adheres to a colder
layer, and due to the differing rates of thermal expan-
sion between the layers, they contract unequally until
reaching thermal equilibrium. Consequently, the upper
layer contracts in relation to the lower layer, generat-
ing residual thermal stress within the plastic layers .
The lower section of the upper layer experiences ten-
sion, while the upper part of the lower layer undergoes
compression, resulting in shear stress at the layer
interface. If these stresses surpass the mechanical
strength of the component and the adhesion of the
build plate, deformation occurs, as depicted in Figure
10a. Without proper protection against shrinkage,
thermal contraction induces warping “?. Alternatively,
if the part is constrained by build plate adhesion, cool-
ing leads to the development of thermal stresses rather
than mechanical thermal deformation, as illustrated in
Figure 10b.

The challenge of warping in 3D printing extends
beyond mere avoidance of visible defects like edge
cracking or deformation. High residual stresses re-
sulting from warping can significantly compromise
the strength of printed objects, as stressed interlayer
bonding may break under mechanical load. Abrupt
temperature changes during printing exacerbate stress
concentration, leading to potential layer separation
and altered fracture envelopes °. Addressing warping
begins with filament selection, as filament properties
interact with printing conditions to induce warping **.
Materials with higher glass transition temperatures,
such as ABS and polycarbonate, require elevated cham-
ber temperatures to minimize thermal shrinkage and
deformation. Professional FFF printers with heated
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build chambers offer an effective solution, maintain-
ing temperatures below the material’s glass transition
temperature to reduce shrinkage and optimize part
strength **!. Specific chamber temperatures within the
filament’s creep zone are crucial, ensuring minimal
warping and maximal part strength. For example, ABS
performs well in an 85 °C chamber, while PLA benefits
from a 35 °C chamber with adequate airflow for cool-
ing during printing **.

S Hot layer

Cold layer Thermal contraction

‘Warpage

Hot layer Extended layer placed on a
contracted layer

Cold layer

Top layer cools and
contracts Differential contraction causes
bending

Lower layer goes into

compression

(@

Hot layer

Thermal stress resisted by the construction plate (no

Cold layer .
contraction)

Hot layer
Cold layer

Extended layer placed on a constrained layer

Cold layer
Cold layer

The extra layers add more stress, but it is uniformly
distributed (no deformation)

(b)
Figure 10. The deposited layers during printing. Poor
adhesion (a) and adequate adhesion (b).

Filament selection for 3D printing is often driven by
desired material properties, while integrating heated
build chambers into printers presents ongoing chal-
lenges due to factors like patents and costs. Two main
strategies address warping: adhesion surfaces, which
mechanically secure prints but may not prevent delam-
ination, and heated build plates, which enhance adhe-
sion and minimize thermal shrinkage. However, main-
taining an excessively high build plate temperature
can exacerbate warping by softening the lower part
of the print beyond its ability to resist stresses from
cooler layers above. Temperature control is crucial,
with heated build plate temperatures typically slightly
higher than chamber temperatures due to measure-
ment considerations and layer cooling during printing.i.
Mathematical Models for FFE.

a. Mechanical Analysis

To utilize the finite element model in forecasting the

thermo-mechanical characteristics of printed compo-
nents, it becomes essential to articulate the constitu-
tive equation dictating their mechanical response. The
mechanical behavior of polymer composites under
linear elasticity adheres to Hooke’s law, which deline-
ates the correlation between stress and strain in a sub-
sequent manner:

€ S S Sy Sy S S [on
) Sp Sy Su S Sy || on
&3 | _ Sy Sy S Sy || O
Y2 Su Sis S || T
V2 sym. Sss Sse || T
Va1 Ses ) \ Ta1

(11

where ¢ is the normal strain, y is the shear strain, t is the
shear stress, and o is the normal stress. Also, equation
(11) can be rewritten in tensor notation as follows:

<ng> =S: {O-!/'}

(12)

No presumptions have been employed thus far, except
elasticity. Therefore, equation (11) remains applicable to
any anisotropic domain lacking symmetry elements.

For a material characterized as orthotropic, denot-
ing a substance with three planes of symmetry that are
mutually perpendicular, equation (11) transforms in
the following manner:

&y S S S 0 0 Oy
5} Sp S 0 0 0 |0y,
&y | S; 0 0 0 O
Y2 Sy 00 . T
Vs sym. S 0 Ty
731 Ses ) \ T3

(13)

Equation (13) can be condensed with respect to the
nine variables by taking into account the elastic con-
stants, including Young’s modulus (E,-l-), Poisson’s ratio
(v;), and shear modulus (G,), in the following manner:

& 1/En _Vlz/En _V13/E11 0 0 0 Oy
&y VE, -vy/Ey O 0 0 Oxn
&y | /E,; 0 0 0 oy
"2 /Gy, 0 0 T
VN sym. /Gy 0 To3
V31 /G, ) 7,
(14)
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with:
E, =Zu By = T , By =In
én En €33
& &
Vip = l’ 13- ,‘/23:_i
1 1 22
(15)
And we have substituted:
S, -1 .S, = Vi _ "V .S, = Vs _ "V
E, E, E, E, Ej;
1 -V -V 1
Sp=—-,Spy="t=—0 8, =—
E, E, E, Ey
1 1 1
S44 7G7 P Sss :Gi P Sas :Gi
23 13 12
(16)

By rephrasing equation (14), the stress matrix can
be represented using the tensorial product of the stiff-
ness matrix C and the strain tensor ¢;:

<%>ZC:{%}

(17)

The compliance matrix S is derived by inversely
transforming the stiffness matrix C, resulting in the
subsequent matrix:

Oy G G G, 0 0 0 &
Oy Ch Gy O 0 0 En
oy | C; O 0 0 &5
7, Cy 0 0 [,
Ty synm. Cs 0 Va3
73 [YAVS
(18)
with:
(S22S33_S232) (S”SH—SBZ) (SnSzz_Slzz)
= S s L = S >y = S
C.= (S23S13 _S12S33) C.= (S12S23 _SZZSIS) C..= (S12S13 _S11S23)
2= S [k S > 23 = S
1 1 1
Cpy=—,Cyy=— , Coe =—
44 S44 55 Sss 66 Sss
S= SHSZZS}} +2S12S23S13 7S132522 7S232S11 7S132S33
(19)

The determination of Young’s modulus and Pois-
son’s ratio can be achieved in the following manner:

O, O,
_%nu _ 22
E11 > Ezz - E33
& Exn
&

= 2 33
Vip =Vi3 =~ > Vo3 T T

11 €

10

(20)

The in-plane shear modulus can be determined
from a specimen positioned at + 45° by employing the

subsequent equation.

E

Glz = -
2(1+v,)

21

When it comes to polymers, the substance is recog-
nized for displaying anisotropic characteristics, and
the stress-strain response can be articulated in Carte-
sian coordinates as stated in **':

1

g, = E[O'“V(O'zz +0,, )] +a,AT
1

&y = E[O'ZZV (0, +05 )J +a, AT
1

&y = E[O-MV (o, +0y ):| +a,AT

_l+v _l+v I+v

gxy E O-xy > gxz E O-xz > gyz - E vz
(22)

where q, is the coefficient of thermal expansion. The
thermal deformation can be determined as follows:

g, =a AT
(23)

The effective stress o,; and von Mises Stress oy,
can be calculated as follows:

_ [ 2 2
Oy =NO1 +0yn +05 +2‘/(O—110-22+6110'33+O_22633)
1 2 2\? 2 2)\? 2 2)\?
O Mises :\/E[(GH —0x ) +(O-22 — 03 ) +<O'33 —0y ) :|

(24)

b. Thermal Analysis

Thermomechanical analysis involves a sequential
coupling of stress analysis and heat, establishing an
indirect connection. In the numerical representation,
the inclusion of heat transfer enables the computa-
tion of temperature fluctuations during the printing
procedure. The governing partial differential equation
governing heat transfer is articulated as follows:

or_ (o1 o1 0T
"ot ox* oyt ot

(25)

in which k (in W/m-K), C, (in J/kg-K) and p (in kg/m?)
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express the thermal conductivity, specific heat capacity
and the density of the polymer, respectively. The ther-
mal energy H linked to the solidification of the phase is
estimated in the following manner:

H = pC,(T)dT
(26)

The layers in print were placed in the thickness
orientation. A fresh layer, added at temperature T,,
undergoes cooling to match the chamber temperature
T.. Throughout the printing procedure, the layers expe-
rience heating through conduction, causing their tem-
perature to surpass Tg. The thickness of the component
is built up in the z-direction, maintaining a consistent
chamber temperature T.. In this dimension, the tempo-
ral evolution of temperature, denoted as T(z,t), adheres
to the subsequent thermal equation during time ¢:

or 0T
C —=k
Pore e
(27)
The solution to this equation is as follows **:
T(z,t)=T, +i ! ex] —Z—z
’ ¢ pC, N it P 4xt
(28)

When x is defined as k/p. C,, representing the ther-
mal diffusivity of the polymer in (m?®/s), and the print-
ed component possesses considerable dimensions,
particularly with a thickness e that surpasses the layer
thickness Ae, the thermal energy of the layer can be ac-

quired 7"

H=pC Ae(T,-T))
(29)

The method to acquire the temperature fluctuation
across the thickness of the component is as follows:

A 2
T(z,8) =T, +(T, ~T.)———exp| ——
Kt 4kt
(30)
where the initial state temperature is T(z,t=0)=23C .
Equation (30) allows for the calculation of the temper-
ature variation at the position z. For instance, to define

the layer at which the temperature T is equal to Ty at a
given time t during the printing process, one writes:

Ae T,-T. |
z(t)=2&\/ln(mﬁj Int

(€3]

This equation applies to the printing characteristics
of materials. The resilience and dimensional consist-
ency of printed components are influenced by residual
stresses and warping introduced during the process.
Wang et al. ¥ formulated a straightforward analytical
model, employing thorough simplifications, to forecast
warping deformation following the FFF (Fused Fila-
ment Fabrication) procedure in ABS. They quantita-
tively scrutinized all contributing factors and obtained
the subsequent expression for forecasting inter-layer
warping 8y

2
6 = (1,-1) (1]

2
e e

(32)

where L, represents the section length of the part, and
n=e/Ae represents the number of deposited layers.
Derived from the examination of the model, some rec-
ommendations have been made to effectively reduce
warping phenomena. According to this simple analyti-
cal model ™", the amount of deformation increases
more than linearly with L, is proportional to the layer
thickness Ae, and decreases monotonically with the
increase in thickness e, meaning that warping is pro-
nounced in the thin sections of the part. Additionally,
the degree of deformation 6, of the layer depends on
the temperature gradient (Ts-T,), as well as the coef-
ficient of thermal expansion «,, In accordance with the
association outlined in equation (32).

ii. FFF process parameters

The performing hydrofoil profile NTS1020 is
used to 3D print the blade using the FFF method *”.
FFF technology involves melting and extruding a poly-
mer material filament to layer by layer print a part. The
fiber aspect ratio is 10, and the reinforcements have
a tensor with random orientation (a,,=0.33, a,,=0.33,
a35=0.33). The printer nozzle has multiple orienta-
tions during printing, but short fibers in the polymer
tend to align with the printing direction *°. Hence,
the polymer’s average fiber orientation is deemed to
be random. In order to fabricate a component, the G-
code must be derived from the geometric file in *.stl
format. The G-code, produced by the Ultimaker 3 slicer
software, includes directives for movement, extrusion,
and heating. These commands are interpreted by the

11
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printer to create a 3D model. The Digimat-AM requires
a toolpath based on the G-code, and the voxel method
is utilized to mesh the blade. Following this, finite ele-
ment analysis is employed to extract data related to
residual stresses, temperature, and deformation fields
in the modified blade.

3. Results and Discussion

The selection of the appropriate 3D printing tech-
nique depends on the specific requirements of your
project and the allocated budget ®'!. In the context of
FFF printers, the resolution is contingent upon the
nozzle size and the precision of extruder movements.
Various factors, such as deformation, layer misalign-
ment, shifting, and lower part shrinkage, contribute to
decreased precision and surface smoothness of printed
components. In contrast, SLS printers consistently
yield objects with superior resolution compared to FFF
printers, primarily determined by the optical spot size
of the laser. Moreover, SLS printing exerts less force on
the model, resulting in a much smoother surface finish.
Additionally, the SLS method enables the production
of intricate parts in a single process without requiring
glue, unlike the FFF method, as powders function as a
supportive structure for the printed components.

The Fused Filament Fabrication (FFF) technique
is a prevalent technology in the consumer 3D print-
ing sector due to its comparatively affordable nature.
However, it comes with inherent technical limitations.
In contrast, Selective Laser Sintering (SLS) printers are
typically utilized in professional or industrial settings
due to the higher cost of the machines. This cost is jus-
tified by the superior quality and technical capabilities
of the printed components. Unlike the FFF method, the
SLS approach doesn’t necessitate structural support
during printing, leading to shorter printing times. Post-
processing for SLS-printed objects is less intricate com-
pared to other technologies. It involves the removal of
unused or unfused powder that acts as support during
printing. This task can be carried out manually or with
the use of compressed air. On the other hand, post-pro-
cessing for FFF presents challenges. Inadequate dis-
solution of the support structure can potentially harm
the print or result in surface imperfections. Moreover,
specialized equipment such as glass containers or an
ultrasonic bath is required **.

The bonding strength between layers in SLS print-
ing is very strong. This means that parts printed by SLS
have almost isotropic mechanical properties. In FFF,
printed objects are weaker in the vertical construction

12

direction due to the anisotropy of material properties
resulting from the additive layering method. FFF ob-
jects are anisotropic, and when weight is applied, these
printed objects can be damaged if not oriented correct-
ly. In short, FFF parts do not have the same strength in
all directions, emphasizing the importance of orienta-
tion in the design and printing of robust parts.

Warping is a prevalent issue in the manufactur-
ing process. As the material undergoes solidification
through the FFF technique, a reduction in its dimen-
sions occurs due to the cooling process. Since various
segments of the printed object experience distinct
cooling rates, their dimensions also alter unevenly.
This non-uniform cooling results in the development
of internal stresses, which subsequently cause the
lower layer to be pulled upward, leading to warping.
Similar to FFF, SLS objects are also prone to warping
and shrinkage. The thermoplastic powder must be
subjected to high temperatures for sintering, meaning
the printed object undergoes a cooling process almost
immediately after the formation of the solid layer. As
the printed part cools, it contracts and shrinks in all
directions, potentially resulting in imprecise dimen-
sions. Stress due to contraction can also accumulate in
certain parts of the printed piece, especially in corners
and sharp edges, leading to warping or deformation of
these areas.

Figure 11 presents a comparison during the printing
and cooling processes between the SLS and FFF addi-
tive manufacturing methods of the printed blade based
on mechanical deflection, residual stress, and warping.
These thermomechanical properties were evaluated
based on the volume fraction of carbon (CB) and glass
(GB) particles with the PA12 polymer. According to
the simulation results discussed earlier for both print-
ing methods, a general conclusion can be drawn that
increasing the volume fraction of particles increases
von Mises residual stress, leading to a decrease in the
mechanical deflection and warping observed in the
printed component. Also, the mechanical response of
the FFF-printed blade during printing is much more
significant than that with SLS printing for mechanical
deflection and von Mises residual stress (Figure 11)
due to the high printing speed and significant mechani-
cal forces demonstrated by the FFF method. However,
the opposite is observed for the mechanical warping
of the PA12-CB/GB-based blade, where it is more sig-
nificant for the SLS method than for the FFF method
(Figure 12). The addition of CB/GB particles can gen-
erate a uniform cooling rate throughout the blade, and
the shrinkage of the blade becomes uniform, reducing
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warping, and indicating the dominant effect of these
particles in resisting sample shrinkage. As the volume
fraction of CB/GB particles increases, the coefficient of
thermal expansion (CTE) decreases, resulting in low
mechanical warping of the blade, due to the propor-
tional relationship between the CTE and warping as
shown in equation 32.

It is observed in Figure 11 that the mechanical de-
flection of the printed blade decreases with increasing
volume fraction due to the improvement in mechani-
cal stiffness. However, residual stress increases with
volume fraction due to the accumulation of tempera-
ture gradient during printing. On the other hand, the
temperature of the blade at the final printing stage in-
creases slightly, due to the improvement in the thermal
capacity of the polymer by adding the particles. Thus,
by using the particles, the coefficient of thermal expan-
sion decreases, which reduces mechanical warpage. In
addition, the deflection and residual stress have higher
values during cooling than during printing. This is be-
cause the accumulated temperature gradient generates
residual stress during printing, and when the blade
cools, the temperature gradient decreases and mechan-
ical shrinkage becomes significant, resulting in high de-
flection and high residual stress compared to printing.

The vol% refers to the volume fraction of carbon/
glass particles. The effect of vol% on the results of this
study is significant as it directly impacts the mechani-
cal properties and performance of the composite ma-
terial. A higher vol% typically leads to increased rein-
forcement within the composite, resulting in enhanced
strength, stiffness, and other mechanical properties.
The study likely explores various volume fractions
to assess how they influence the structural integrity,
durability, and overall performance of the 3D printed
composite material, providing insights into the most
suitable reinforcement content for optimal turbine
blade construction.

Mechanical warping is connected to the temperature
field experienced by the material during printing, and
since PA12 undergoes a higher temperature during SLS
printing than FFF printing **, warping is more pro-
nounced in SLS. The combination of the high tempera-
ture in the SLS build chamber and the additional heat-
ing due to the laser results in significant degradation
of the entire PA12 material. Numerous investigations
have demonstrated that the characteristics of PA12
degrade when subjected to elevated temperatures
over prolonged durations. Polymer chain crosslinking
leads to an increase in molecular weight, which raises

the viscosity in the molten state of the material and
decreases its yield strength and elongation at break **.,

The deformation of parts in FFF printing is attribut-
ed to the quick heating and cooling cycles of the feed-
stock material, resulting in the accumulation of residu-
al stresses during part construction. Previous findings
suggest that composites with low residual stresses
tend to exhibit more warping, and conversely, those
with higher residual stresses experience less warping.
Consequently, the FFF process shows higher residual
stress, as depicted in Figure 11, leading to reduced
warping, as illustrated in Figure 12. To elaborate,
FFF has a higher printing speed, and it is evident that
shrinkage increases with the acceleration of printing
speed across all composite materials. This indicates
that residual stress escalates with printing speed *°.. In
contrast, in SLS, the printing speed is lower compared
to FFF, resulting in heightened mechanical warping of
the printed blade in the case of SLS.

Shrinkage is described as a modification in dimen-
sions, while warping is characterized by alterations
in shape. The primary factor contributing to warping
is the inconsistency in shrinkage. When a component
uniformly contracts in all dimensions, it diminishes
in size while maintaining its original form. Converse-
ly, if specific elements of the component experience
disparate rates of shrinkage, it gives rise to internal
stresses. Should these stresses surpass the structural
rigidity, deformation, known as warping, occurs in the
object.

The tidal turbine blade can be subjected to extreme
forces in the marine environment. The direction of the
force F is probably vertical to the blade, representing
the flow of marine currents. We depict two illustrative
diagrams in Figure 13 showing mechanical delamina-
tion, which is low for the SLS method due to the high
bonding strength between layers. In contrast, for the
FFF method with weak bonds, the blade can quickly
incur damage through delamination under vertical
printing forces.

It can be concluded that it is better to print the blade
using the SLS method despite the significant warping
observed, which can be compensated for. The harsh
nature of the marine environment where the hydrofoil
blade is located imposes isotropic loads in all directions
that the blade may experience, eventually leading to its
damage. It is deduced that the FFF method should be
avoided in the construction of these structures, despite
its low mechanical warping, due to the anisotropic
property of this method.
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Figure 11. Comparison between the thermomechanical properties of the blade printed with PA12-CB/GB using
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Figure 12. Comparison between the mechanical warping of the blade printed with PA12-CB/GB using SLS and FFE.
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Figure 13. Comparison between the mechanical
delamination of the blade printed with SLS and FFF.

4. Conclusions

The study delved into the thermomechani-
cal characteristics of a hydrofoil blade produced
through 3D printing. The utilized material is a ther-
moplastic polymer enriched with carbon and glass
beads (CB/GB). Findings indicate that the deflec-
tion pattern undergoes changes with distinct print-
ing materials. Additionally, an analysis is conducted
to explore the impact of polymer reinforcement on
mechanical strength concerning deformation and
residual stress. Computational findings highlight the
notable mechanical strength of reinforced polymers
in comparison to their unreinforced counterparts.
Furthermore, this reinforcement proves valuable in
mitigating mechanical warping.

Furthermore, it can be inferred that the compact
blade can be rapidly manufactured using economi-
cal FFF printers. The 3D printing procedure involves

several phases and enhancements to achieve peak per-
formance after numerous simulations. The thermome-
chanical effects were examined using improved ther-
moplastic materials. Simulation results revealed that
the PA12-CB/GB printed blade displayed outstanding
mechanical performance, characterized by minimal
deflection and mechanical warping. Furthermore, a
comparative analysis of two printing methods, SLS and
FFF, was conducted. It was determined that employing
the SLS method for blade printing is preferable due to
the blade’s isotropic properties, despite notable warp-
ing that can be rectified with particles. The marine
environment, where the hydrofoil blade is situated, is
known for its harsh conditions. The FFF-printed blade
exhibits anisotropic properties, which are undesirable
for these structures, despite having low mechanical
warping. In conclusion, this numerical analysis offers
optimization insights for hydrofoil design and demon-
strates promise in printing compact blades. However,
further research is necessary to advance additive
manufacturing for the benefit of renewable energy ap-
plications.
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