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Abstract: The advancement in 3D printing techniques has raised the hope to use additively manufac-
tured parts as final products in various industries. However, due to the layer-by-layer nature of AM
parts, they are highly susceptible to failure when they are subjected to fatigue loading. This review
provides a detailed account of the influence of 3D printing parameters on the fatigue properties
of parts manufactured by fused filament fabrication (FFF). Existing standards for fatigue testing of
polymers and their limitation for 3D-printed parts are discussed. In addition, the cyclic behaviour
of polymers is reviewed, and the impact of 3D printing parameters on the mechanical behaviour of
FFF parts under tensile, compressive, flexural, and bending fatigue is investigated according to the
published results in the literature. Finally, a summary of the works undertaken and suggestions for
future research are provided. The influence of 3D printing parameters on the fatigue performance of
prints can be different from that seen in the case of static loading and strongly depends on the fatigue
loading type. While cross-over infill patterns, higher infill density, and higher layer height favour
achieving higher fatigue strength in all loading types, raster orientation is best to be aligned parallel
to the tensile loads and perpendicular to the compressive, flexural, and bending forces. In the case
of tensile and flexural loading, Y build orientation yields the best result. Finally, print velocity was
found to be less significant compared to other parameters, implying that it can be set at high values
for faster printing.

Keywords: fatigue strength; fused filament fabrication; 3D printing parameters; additive manufacturing;
mechanical properties

1. Introduction

In recent years, additive manufacturing (AM) or 3D printing has got the highest
interest from industries, including aerospace [1], automotive [2], biomedical [3], construc-
tion [4], food [5], and other industries [6]. AM offers the freedom of design, implying that
complex geometries can be manufactured in one step, eliminating the tooling cost and post-
processing steps, such as machining [7]. Further, several components can be manufactured
in one step via AM, reducing the weight of the final product and therefore saving up to
33% fuel in transport industries [8]. The economic benefits of AM on supply chains include
lower material waste, simplified production processes, and improved flexibility because
the finished product can be manufactured near the customer.

Among the various AM techniques, fused filament fabrication (FFF), also referred
to as fused deposition modelling (FDM) or material extrusion (MEX), is considered one
of the most widely used and cost-effective manufacturing methods for plastic parts. In
FFF, 3D parts are created using a continuous thermoplastic or composite material thread
in filament form. Figure 1 schematically illustrates the 3D printing of a typical tensile
specimen. This method includes an extruder that feeds the plastic filament through an
extruding nozzle, which is selectively deposited layer by layer onto the build platform
after melting in a predetermined automated path. Depending on the specimen orientation,
supporting structures are 3D-printed through a different nozzle to support the structure of
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Supporting filament

Supporting structure

prints. Supporting structures, as sacrificial materials, are necessary to secure overhanging
sections to the previous layers when the crucial inclination angle (often 45°) is reached and
to assist in removing the part from the build plate without damaging the main part. These
structures also favour maintaining the part’s structural integrity during metal printing
by reducing distortions caused by thermal stresses [9]. A review of different support
structures and their designs for AM parts is provided in [10]. Supporting filaments are
usually extruded thorough a different extruder. The second extruder can also be used to
print materials with different colours or mechanical or electrical properties [11,12]. The
extruders (nozzles) are attached to the print head that can move in the X and Y directions.
However, using two extruders implies high inertia to the print head, decreasing the printing
accuracy. Furthermore, while the active extruder is operating, the remaining molten plastic
in the inactive extruder might leak into the component [12].

Main filament

/\ Print head
Hot end extruder (nozzle)
,4'
=l <

...' - Specimen (FFF print)

X

Figure 1. Schematic illustration of the FFF process.

Like other parts, FFF prints (referred to as “print” hereafter in this paper) are suscepti-
ble to mechanical failures during their service life. Of known failures, fatigue is structural
damage caused by cyclic loading that might result in cracking or rupturing of the part at
stresses lower than its yield strength. Therefore, it is vital to understand the resistance
of FFF prints to cyclic loading and unloading [13]. Generally, FFF prints possess weaker
strength than their injected-moulded (IM) counterparts due to the inherent flaws, such
as void spaces, improper adhesion between extruded filaments, and material degrada-
tion during printing. Further, thermal stresses between extruded filaments may cause
the formation of internal cracks, which can progress during the loading stage [14]. Padzi
et al. [15] characterized the mechanical properties of tensile acrylonitrile butadiene styrene
(ABS) specimens fabricated via injection moulding and FFF printing. The specimens were
subjected to quasi-static and fatigue tensile loads at stresses equal to 40%, 60%, and 80%
of their ultimate tensile strength (UTS). The authors concluded that the FFF prints had
considerably inferior performance, showing approximately 63% and 41% lower tensile
and fatigue strength, respectively, compared to that observed in IM specimens. Figure 2
compares the S-N curves of injection-moulded and FFF-printed ABS specimens at different
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stress levels. In another study by Puigoriol-Forcada et al. [14], the flexural fatigue life of FFF
polycarbonate prints was reported to be notably lower than that of their IM counterparts.
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Figure 2. S-N curve for 3D-printed and injection-moulded ABS specimens (Adapted from S-N curves
by Padzi et al. [15]. CC BY 3.0).

However, the quality and mechanical strength of FFF prints can be substantially
enhanced by introducing reinforcing fillers to the polymer matrix (composite filament) or
optimizing the 3D printing parameters. In the former method, fillers of different shapes
and materials are mixed with the polymeric filament to increase its strength. However,
it has been shown that the fatigue strength of FFF prints can be enhanced [16,17] or
deteriorated [18] by introducing filler materials, depending on the loading type, material,
shape, and content of the added fillers. Therefore, optimizing 3D printing parameters
is the key to obtaining the highest potential mechanical strength in FFF parts, including
composite prints. Miller et al. [19] fabricated thermoplastic polycarbonate urethane (PCU)
samples using injection moulding and FFF printing. They subjected the fabricated samples
to monotonic compression and tensile tests, as well as shear and tensile fatigue loads. They
concluded that the monotonic and fatigue strength of FFF samples not only matched that of
IM parts but also outperformed them in some cases. Choosing suitable printing parameters,
such as a high nozzle temperature, was stated as the key to achieving high-quality parts
in this work. It was also reported by Arbeiter et al. [20] that high-quality PLA prints with
near isotropic fatigue properties are possible by implementing optimum parameters during
FFF printing.

These results highlight the significance of 3D printing parameters in obtaining durable
prints with high fatigue properties. Although the influence of 3D printing parameters on the
quasi-static performance of prints has been widely discussed within the literature [21,22],
there are limited accounts of this effect on fatigue performance. Numerous studies are
available on the overview of the fatigue data in additively manufactured parts; however,
the influence of 3D printing parameters has not been discussed in detail. An overview of
fatigue data in additively manufactured parts was provided by Safai et al. [13]. A discussion
of FFF technology was included in the paper cited above, but no in-depth analysis of the
impact of different 3D printing settings was included. In addition, Shanmugam et al. [23]
reviewed the fatigue behaviour of FFF parts from a material standpoint. This study aims to
provide a detailed account of the effect of 3D printing parameters on the performance of
FFF parts under tensile, compressive, flexural, and rotating bending fatigue. Influential 3D
parameters are discussed, and the fatigue testing of polymers is explained. Research gaps
are then identified, and suggestions for future works are provided in this review.
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2. Three-Dimensional Printing Parameters

Three-dimensional printing parameters can be categorized into two groups, as shown
in Figure 3. The first group includes topological parameters that can be adjusted via the
slicing software, referred to as “layering parameters”. The second group, i.e., “device
parameters”, are those directly related to the 3D printing device. According to a study
conducted by Jap et al. [24], the main parameters affecting the fatigue strength of FFF prints
include build orientation, infill density, number of shells, raster angle, nozzle temperature,
platform temperature, printing speed, layer height, and nozzle diameter.

Raster angle

Build orientation

(Print Direction)

Layering parameters
3D printing parameters

Device parameters

Figure 3. The 3D printing parameters influencing the mechanical properties of FFF prints.

Layering and device parameters are shown in Figure 4. Figure 4a illustrates the
extrusion width, infill pattern, infill density, and perimeter (shell). The extrusion width is
the width of the extruded filament. This parameter is adjusted by the nozzle pressure and
normally can be from 90% to 250% of the nozzle diameter. Extruded filaments in each layer
are laid in a configuration called “infill pattern”, determining the internal structure of the
print. In this regard, different infill patterns, including rectilinear, grid, and honeycomb, can
be used, as indicated by Figure 4a. In this study, patterns such as grid and honeycombs are
referred to as “cross-over” patterns since the extruded filaments of each layer or successive
layers cross each other with an angle larger than zero. The fraction of the solid volume
within the printed object is termed “infill density”, which is a determining factor for the
mechanical properties of the print. The infill density can range from 0% to 100%, with 0%
being an empty volume and 100% showing a fully solid object. In addition, to maintain the
structural integrity of the 3D-printed object, perimeter/shell layers are used to enclose the
internal structure. Perimeters are fully dense layers that can have a different width from the
as-extruded filaments inside the part. Some solid layers (with 100% infill density) may be
positioned at the bottom or top of the object to strengthen it and avoid the pillowing effect.
Pillowing occurs at the top layer of prints, appearing as irregular bumps and undesired
holes. Pillowing is caused by improper cooling of the top layers and can be avoided by
using solid layers at the top [25].
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Figure 4. Schematic illustration of 3D printing parameters: (a) infill density, infill pattern, perimeters,
and raster orientation, and (b) different build orientations, layer height, and nozzle diameter.

Other parameters include the build orientation, layer height, and nozzle diameter,
as illustrated in Figure 4b. The build orientation determines the positioning of the object
of interest in the 3D printer chamber. In other words, the build orientation denotes the
direction of the specimen with respect to the build platform. Figure 4b shows the build
platform and tensile specimens fabricated at three orthogonal build orientations, i.e., X,
Y, and Z, denoting the perpendicularity of the build platform to the sample’s thickness
(shortest length), width (medium length), and height (highest length), respectively. This
definition applies to all samples discussed in this study. Finally, the height of each layer can
be adjusted in the slicing software. As depicted in Figure 4b, the smaller the layer thickness,
the larger the number of required layers.

Raster orientation denotes the direction of extruded filaments in the build platform.
This study defines the raster angle as the angle between the raster orientation and the stress
direction when they are at the same plane. This definition has been derived according
to various works studied in this review. Although some studies define the raster angle
as the angle of the raster orientation with respect to the x-axis of the build table [26], the
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Infill pattern

Loading direction

(a)

Loading direction

impact of the raster angle on the mechanical performance of prints may be neglected if the
loading direction is not taken into account. The stress direction is the same as the loading
direction in pure tension/compression states. Figure 4a illustrates the raster angle in tensile
specimens. Since the stress direction and deposited filaments are not in the same plane in
pure compression, the raster angle is not defined for compressive specimens, as shown in
Figure 5b. In flexural and rotating bending specimens, the stress direction is perpendicular
to the bending axis, as depicted in Figure 5b. The raster angle in flexural and rotating
bending fatigue specimens is depicted in Figure 5b and 5c, respectively.

Raster orientation ) .
Bending axis

Raster angle
Infill pattern

Loading direction )
Perimeter

(b)

Rotating direction

Raster angle

Raster orientation

Infill pattern Putitiaten

(c)

Figure 5. Illustration of raster orientation and loading direction in (a) compressive (b) flexural, and
(c) rotating bending specimens. Since extruded filaments and the loading direction are not co-planar
in the pure compression state, the raster angle is not defined for compressive specimens.

3. Fatigue in Polymers and FFF Prints

Fatigue in polymers occurs both as thermal and as mechanical failure. Thermal
failure occurs due to hysteretic heating and consequent thermal softening of polymers,
leading to ductile fractures [27]. In polymers, the dissipated energy (plastic work energy)
is converted to heat within the material, resulting in the gradual thermal degradation of
polymeric chains [28]. When subjected to fatigue loading, the induced plastic deformation
in each mechanical cycle is converted to thermal energy, which cannot be transferred to
the surrounding environment due to the low thermal conductivity of polymers. Thus,
the generated heat is stored within the material, leading to overheating and stiffness loss.
Consequently, stiffness loss leads to an increase in specimen deformation and failure. If
the generated heat reaches the glass transition temperature of the polymer, mechanical
properties degrade quickly. Therefore, using materials with a higher glass transition
temperature in load-bearing applications is beneficial. For instance, poly(para-phenylene)
possesses high fatigue properties due to its relatively high glass transition temperature
(~177 °C) [29]. Polyacrylamide, oolyurethane, and PTFE are among the polymeric materials
with a high glass transition temperature [30]. Figure 6 illustrates the fatigue limit of some
common filament materials. Adding ceramic or metal fillers can be a solution to increase
the fatigue strength when thermal failure is dominant. This is because filler materials
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contribute to fatigue strength enhancement through the energy dissipation mechanism in
which a part of the induced energy is absorbed by the filler materials and is dissipated as
the deformation of the reinforcement phase. Thus, less energy is converted to heat within
the polymeric matrix [31].
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Figure 6. Endurance limit of some plastics used as 3D printing filaments [32-34].

Another failure mode in polymers is the mechanical failure that occurs under fatigue
stresses and is greatly affected by stress concentration. Generally, fatigue failure occurs
in high-stress-concentration areas. In FFF prints, internal holes (printing defects) serve
as stress concentration zones, where the fatigue failure typically starts. These holes are
formed due to the round shape of extruded filaments. Figure 7 illustrates the internal holes
in a cross-sectional view of an ABS print subjected to fatigue loading. The bright-white
lines in this figure show microcracks initiated from internal holes and extended along the

loading direction.

Crack growth direction
Micro air voids (printing defects)

0.15 mm

I 0.15 mm

Figure 7. Formation of internal holes (microvoids) during FFF printing of an ABS specimen. Bright
lines show the path of microcracks initiated from internal holes (stress concentration areas) [35].

CCBY 4.0.

In a homogenous tensile specimen, fatigue failure occurs in the middle section (necking
area) where the stress is highest. However, in FFF prints, failure can appear at different
areas. In many cases, failure occurs around the shoulders. According to classical lamination
theory, this can be attributed to the change in cross section and fibre diversion, which
causes the local stresses to be focused near the shoulder area [36]. Figure 8 illustrates the
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initiation and propagation of tensile fatigue cracks around the shoulder area in an Ultem
9085 print [36].

Figure 8. Tensile fatigue cracks initiating from the shoulder area of an Ultem 9085 print (Reprinted
with permission from [36]. Copyright 2016, Springer Nature).

Since 3D printing parameters affect the quantity and shape of internal holes [35], they
also influence the fatigue performance of fabricated specimens. For instance, Figure 9a—c
shows the tensile fatigue failure of PLA specimens fabricated at raster angles of 0°, 90°,
and 45°, respectively [37]. As can be seen in Figure 9a, the failure point of all 0° prints is
located between the neck and shoulder. However, in the 90° and 45° prints, failure has
appeared at different locations, suggesting that the stress concentration area might change
depending on the raster angle.

M

V) prezzzzz )

B s & =%
B B — 5 B
gl e B
= ,‘!E e - “*_ig 4&\
- @ N (b) (©)

Figure 9. Fatigue failure profile of tensile PLA prints with a raster angle of (a) 0°, (b) 90°, and (c) 45°
(Adapted with permission from [37]. Copyright 2015, Springer Nature).

Jap et al. [24] found a distinct fatigue failure in ABS prints fabricated with 0°/90°
and 45°/45° grid patterns. As shown in Figure 10a, in a —45°/45° print, internal holes
are angled to the tensile force (normal to the screen). For 0°/90° specimens, however, the
holes are perpendicular to the loading direction. Thus, as proven by the tests, —45°/45°
specimens perform better under cyclic loading due to having more material (less void
volume) normal to the tensile stress [24].

Similar to tensile specimens, stress concentration is the primary reason for mechanical
failure of FFF prints under compressive fatigue. According to Senatov et al. [17], mechanical
failure in FFF prints occurs due to the slippage of layer interfaces at stress concentration
zones. Figure 11 shows some PLA prints subjected to cyclic compression at different
loading conditions [17,38,39]. The slippage and debonding of adjacent layers are shown
in Figure 11a,b. As can be seen, the cyclic compression caused the shear deformation
and debonding of adjacent layers in the prints, implying that the layers” interfaces act as
slipping planes and stress concentration areas. Figure 11c also shows that cracks initiated
from the layers’ interfaces, highlighting the importance of adhesion strength between
extruded filaments.
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Figure 10. Fracture surface of (a) —45°/45° and (b) 0°/90° ABS specimens after failure under tensile
fatigue load (Adapted with permission from [24]. Copyright 2019, Elsevier).
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Figure 11. Shearing and debonding of layers in PLA prints subjected to compression fatigue in (a)
(Adapted with permission from [38]. Copyright 2021, Elsevier) and (b) (Adapted with permission
from [17]. Copyright 2016, Elsevier) and (c) illustration of fatigue cracks at the layers” interfaces
(Adapted with permission from [39]. Copyright 2021, Elsevier). Cyclic compression caused the shear
deformation of prints and cracking and debonding at the layers’ interfaces.

Fatigue Testing of Polymers

Different standards are used for the fatigue testing of polymers, including ASTM
D7774 [40], ASTM D3479 [41], ASTM D7791 and ISO 13003 [42,43], ASTM D6115 and ISO
15850 [44,45], ASTM E739 [46], ASTM E606 [47], and ASTM D4482 [48]. ASTM D3479
investigates the tension fatigue of polymer matrix composites for particular loading and
environmental conditions. ASTM D7791 and ISO 13003 are for uniaxial fatigue in plastics,
whereas ASTM D7774 is used for three-/four-point bending tests, and ISO 13003 is for
all testing methods. ASTM D6115 and ISO 15850 are applicable for crack propagation,
i.e., fatigue delamination in the interlaminar region of fibre composites. ASTM E739 can
be used for the statistical analyses of fatigue data. ASTM D4482 examines the tensile
fatigue resistance of rubber compounds. Finally, ASTM E606 [47] is used for the tensile
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fatigue testing of plastics under strain-controlled loading. Table 1 summarizes the existing
standards for the fatigue testing of polymers.

Table 1. Existing standards for the fatigue testing of polymers.

Standard Application Ref.
ASTM D7774 Flexural fatigue of plastics [40]
ASTM D3479 Tension—tension fatigue of polymer matrix composites [41]
ASTM D7791 Uniaxial (tension or compression) fatigue of plastics [42]

ISO 13003 Fatigue properties of fibre-reinforced plastics [43]

Crack propagation of fibre-reinforced polymer
ASTM D6115 composites under fatigue (Mode I) [44]
ISO 15850 Tension—tension fatigue crack propagation [45]
Statistical analysis of linear or linearized stress-life (S-N)
ASTM E739 and strain-life (e-N) fatigue data [46]
ASTM E606 Strain-controlled fatigue testing [47]
ASTM D4482 Tensile (extension) fatigue of rubber compounds [48]

Although 3D-printed plastics can be tested using the mentioned standards, it is not
clear whether they meet the requirements and assumptions of these standards. During 3D
printing, layer deposition results in anisotropic properties and partly creates residual stress,
making fatigue testing more challenging. Besides, the staircase configuration of FFF prints,
internal pores, and extruded filaments’ junctions cause stress concentration at numerous
locations, resulting in invalid test results in some cases. For example, ASTM E606 is only
used for homogenous materials, while FFF prints are intrinsically heterogeneous. Further,
in notched fatigue specimens (e.g., in ASTM D671 [49]), cracks are expected to initiate
around the notched zone, while this might not occur in FFF prints due to the presence of
numerous stress concentration zones [50]. In addition, ASTM D4482 states that the tested
material lacks any initial flaws or cracks, which is not a valid assumption in FFF prints
where void gaps exist within the structure.

Given that FFF prints are inherently different from conventionally manufactured
plastics, specialized standards for testing FFF prints are to be developed. However, ASTM
D7791 and ASTM D7774 are the most used standards for the uniaxial and flexural fatigue
testing of FFF prints. In ASTM D7791, a tensile/compression specimen is subjected to
uniaxial fatigue loading at the recommended loading frequency of 5 Hz. The endurance
limit of the specimen is then recorded when the specimen fails or reaches 1 x 107 cycles.
ASTM D7774 regulates the procedures for the three-point/four-point bending fatigue
testing of plastics. Similar to ASTM D7791, the loading frequency can be 1-25 Hz; however,
to avoid internal heating, 5 Hz is the recommended frequency. It has been demonstrated
that increasing the loading frequency causes internal heating in plastics [51], thus affecting
the fatigue limit of FFF prints [34,52].

4. Influence of 3D Printing Parameters on the Fatigue Life of FFF Prints

Apart from the material itself, the mechanical strength of FFF prints is greatly affected
by the structural stiffness and bonding strength of extruded filaments [53]. The infill density
and infill pattern directly affect the print stiffness, while a higher nozzle temperature
favours the efficient fusion of filaments, resulting in stronger bonding. The bonding
strength is also influenced by the contact area between the extruded filaments, which
is impacted by the extrusion width and layer height. However, it should be noted that
the effect of 3D printing parameters on different mechanical properties is not the same
and varies according to the direction and type of the applied loads. For instance, Ahn
et al. [54] showed that the air gap and raster orientation have a remarkable impact on the
tensile strength of prints, while compressive strength is not influenced significantly by
these factors. Further, the loading type (static or dynamic) should be taken into account
when assessing the influence of 3D printing parameters. This is because fatigue strength is
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greatly influenced by stress concentration, while stiffness is the most determining factor
for static loading [29]. Thus, those 3D printing parameters that play a contributing role
in the fatigue strength of a print may have a neutral or deteriorating effect on its static
strength and vice versa. There are a handful of studies that have investigated this matter
in the literature as the concept of fatigue has not been given as much attention as the
static strength in FFF prints so far. Table 2 provides a summary of the works carried out
on the effect of 3D printing parameters on the fatigue performance of FFF prints. The
reviewed works were categorized based on the fatigue type and the tested material. The
fixed parameters, variable parameters, testing conditions, standards used for specimen
fabrication, and results were tabulated separately, as provided in Table 2. In the following
sections, the effect of 3D printing parameters on the fatigue behaviour of FFF prints is
reviewed in detail.

Table 2. Review of the parametric studies carried out on the influence of 3D printing parameters on

the fatigue performance of FFF prints.

Variable . va Specimen . i
Type Mat Parameters *3 Fixed Parameters Standard Testing Conditions Results Ref
Loading type: stress
controlled Fatigue performance (at
Build Stress level: 40, 60, similar stress): Y prints >
orientation: X, ‘ ?O % UTS Xand Z prints
Y 7 FFF printer: Stratasys SO Loading frequency: All raster angles
f - . 527-1 . 4 [53]
Dimension loading produced relatively
Raster angle: 0, . L . .
=4 (25.4 mm/min) + similar fatigue resistance
45,90 : o
unloading (0° prints performed
(12.7 mm/min) slightly better).
Cycles: up to 10,000
Loading type: stress strlzesl:)g;iigf(e—gos/agg )>
Infill pattern: Infill density: 100% Stresscl(e)sgéligdw 80 grid (0°/90°)
grid (0/90°), FFF printer: Stratasys 1SO 527-2 90% UTé 7777 Fatigue life (at same % of [24]
grid (—45/45°) UPrint SE™ Loading frequency: uTS):
S grid (0/90°) ~ grid
(—45/45°)
° Nozzle T: 320 °C Loadg;it?gl)ﬁ; dStress
‘Z’ ABS Raster angle: 0, Lg}l,zf?-llr% {732 rr?m Stress level: 45%, 60%,  Fatigue life (at similar %
v s} . Y () 0, — . 3 o/ __ (s}
= .45, 90 Extrusion W: 75%, .90 % UTS,R=0.1  UTS): gI.'l.d (45°/ - 45°) >
Infill pattern: 0.3048 mm ASTM-D638 (triangular wave) rectilinear (0°) > [55,56]
rectilinear, grid _ . o Loading frequency: rectilinear (45°) >
IS Infill density: 100% . 5
(45/—45°) . 0.25Hz rectilinear (90°)
FFF printer: Stratasys Cycles: up to 25 h (or
Vantage-i ~175,200 cycles)
Raster angle: 0, Al . Loading ty}:1>le: stress ) ] .
45, 90° ir gap: 0 mm controlled Fatigue performance:
g Extrusion W: Stress level: 45, 60, 75, rid (45/—45°) > grid
Infill pattern: 0.3048 mm 90% UTS, R = 0.1 & (30/—60°) > 5
rectilinear, grid T 0 S NG q
(0/-90°), grid Layer H: 0.1778 mm ASTM-D638 (triangular wave), (15/-75°) > gri [57]
(15 /_7’50) Infill density: 100% Loading frequency: (0/-90°) > rectilinear (0°)
. s FFF printer: Stratasys 0.25Hz > rectilinear (45°) >
grid (30/—60°), V. . : . 5
. o antage-i Cycles: up to 25h rectilinear (90°)
grid (45/-457) (~17,500 cycles)
Build orientation: X
Nozzle T: 320 °C Loading type: stress
Raster angle: 0, Air gap: 0 mm i trYI:I)l : d Fatigue performance:
45,90° Extrusion W: Stresscl‘;vel‘_’ 780 " UTS grid (45/ —45°) >
Infill pattern: 0.3048 mm ASTM-D3479 R —.O 1 ¢ ’ rectilinear (0°) > [58]
rectilinear, grid Layer H: 0.1778 mm Loadin _fre. encv: rectilinear (90°) >
(45/—45°) Infill density: 100% 0g25 HqZ ¥ rectilinear (45°)

FFF printer: Stratasys
Vantage-i
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Table 2. Cont.

Variable . <a Specimen . oy
Type Mat Parameters *2 Fixed Parameters Standard Testing Conditions Results Ref
Loading type: stress
Manufacturing controlled Fatigue life:
method: FEE, - ASTM-De3s ~ Otress level: 40, 60, IM parts > FFF parts [15]
injection and 80% UTS,R=0 (~41% lower fatigue life)
moulding (IM) Loading frequency: ? &
1Hz
Loading type: stress
controlled
Raster anale: 0 Nozzle D: 0.2 mm Strességv;lgg,sw, 70,  Fatigue l1f{eJ F(Fast).same Yo of
gie: Infill density: 100% ASTM-D638 o o o . o [37]
45,90 . Loading frequency: 45° print > 90° print> 0
FFF printer: Cube-2 .
1Hz print
Cycles: up to 5000
cycles
Fatigue performance:
rectilinear (0°) ~
Print T: 250 °C rectilinear (90°) ~ grid
RaSteggggle: " Il\)Ilglzticl)zrg'T(:J gomgl Loading type: stress Due tg)/(g)?)d) layer
PLA , o ASTM-D5045- controlled < 0 §>9¢ 2y
Infill pattern: Layer H: 0.25 mm adhesion, high nozzle T, [20]
i . ’ 99 Stress level: R =0.1 . L
rectilinear, grid Print V: 80 mm/s (sinusoidal wave) and optimum printing
(0/90°) FFF printer: Hage parameters, similar
3DpA2 results were achieved for
all samples (isotropic
properties).
Loading type: stress
controlled
Print T: 230 °C ?t.ress 1‘?‘;1611: R= ; Fatigue life: 45° print >
Platform T: 65 °C Lzl:;iz; fxz‘iec;ﬁ:;/\iy 0° print >> 90°
Raster an%le: 0, Pr.mt V: 190 mm {) s ASTM-D638 and cycles: 2 Hz up to Er.ldurance limit: 45 ; [59]
45,90 Infill density: 100%f print (10 MPa) and 0
. 1000 cycles, then 5 Hz . o
FFF printer: MakerBot print (5 MPa) >> 90
Replicator 2x up to 10,000 cycles, (0.5 MPa)
then 20 Hz until ’
failure (max: 1 million
cycles)
Loading type: stress
Ultem Build Layer H: 0.254 mm Loadciintlél(ﬂ)ilejenc : Fatigue life:
orientation: X,  FFF printer: Stratasys ASTM D638 & red y: X print = Y print > Z [36]
9085 5Hz .
Y, Z Fortus 400 mc s Print
Cycles: until failure or
2 million cycles
Layer H: 0.15 mm
Extrusion W: 0.3 mm
Nozzle D: 0.5 r?m Loading type: stress
Nozzle T: 225 °C -
o Custom shape controlled Fatigue performance:
. Platform T: 40 °C .
Manufacturing o dog-bone Loading frequency: FFF parts ~ IM parts
) Print V: 7.5-9 mm/s . X
PCU method: FFF, Infill densityv: 100% (using 5Hz (FFF > IM in some cases) [19]
injection Infill ati,érn' ASTM-E606 Environment: PBS The fracture surfaces of
moulding (IM) rectilini r( 45;,) and bath FFF and IM samples were
_nea ASTM-D4482)  Cycles: until failure or similar.
Perimeters: 3 1 million cycles
Build orientation: X o4
FFF printer: Lulzbot
TAZS5
Layer H: 0.2 mm Loading type: stress
Extrusion W: 0.35 mm controlled Fatigue performance:
Raster angle: 0, Nozzle T: 265 °C Stress level: 60,70,80, 0° print > 45/—45° print
45,90° Platform T: 107 °C and 90% UTS, R =0.1, > 45° and 90° prints (at
PETG Infill pattern: Air gap: 0 mm ASTM D638 (sinusoidal wave) high stresses) [60]
rectilinear, grid Print V: 40 mm/s Loading frequency 45° print > 0° print >
(45/—-45°) Infill density: 100% and cycles: at 1 Hzup  45/—45° print > 90° print
FFF printer: to 10,000 cycles, then (at low stresses)

Ultimaker 3

at 2 Hz until failure
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Table 2. Cont.
Type Mat Variable Fixed Parameters *? Specimen Testing Conditions Results Ref
M Parameters *? Standard 8 "
Fatigue performance:
Loading type: stress grid (0/90°) > hexagonal
Infill pattern: Nozzle D: 0.4 mm controlled (0°/60°/120°)
grid (0/90°), Nozzle T: 215 °C Cube (ASTM Stress level: Effect of infill density:
hexagonal Print V: 30 mm/s D695,12.7 x 9-14.5MPa, R =0.1 prints with 50% and 70% 38,61]
(0°/60°/120°) Layer H: 0.2 mm 12.7 x Loading frequency: infill density resisted !
Infill density: FFF printer: Blocks 25.4 mm?) 0.25 Hz fatigue even after 3600
30%, 50%, 70% Zero (Blocktec) Max. cycles: 3600 cycles, but 30% infill
Environment: dry prints failed at early
stages.
o Loading type: stress Fatigue life:
> X . .
.ﬁ Ill‘filclll (l:(’)a/t;(e)?)‘ Nozzle D: 0.2 mm Loacfi(r)lntfﬁ(');lejenc : hexganirf;};l (();)2%}(7)Ciesc)l;) >
2 PLA & ! Nozzle T: 230 °C Cylindrical (& & red v sona. =~
o hexagonal Print V: 90 mm/s 12 mm 1Hz concentric radial (2500
g (0°/60°/120°), L ) . ! Stress level: 18 to 180 cycles) [62]
O . ayer H: 0.2 mm height = . . . .
concentric . N (sinusoidal wave) Hysteresis area (damping
. FFF printer: MakerBot 12 mm)
radial (wheel Replicator 2 Max. cycles: 10,000 effect):
like) P Environment: grid > hexagonal >
submerged in PBS concentric radial
Fatigue performance:
. . . circular pore pattern >
Loading type: strain triangular pattern
controlled Fatigue damage
Infill pattern: Nozzle D: 0.4 mm Loading frequency: mechganism~ ragi d
A Infill density: 40%  Cube (33 x 33 0.2 Hz o et 3]
. ! FFF printer: HORI x 33 mm?) Strain level: 0.7-3% . L )
triangular . L accumulation at initial
Z500D Strain ratio: 0.5
. cycles (~600 cycles),
Max. cycles: 10,000 foli db bilizi
Environment: dry oflowed by stabilizing
’ over the residual fatigue
life
Layer H: 0.1,
0.2,0.3 mm Nozzle T: 230 °C Fatigue performégce:
Nozzle D: 0.3, N honeycomb > rectilinear
Platform T: 100 °C . .
0.4, 0.5 mm Loading type: stress Influence on fatigue
. . Raster angle:45 ‘
Infill density: Perimeters: 2 controlled performance:
ABS 25,50,75% g Lii s ore  ASTM-D7774  Stresslevel: 8-1L5N  infill density > layer h x [64]
Print V: 25,30, DO ¢ aYers: o ayers (~28.7-41.2 MPa; nozzle D
at bottom . . .
35 mm/sec . . sinusoidal wave) (print speed and other
. FFF printer: Pyramid . .
Infill pattern: ® interactions: not
B dual extruder M . .
rectilinear, influential)
0 honeycomb
=
Lo Layer H: 0.2 mm
§ Perimeter: 2
o0 Nozzle D: 0.2, Solid layers: 1 at top, Loading type: stress Influence of parameters
£ 0.4, 0.6 mm 1 at bottom controlled on fatigue
< . 3 . .
£ Nozzle T: O180, Infill pattern: 1SO-1143 Stress level: 5, 10, 15, performance “b. [65]
o 210, 240 °C rectangular 20 MPa o T le D
Print V: 5, 10, Platform T:30 °C Loading frequency: nozzie (.—),tr\1/ozz eD (),
15 mm/s Build orientation: 100 Hz print V (-)
horizontal
PLA Infill density: 60%
Layer H: 0.1, . .
02,03 mm Loading type: stress Influence of Parameters
Nozzle D: 0.3 controlled on fatigue
s Nozzle T: 200 °C Stress level: 15N force performance *P:
0.4, 0.5 mm X X e .
Infill density: Infill pattern: (~bending stress: infill density (+) > layer [66]
Oty. honeycomb 53.8 MPa) H (+) > nozzle D (+)
25, 50, 75% ; . f
Print V- 25. 30 Loading frequency: Print V had no
A 2800 rev/min significant effect.

35mm/s
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Table 2. Cont.

Type Mat Par‘::::z lrz va Fixed Parameters *? SSI::;;?:‘;I Testing Conditions Results Ref
Layer H: 0.1,
0.2, 0.3 mm .
i ) Fatigue performance:
1\1)012565%&3’ honeycomb > rectilinear
In'ﬁl,l ciensi ty: Perimeters: 2 Loading type: stress Influence on fatigue
25, 50, 75% ’ Solid layers: 3 layers controlled performance:
Priné'mg, speed: at bottom ASTM-D7774 Stress level: 10-22N  infill density > nozzle D > [67]
25,30 " FFF printer: Prusa i3 (~35.8-78.8 MPa; layer h
35 m;n /;,ec Steel 3D printer sinusoidal wave) (print speed and other
. interactions: not
Infill patterns: influential)
rectilinear,
honeycomb
Layer H: 0.15
Nozzle D: 0.4 Loading type: stress
Nozzle T: PLA (200 controlled
°C), ABS (245 °C) Stress level: bending Fatioue life:
PLA Raster angle: Platform T: 60 °C stress 5, 10, 15 MPa PL Ag> ABS'
and horizontal (0°), Infill density: 50% ISO-1143 (vertical prints) and 5, Horizontal prints > [68]
ABS vertical (90°) Print V: 60 mm/s 10, 15, 20 MPa orizontal prints
. . . tical prints
Infill pattern: (horizontal prints) ver P
rectilinear Loading frequency:
FFF printer: 100 Hz
Author-M-Pro
Layer H: 0.2,
0.3,0.4 mm a1 . . Fatigue life: honeycomb
Nozzle D: 0.5, Building orientation: . print > rectilinear print
0.6,0.7 mm X o Loading type: stress Influence of parameters
PLA-8% Infill density: Raster angle: 45 controlled on fatigue performance
Nozzle T: 180 °C Stress level: 10N
Wood 25, 50, 75% o ASTM-D7774 ; *b, [18]
fibre Infill pattern: Platform T 50°C Loading freque.:ncy: 1 H le D
P FFF printer: 2800 rev/min ayer H (+) > nozzle D (+)
tilinear, p . oo > infill density (+)
rec PYRAMIDS3D Studio Cycles: until failure . ty
honeycomb RepRa (print speed: not
Print V: 25, 30, pRap influential)
35 mm/s
Fatigue performance:
Raster angle: 0, 0° print > 90° print
90° Nozzle T: 200 °C ASTM Influence of parameters
Feed rate: 2000, Platform T:100 °C D7774-12 ASTM D7774-12 on fatigue [69]
4000 mm/min performance *°:
feed rate (-)
Storage modulus:
0° print > 45° print > 90°
! print
g ABS Loading type: strain Nozzle D (+), layer H (+)
= Raster angle: 0 controlled (using Fat?gue performance:
45, 90° i Nozzle T: 245 °C shaker) 0° print > 45.0 print > 90°
Nozzlle D: 0.4 Platform T: 90 °C Strain level: 2 mm print
0.6.0.8 mm ! Infill density: 100% Custom shape (sinusoidal wave) Influence of parameters [35]
La.y,er H 0.05 FFF printer: Loading frequency: on fatigue
0101 5' rﬁm, Ultimaker 2+ print natural performance *P:
e frequency working temperature (-) >

Cycles: until failure

building orientation >
nozzle D (+) > layer H (+)

50C to 70C — cycles to

failure (96500 to 31700)
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Table 2. Cont.

Variable

Specimen

Type Mat Parameters *2 Fixed Parameters *? Standard Testing Conditions Results Ref
Nozzle T: 290 °C
Platform T:145 °C
Print V:28 mm/s
Layer H: 0.254 mm Loading type: stress
Extrusion W: controlled
Build 0.508 mm ASTM-D790 Stress level: 20, 40, 60, Fatieue performance: Y
PC orientation: X, Air gap: 0 mm and and 80% UTS,R=1, ng pe s> 7 - " [14]
Y, Z Shells: 1 ASTM-D7774 05 and A prints > £ prin
Infill density:100% Loading frequency:
Infill pattern: grid 5Hz
(45/—45°)
FFF printer: Stratasys
Fortus 400 mc

*2 Nozzle D: nozzle diameter; nozzle T: nozzle temperature; platform T: platform (printing bed) temperature;
layer H: layer height; extrusion W: extrusion width; print V: print speed; *b (1) means direct correlation and (-)
means inverse correlation.

4.1. Raster Angle

The raster angle is a determining factor in the tensile and flexural fatigue performance
of FFF prints [20,24,37,53,55,57,59,68]. It has been shown that the tensile strength of FFF
prints improves by decreasing the raster angle [22]. In an ideal condition where the rasters
of each layer are perfectly aligned with the axis of the applied tensile force (raster angle of
0°), the highest tensile strength is achieved [70-72]. In the case of flexural and compressive
loading, the highest static strength corresponds with grid patterns [54] and perpendicular
arrangement [73], respectively.

Despite the static strength, the fatigue strength of FFF prints does not follow a partic-
ular trend against the raster orientation for all materials. In PLA prints, the raster angle
of 45° has produced the highest tensile and rotating bending fatigue strength, while for
ABS prints, 0° has been the optimum raster angle. For PETG prints, the highest fatigue life
at high and low tensile stresses is achieved in 0 and 45° raster orientations, respectively.
Afrose et al. [37] studied the tensile strength and tensile fatigue behaviour of PLA prints
with different raster angles (0°, 45°, and 90°). They observed that 45° prints show the best
fatigue performance among the studied specimens. Interestingly, while 0° prints had the
highest UTS, they exhibited the lowest fatigue life. The highest tensile fatigue strength
was also achieved for 45° PLA prints in the work of Letcher and Waytashek [59]. The
endurance limit of 45° prints was reported to be 10 MPa, followed by 5 and 0.5 MPa for 0°
and 90° prints, respectively. Arbeiter et al. [20] investigated the tensile fatigue behaviour
of notched PLA prints produced with raster orientations of 0° and 90°. They observed no
significant difference between the fatigue strength of the printed samples. The authors also
concluded that due to implementing a high nozzle temperature (250 °C) and optimum
printing parameters, layers were bonded perfectly, resulting in near-homogenous samples.
Thus, the raster orientation did not affect the fatigue strength of the samples markedly. As
reported in the literature, the optimum raster angle in ABS prints is 0°. By comparing the
S-N curves published in [55,57,58], it is evident that 0° prints possess the highest fatigue
resistance, followed by 45° and 90° prints in descending order. Similarly, the flexural
fatigue life of 0° ABS prints was higher than those of 90° counterparts in the works of
Corbett et al. [69] and He et al. [35]. ABS prints produced in the 0° direction resisted around
96,500 fatigue cycles as compared to less than half (~40,700) for 90° prints [35]. In another
study, ABS prints at different raster orientations were subjected to cyclic tension for up to
10,000 cycles [53]. Although Y-aligned (0°) prints performed slightly better than 45° and
X-aligned (90°) prints, all samples exhibited relatively similar fatigue resistance. Only one
study investigated the fatigue behaviour of PETG prints in which tensile PETG specimens
were 3D-printed at 0, 45, and 90° raster angles and were subjected to sinusoidal tensile
cycles [60]. It was found that 0° prints perform best at high stress amplitudes, followed by
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grid (45/—45°) and 45° prints. At low stress amplitudes, 45° prints exhibited the highest
fatigue life. It should be noted that the fatigue test was not repeated for each data point
in the latter study, making it hard to justify the underlying mechanism of this behaviour.
However, it can be said that in all cases, 0° and 45° prints have shown higher fatigue
performance than other raster angles. In the latter study, transverse (90°) prints had the
least performance among other specimens.

The effect of the raster angle on the rotating bending fatigue performance of FFF prints
was studied by Azadi et. al. [68]. PLA and ABS were 3D-printed in round shapes as per
ISO-1143 in horizontal (0°) and vertical (90°) orientations. All specimens were subjected
to sinusoidal bending stress using a Santam rotating bending fatigue device. The fatigue
resistance of all prints was reported to be higher at a 0° raster angle compared to that of
90° prints [68].

Although a particular value has not been reported as the optimum raster angle in the
studies conducted so far, it can be said 0° and 45° prints perform better than 90° prints
in both ABS and PLA prints when subjected to tensile and bending cyclic forces. The
significance of the raster angle in compression and combined fatigue loading modes has
not been investigated yet. However, it is expected that in compression, the perpendicular
alignment of extruded filaments against the loading direction would result in better fatigue
performance, as is the case in the static compressive strength of FFF prints. It is noteworthy
to mention that the deformation mode plays a decisive role in this regard. In tension, the
specimen is stretched; thus, the highest strength is achieved when the extruded filaments
are aligned with the applied load. In contrast, parts tend to buckle under compressive force,
so an orthogonal arrangement in which the extruded filaments are perpendicular to the
applied load gives the highest compressive strength [73].

4.2. Infill Pattern

The pattern in which the filaments are deposited in each layer is called the infill
pattern. The infill pattern also determines the inner structure and thus the overall stiffness
of the print [74]. In a specified infill pattern, junctions of extruded filaments at each layer
(interlayer) or between two successive layers (interlayer) are formed in a certain shape,
acting as stress concentration zones [39,62]. These concentration zones make the joint areas
susceptible to debonding and cracking [75]. Stress concentration is a primary reason for the
fatigue failure of metals and plastics caused by material or geometrical discontinuities. Due
to the formation of air gaps and imperfect bonding between layers during the 3D printing
process, the fatigue life of FFF prints can be 100 times lower than that of injection-moulded
parts [24]. Infill or hole patterns in FFF prints are another source of stress concentration
and reduced fatigue life. Therefore, fatigue strength can be affected by the infill pattern by
altering the specifications of the joint areas.

A comparison between the results reported in the literature shows that cross-over
patterns (e.g., grid and honeycomb) produce samples with higher tensile and bending
fatigue resistance compared to those produced with rectilinear/line patterns. For instance,
in a study by Ziemian et al. [57], the tensile fatigue resistance of the weakest grid pattern
(0/—90) was higher than that of the strongest rectilinear pattern with a raster angle of 0°. In
a study conducted on ABS prints, it was observed that the grid pattern (45/—45°) produced
the highest tensile fatigue life among the other patterns, i.e., 0°, 45°, and 90° at the same
normalized fatigue stress [55]. Similar behaviour has been reported for the rotating bending
fatigue of FFF prints. The effect of rectilinear and honeycomb infill patterns on the rotating
bending fatigue strength of ABS and PLA-wood composite prints was studied in [64,67]
and [18], respectively. Round specimens were fabricated according to ASTM D7774 and
were subjected to stress-controlled fatigue cycles. The infill patterns were so printed that the
load was aligned with the carrying direction. Figure 12 depicts the used infill patterns and
their orientation with respect to the loading direction. The results showed the superiority
of the honeycomb pattern in sustaining fatigue cycles.
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Rectilinear Honeycomb
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Figure 12. (a) Orientation of infill patterns with respect to the loading direction and (b) rectilinear

and honeycomb infill patterns (Adapted with permission from [67]. Copyright 2018, Elsevier).

Among different grid patterns, some literature studies have suggested that 45/ —45°
grid patterns perform better than other configurations under pure tensile cycles. As
reported by Jap et al. [24], when subjected to the same tensile force, 45/ —45° patterned ABS
prints exhibited a higher fatigue life compared to their 0/90° counterparts. However, when
normalized stress (applied stress divided by the ultimate tensile strength of the specimen)
was considered, both patterns showed a similar fatigue strength. Given that the static
strength of each part is different, the static strength (UTS) of each print can be taken into
consideration when assessing fatigue strength. In fact, the UTS is the highest-possible
fatigue stress that a part can withstand only for one cycle, representing the first point
(corresponding to the N = 1) in the S-N curve. The remaining points can be normalized by
this value so that the S-N curve is bounded from 0 to 1. This is done by dividing the fatigue
stress by the UTS. Ezeh and Susmel [76] compared the normalized fatigue strengths of PLA
prints. It was concluded that the tensile fatigue performance of a print is highly correlated
to its ultimate tensile strength. A similar result was reported by Ziemian et al. [57], in
which different patterns (0/—-90°, 15/ —-75°, 30/ —60°, 45/ —45°) were used to 3D-print ABS
tensile specimens. The best tensile fatigue performance was observed in (45/—45°) grid
specimens, followed by 30/—60°, 15/—75°, and 0/—90° samples. Although the tensile
and bending fatigue performance of different infill patterns have been studied in a decent
number of studies, other patterns can be subjected to further investigations. Cross-over
patterns, such as hexagonal, honeycomb, and gyroid, are of particular interest due to their
excellent performance under static loading [22,77].

In contrast to the infill pattern, pore patterns are used to fabricate porous FFF prints.
In other words, the hole pattern determines the shape and arrangement of the holes (void
spaces), while the infill pattern denotes the pattern of solid (infill) sections, i.e., extruded
filaments. Similar to the infill pattern, pore patterns can substantially affect the fatigue
behaviour of prints. Baptist and Guedes [38,61] fabricated a series of cylindrical PLA prints
with grid (0/90°) and hexagonal (0/60/120) hole patterns and studied their compressive
fatigue properties. They observed that the grid (0/90°) pattern performed better than the
hexagonal pattern in terms of the number of cycles to failure in similar loading conditions.
In another study, cylindrical PLA specimens were 3D-printed with grid (0/90°), hexagonal
(0/60/120), and concentric radial hole patterns and were subjected to sinusoidal compres-
sive fatigue loads [62]. The grid (0/90°) pattern exhibited the highest number of cycles to
failure (4400 cycles), followed by hexagonal (3200 cycles) and radial concentric (2500 cycles)
patterns. Gong et al. [63] analyzed the compressive fatigue resistance of porous PLA prints
produced in triangular and circular hole patterns. Both groups were 3D-printed with the
same infill density (40%) and were subjected to static and compressive fatigue loading.
While PLA prints with a triangular pattern possessed a higher compressive strength and
elastic modulus, circular patterned specimens exhibited a higher fatigue performance due
to less stress concentration. A similar result was achieved for elastomer lattices [78]. In
this study, FFF prints with circular pores survived higher tensile fatigue cycles than the
cross-hatched specimens due to lacking stress concentration.
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Since the fatigue resistance of prints is greatly affected by the arrangement of the rasters
against the loading direction, infill patterns may exhibit different influences in different
loading conditions. To address this matter, the stress distribution, decay of hysteresis loops,
and failure mechanism of certain infill patterns in different fatigue loads can be studied in
future research.

4.3. Infill Density

The infill density refers to the ratio of the solid volume to the entire volume of print.
the infill density not only affects the weight, cost, shrinkage, and dimensional accuracy of
an FFF print but also has a substantial influence on the mechanical strength, stiffness, and
fatigue strength of plastics [38,61,79].

The effect of the infill density on the fatigue behaviour of FFF prints has been inves-
tigated in a limited number of studies. As mentioned by Ezeh et al. [76], FFF prints with
infill densities less than 100% behave like an intrinsically notched material, resulting in
inferior fatigue resistance. In all previous reports, it has been shown that a higher infill
density results in higher stiffness, higher mechanical strength, and higher fatigue resistance.
Jerez-Mesa et al. [66] observed that the infill density positively affects the rotating bend-
ing fatigue strength of PLA prints. In other studies, ABS [64], PLA [67], and PLA-wood
composite [18] specimens were 3D-printed at three different infill densities (25, 50, and
75%) and were subjected to rotating bending fatigue. The highest fatigue performance in
each group was achieved at 75% infill density. A similar trend is also seen in compressive
fatigue behaviour FFF prints. PLA prints with 50% and 30% porosity resisted compressive
fatigue even after 3600 cycles, but 70% porous prints failed at much lower cycles [38,61].

Given that the overall stiffness of FFF prints is correlated with their infill density, the
same effect is expected to be seen in all types of fatigue loading. However, the intensity
and significance of this effect are yet to be examined. Further, in some applications, such
as biomedical implants and bone scaffolds, infill densities should be kept at low values
(around 10 to 40%) for better tissue growth and integration [80]. Hence, a compromise
between the infill density and fatigue strength of FFF prints should be held. This issue can
be the subject of future research.

4.4. Layer Height

It has been shown that the layer height has different effects on the static and fatigue
strength of FFF prints. In the case of static loading, reducing the layer height increases the
mechanical strength through two mechanisms: First, it decreases the gaps between extruded
filaments at adjacent layers, resulting in a less porous structure and higher stiffness. Second,
the contact area between the extruded filaments increases, favouring the heat transmission
between layers and better layer adhesion [73]. Further, the cross-sectional shape of the void
spaces between the deposited filaments changes with the layer height [81], affecting the
anisotropy and mechanical strength of the final product. Figure 13 schematically illustrates
the effect of the layer height on the porosity and shape of cavities in FFF prints.

Reducing the layer height

L4

Void space
Void space

Figure 13. Change in the porosity and cross-sectional shape of void spaces by changing the
layer height.
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In a study conducted on PLA prints with different layer heights, a 24.5% improvement
was observed in the tensile strength of prints by reducing the layer height from 0.4 mm to
0.2 mm [82]. The same effect was reported for the extrusion width when it increased [83].
However, the influence of the extrusion width on the fatigue performance of FFF prints has
not been studied yet.

In contrast to static loading, the influence of the layer height on the fatigue strength
of FFF prints is the opposite, showing a direct correlation with fatigue life. The flexural
fatigue strength of PLA [84] and ABS [35] specimens was found to be directly proportional
to the layer height. However, the impact of the layer height on flexural fatigue strength has
been reported to be low in comparison to other parameters. The results achieved for the
layer heights of 0.1 and 0.3 mm showed a slight improvement in the flexural fatigue life of
PLA prints produced with the higher layer height [84]. This is while a lower layer height
led to higher stiffness and elastic modulus in the latter study. There was also a 37% increase
in the fatigue life of ABS prints when the layer height increased from 0.05 to 0.15 mm [35].

The same effect can be seen when prints are subjected to rotating bending fatigue. In
another study, the rotating bending fatigue performance of ABS prints at different layer
heights was investigated according to ASTM D7774 [64,67]. It was found that a higher layer
height leads to a higher number of cycles to failure. Jerez-Mesa et al. [66] introduced layer
height as the most influential factor in the rotating bending fatigue strength of PLA prints.
Specimens with the honeycomb infill pattern, 75% density, 0.5 mm nozzle diameter, and
0.3 mm layer height sustained approximately 4700 cycles before failure. This was nearly
2.3 times that observed in specimens 3D-printed in the same condition but with a layer
height of 0.1 mm. In a similar study conducted by Travieso-Rodriguez et al. [18], the layer
height was reported as the most influential factor on the rotating bending fatigue strength
of PLA-wood composite FFF prints. The authors of this study examined three layer heights
(0.2,0.3, and 0.4 mm) and concluded that higher fatigue life is obtained when a higher layer
height is implemented in the designs.

The contradicting effect of the layer height on the static and fatigue strength of FFF
prints is believed to be due to their underlying failure mechanisms. Reducing the layer
height increases the number of layers within the object, resulting in more stress concentra-
tion zones and reduced fatigue strength. However, it enhances static strength by reducing
void spaces and improving the stiffness of the structure. Since studies in this area are scarce,
there is a need to investigate the effect of the layer height on the performance of FFF prints
under different fatigue loads.

4.5. Nozzle Diameter

The diameter of the nozzle has an influential impact on the quality and mechanical
strength of FFF prints. It has been shown that the print quality and tensile strength of FFF
prints improve when extruders with larger orifices are used [85-87]. However, depending
on the loading type and printed material, the nozzle diameter exhibits a different impact on
the fatigue life of 3D-printed objects. For example, He and Khan [35] reported that under
flexural fatigue loading, the number of cycles to failure for ABS samples printed with a
0.8 mm nozzle was almost double the corresponding number for samples 3D-printed with
a 0.4 mm nozzle. This was mainly because a higher nozzle diameter produces prints with
lower void defects, resulting in higher stiffness and less stress concentration.

Similar studies for ABS [64], PLA [65-67], and PLA-wood composite [18] prints
under rotating bending fatigue demonstrated an uncertain relationship between the nozzle
diameter and fatigue performance. Increasing the nozzle diameter from 0.3 to 0.5 led to an
increase in the number of cycles to failure in PLA prints from around 1500 to 1800, 1200 to
2000, and 100 to 500 cycles in ABS, PLA, and PLA-wood composite prints, respectively.
The same observation was reported for ABS prints in which the signal-to-noise ratio was
reported to be 17.4% for the nozzle diameter, demonstrating the significant effect of this
parameter on rotating bending fatigue strength [64]. This is while an inverse correlation
between the nozzle diameter and fatigue life was observed in the work of Dadashi and
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Azadi [65]. These researchers printed PLA samples using three different nozzle diameters,
ie., 0.2, 0.4, and 0.6 mm, and studied their behaviour under rotating bending loads. A
smaller nozzle size was shown to result in higher fatigue life. Although different printing
conditions and materials can cause a discrepancy in results, further investigations are
needed to fully understand the effect of the nozzle diameter on the fatigue behavior of
FFF prints, as highlighted by Domingo-Espin et al. [64]. Further, it should be noted that
downsizing the nozzle orifice may cause mechanical strength degradation. It was reported
that the nozzle diameter should be at least 1.5 times higher than the layer height for proper
filament bonding [64,67], which was confirmed in another study by Travieso-Rodriguez
etal. [18].

4.6. Nozzle Temperature

The impact of the nozzle temperature on the fatigue strength of prints has only
been investigated in one study. Azadi et al. [65] printed PLA specimens with a nozzle
temperature of 180 °C, 210 °C, and 240 °C and tested their performance under rotating
bending fatigue. They observed that the highest fatigue strength was obtained for the
samples produced at 180 °C. However, as reported by Arbeiter et al. [20], the optimum
temperature to obtain high-quality PLA prints was 250 °C. While this seems to be contrary
to our understanding that a higher nozzle temperature results in efficient fusion of filaments
and consequently stronger adhesion between them, it should be noted that it strongly
depends on the filament’s material. Elevated temperatures may cause the physical and
chemical degradation of the polymers. Since research studies in this area are scarce, further
experiments are needed to fully understand the effect of the nozzle temperature on the
fatigue response of FFF prints.

4.7. Printing Speed

Printing speed refers to the movement speed of the extruder. Higher printing speeds
are desired when the printing time is of paramount significance. However, high printing
speeds usually come at the cost of lower surface quality and reduced static strength [88]. In
a study by Corbett et al. [69], the tensile fatigue behaviour of ABS prints at two different
speeds (2000 and 4000 mm/min) was investigated. The authors reported that the feed
rate is of significant influence, showing an inverse relation with fatigue life. That is, the
samples printed at the lower printing speed (2000 mm /min) exhibited a higher fatigue
life. However, printing polymers at low speeds causes the filaments to be in contact with
the hot nozzle for a longer time, increasing the temperature within the filament. When
exposed to elevated temperatures, thermal degradation occurs in polymers, resulting in
degraded mechanical properties [89]. This should be considered as a limitation for when
the optimum printing speed is to be determined.

According to previous studies, the impact of the printing speed in the case of rotating
bending fatigue is not as influential as shown in [69]. ABS cylindrical samples were 3D-
printed at different printing speeds (25, 30, and 35 mm/s), and their rotating bending
fatigue behaviour was analyzed [64,67]. It was shown that the impact of the printing
speed on fatigue life is insignificant. The same result was achieved for PLA prints [66]
and PLA-wood composite prints [18] subjected to rotating bending fatigue. However, it
is worth noting that the number of published results and the range of velocities studied
in the literature are insufficient to draw a conclusion. Thus, further investigations should
be conducted focusing on the bonding strength, the interfacial characteristics of extruded
filaments’ junctions, and the fatigue behaviour of FFF prints when different printing speeds
are used.

4.8. Build Orientation

Due to the layer-by-layer nature of 3D printing, FFF constructs possess a degree of
anisotropy, depending on the building direction as well as the orientation of deposited
filaments in each layer. Filaments act like fibres in a fibre-reinforced composite, exhibiting a
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directional anisotropy. Changing the build orientation alters the mesostructure of prints as
well as the bonding chains between extruded filaments, resulting in different mechanical
properties along the X, Y, and Z directions [90,91]. Zieman et al. [58] investigated mechanical
properties of ABS prints and concluded that the anisotropic behaviour of FFF prints under
tensile fatigue loading originates from the directionality of the polymer molecules and
air gaps within the specimens. In the work of Lee and Huang [53], tensile specimens
were 3D-printed in different building orientations. X, Y, and Z prints were 3D-printed
so that the printer bed was perpendicular to the thickness, width, and length of the
specimens, respectively. It was found that Y prints possessed a higher fatigue resistance at
the same applied stresses. In a similar study by Fischer and Schéppner [36], Y, X, and Z
prints possessed the highest to the lowest UTS and tensile fatigue life, respectively. When
subjected to a cyclic tensile load equalling 40% of the tensile strength, Y and X prints
sustained around 8300 cycles, which was nearly double the cycles sustained by Z prints.

The flexural fatigue behaviour of polycarbonate (PC) prints is also reported to be
significantly affected by the building orientation. In a study by Puigoriol-Forcada et al. [14],
PC rectangular plats with a length of 80 mm, a width of 10 mm, and a thickness of 4 mm
were 3D-printed in X (80 x 10 x 4 mm?), Y (4 x 80 x 10 mm?), and Z (10 x 4 x 80 mm?)
orientations, with the first two dimensions representing the dimensions of the object on the
print bed. It was shown that the Y prints possessed the longest fatigue life (at least 50%
higher fatigue life than that of Z prints), followed by X and Z prints.

A noteworthy point in assessing the influence of the build orientation is the magnitude
of the applied stress. The results achieved by Fischer and Schéppner [36] and Puigoriol-
Forcada et al. [14] revealed that the difference between the fatigue life of different prints
at different building orientations is notable at higher stresses but tends to decrease at low
stresses. This highlights the influence of anisotropy at higher loads and demonstrates the
importance of the build orientation when the FFF print is designed to work under high
fatigue stresses.

5. Summary

According to the investigated parameters in the literature, 3D parameters have dif-
ferent impacts on the fatigue performance of FFF prints. For PLA, the best tensile fatigue
strength is achieved when the raster angle is set to 45°. For PETG prints, 45° prints exhibit
the highest performance under a low-stress tensile cycle. When subjected to high stress
amplitudes, 0° prints showed superior performance. For porous PLA prints, grid patterns
(0/90°) showed higher compressive fatigue performance than other patterns. It was also
shown that structures with round pores resist fatigue loads better than pores with a sharp
edge due to a lower stress concentration. The highest rotating bending fatigue performance
in PLA prints is achieved when a honeycomb infill pattern, a higher layer height, a higher
infill density, and a horizontal build orientation are used during printing. According
to the existing data, while print velocity showed no significant influence on the fatigue
performance of PLA prints, the infill density and layer height possessed the highest impact.

In ABS prints, 45/ —45° grid infill patterns outperformed rectilinear patterns under
tensile fatigue loading, and among the various rectilinear patterns, 0° prints outperformed
prints with other raster angles. The 0° raster angle also produced the best flexural fatigue
performance for ABS and PC prints. It was also shown that for ABS and Ultem 9085 FFF
parts, Y prints had the best tensile fatigue performance. Like PLA prints, honeycomb infill
patterns and a horizontal build orientation produced ABS samples with the highest rotating
bending fatigue performance. The flexural fatigue performance of ABS prints showed a
direct association with the nozzle diameter and layer height, with the nozzle diameter
having a more noticeable impact.

Table 3 summarizes the results reviewed in this study. The studied 3D parameters
are listed in the left column, and the loading types are denoted in the first row. Each cell
shows the relationship between the studied 3D printing parameter and the mechanical
performance of a typical FFF print under a specified fatigue type. Upward arrows in the
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cells show a direct relationship between the studied parameter and fatigue performance,
meaning that by increasing the parameter value, the fatigue performance for the selected
loading type increases. Conversely, downward arrows demonstrate an inverse relationship.
The dash sign indicates that not a certain relationship can be extracted; meaning that in
some studies, a direct relationship has been reported, while in other studies, an inverse
relationship has been found. In addition, blank cells represent the proportions that have
not been investigated yet. As can be seen in Table 3, the effect of other parameters, such as
extrusion width, perimeters, number of shells, and solid layers, on the fatigue response
of FFF prints has not been studied so far. Moreover, the number of relevant studies
on other parameters is still insufficient, implying that further investigation should be
conducted to fully understand the interaction between 3D printing parameters and the
fatigue performance of FFF prints.

Table 3. Correlation between 3D printing parameters and the fatigue performance of FFF prints for
different loading types based on the results extracted from the literature. Correlations: direct (),
inverse (\,), unspecific (==), and unstudied (blank cell).

Correlation with Mechanical Performance Under

Rotating Bending Compressive
Fatigue Fatigue

y .jl !

f

Tensile Fatigue Flexural Fatigue

>

3D printing
parameters

% N\ N\

Raster angle

[20,37,53,55,57-60] [35,69] [68]
- Cross-over > Grid > other
. Cross-over > rectilinear .
Infill pattern [55,57] rectilinear patterns
! [18,64,67] [38,61,62]
. . a S
Infill density [18,64,66,67] [38,61]
: e e
Layer height 35,84] [18,64,66,67]
. Vs —_—
Nozzle diameter [35] [18,64—67]
Nozzle ¢
temperature [65]
. N —_
Printer speed [69] [18,64,66,67]
. . . Y>X>Z Y>X>Z
Build orientation [36,53] [14]

Extrusion width

Perimeters

Number of shells

Solid layers

* Some studies suggest 0° as the best angle, while other studies suggest 45°. However, in all cases, by further
increasing the raster angle to 90°, tensile fatigue performance decreases.

It should be noted that Table 2 only represents the data studied in this review and,
thus, is limited to a specific range of materials and 3D printing parameters (e.g., raster
angles of 0°, 45°, and 90°). According to the published data, only the correlations and
trends, not the optimum values, can be identified, as this requires an optimization study.
To the best of the author’s knowledge, prior works only include parametric investigations
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aiming at identifying the correlations (trends) between the process parameters and fatigue
performance, and no optimization study was found in the literature to optimize the fatigue
performance against 3D printing parameters. This can be a subject for future studies.

6. Conclusions

Processing parameters are of paramount importance in every manufacturing process.
This study reviewed the influence of 3D printing parameters on the fatigue performance of
polymeric samples produced by the fused filament fabrication technique. Since parametric
studies on the fatigue properties of FFF prints are rarely found in the literature, it is hard
to draw a general conclusion on the impact of each parameter. However, it has been
shown that each parameter may play a positive or a negative role when the loading type
or material changes. It was found that under tensile fatigue, FFF prints with cross-over
infill patterns perform better than rectilinear patterns, and among various rectilinear raster
orientations, 0° and 45° angles result in higher fatigue strength. However, increasing the
raster angle would lead to lower flexural and rotating bending fatigue resistance. The
infill density and layer height were shown to be directly proportional to fatigue life in all
previous studies. However, their effect on all fatigue types is not fully understood. It was
also found that the nozzle diameter has a positive correlation with flexural fatigue strength.
Interestingly, the nozzle diameter was inversely proportional to the rotating bending fatigue
performance of PLA specimens. However, this effect should be further investigated to
draw a general conclusion. In all previous studies conducted on the tensile and flexural
fatigue performance of FFF parts, Y prints possessed the highest fatigue strength, followed
by X and Z prints. Printing speed exhibited the least significance among the other studied
parameters, yet showing an inverse relationship with tensile fatigue life.

Apart from the unstudied relationships, as shown by blank cells in Table 3, the follow-
ing research gaps were identified during the reviewing process that can be addressed in
future works:

How do strain rates and the loading frequency influence the fatigue life of FFF prints?
How do FFF prints behave when subjected to a random or combined fatigue loading?
How and to what extent do the temperature, environment, and surface finish impact
the fatigue performance of FFF parts?

e  The fatigue behaviour of composite FFF prints is in the initial stage and needs further
investigation.

e Insome applications, such as biomedical implants, a low infill density is required for
tissue growth and osteoinduction. Thus, a compromise between infill density and
fatigue strength should be made when an FFF print is used in such applications.

e  The efficacy of other infill patterns, such as hexagonal and honeycomb, on the fatigue
performance of FFF prints can be studied as they have shown great potential under
static loading.

e  Due to the anisotropic nature and layered configurations of FFF prints, they do not
fully comply with the existing standards for the fatigue testing of polymers. Thus,
new standards need to be developed.
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