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ARTICLE INFO ABSTRACT

Keywords: As additive manufacturing of polymeric materials is becoming more prevalent throughout industry and research
3D printing communities, it is important to ensure that 3D printed parts are able to withstand mechanical and environmental
Polymers stresses that occur when in use, including the sub-critical cyclic loads that could result in fatigue crack propa-

Mechanical behavior
Cyclic loading
Fatigue fracture

gation and material failure. There has so far been only limited research on the fatigue behavior of 3D printed
polymers to determine which printing or material parameters result in the most favorable fatigue behavior. To
better understand the effects of the printing technique, printing materials, and printing parameters on the fatigue
behavior of 3D printed materials, we present here an overview of the data currently available in the literature
including fatigue testing protocols and a quantitative analysis of the available fatigue data per type of the AM
technology. The results of our literature review clearly show that, due to the synergism between printing
parameters and the properties of the printed material, it is challenging to determine the best combination of
variables for fatigue resistance. There is therefore a need for more experimental and computational fatigue
studies to understand how the above-mentioned material and printing parameters affect the fatigue behavior.

1. Introduction

The use of additive manufacturing (AM), or 3D printing, has been
increasing due to the growing interest from both industry and research
communities [1]. As additive manufacturing technology improves, high
quality prints can be produced quickly and inexpensively. With a wider
range of polymer materials available, the development and fabrication
of products are continuously changing with technological advancement
and consumer use [1]. Innovators and inventors are now able to build
prototypes or complex geometries efficiently at minimal costs with the
reduction of production time from weeks to hours [2]. As a result of
these improvements in AM, various industries such as biomedical
[3-10], aerospace [11], apparel [12,13], dentistry [14], automotive
[15], electronics [2,16], and oceanography [17] are researching this
technique to produce parts.

As additive manufacturing becomes more widely used, parts must
withstand both mechanical and environmental stresses that occur
during use. Understanding the required strengths for specific loading
conditions is vital for any load-bearing applications [18,19]. Since a
material may fail due to fatigue conditions, it is also important to un-
derstand a material’s resistance to cyclic loading and unloading [20].
Repetitive sub-critical loading of material may result in fatigue damage,
i.e. a progressive accumulation and permanent structural change,
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which could lead to cracking or rupturing of the part after a certain
number of cycles. Polymers are susceptible to fatigue at applied stresses
below yield, which can cause microcracking and eventual failure [21].
Understanding the fatigue behavior of AM parts is therefore essential
for predicting and preventing fatigue failure.

This paper will review current literature investigating the fatigue
life of 3D printed polymers (Appendix A). The aim is to see if there are
trends between experiments that provide insight into which printing
parameters and material properties lead to the best fatigue life for 3D
printed polymers.

2. Fatigue

As previously mentioned, fatigue is the development of structural
damage as a result of repetitive loads (i.e. cyclic loading) that are less
than ultimate tensile strength and possibly yield strength. Fatigue
failure in polymers occurs in two ways [22,23]: (1) thermal failure due
to softening and melting from hysteretic heating, or (2) mechanical
failure from crack initiation and propagation. As a result of high
damping, viscoelasticity, and low thermal conductivity, high fre-
quencies or strain rates cause hysteretic heating in thermal fatigue
[24,25]. The hysteretic energy is mainly dissipated as heat, which
causes the specimen temperature to increase and the stiffness to
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decrease. Stiffness loss causes an increase in specimen deflection and
deformation. From a macroscopic viewpoint, the process of fatigue
failure in polymers resembles that of metals [26,27]: it starts with in-
itial microcracks on the surface or stress concentrator that grow into
macroscopic cracks and cause the final failure. Depending on the type
of polymer, the crack may originate in different ways. In semi-crystal-
line polymers, for example, the crack is likely to initiate in spherulites.
Once the crack growth enters the micro-structurally independent stage,
the crack continues until the final rupture of the material [28,29].
According to reference [30], thermal failure does not necessarily have a
crack at failure, while mechanical failure is a result of physical se-
paration.

3. Fatigue testing
3.1. Objectives of fatigue testing

There are several objectives when fatigue testing: material type
testing, structural type testing, and actual service type testing [31].
Material testing investigates the material response to repeated stresses,
various environments, geometrical factors, or surface finishes. In
structural testing, different materials or structural designs are tested to
analyze stress concentrations, fatigue life, or fabrication processes. Fi-
nally, actual service type testing is used for reliability or quality ver-
ification.

3.2. Types of fatigue testing

Fatigue testing machines are classified based on the applied stress
method. For axial loading, a uniform stress or strain is directly applied
to the cross-section of the specimen in tension or compression. The
specimen is held at both ends and loaded cyclically between minimum
and maximum values. During repeated or reciprocating bending, one
end of the specimen is fixed while a stress or strain is applied to the
other end such that the specimen bends in the same plane. In rotating
bending, the specimen is revolved at a constant frequency while a load
is applied at two clamping points on the either side of the specimen. In
every rotational cycle, the stresses change from compressive to tensile
and from tensile to compressive, making sure that the specimen ex-
periences the full cycle of flexural stresses. For fracture mechanical
testing, a notch is made in the specimen to examine fracture initiation
and propagation during cyclic loading. In torsion fatigue, each end of
the specimen is either clamped or twisted to specified values through a
stress or strain. Other types of fatigue tests include combined bending
and torsion fatigue and biaxial and triaxial fatigue, which are used in
more complicated fatigue analyses [31,32].

3.3. Stress amplitude in fatigue testing

The simplest stress sequence uses a constant stress amplitude where
all load cycles, or cycles, are identical (Fig. 1). For each cycle, o is the
alternating stress, o, is the mean stress, omax is the maximum stress,
and omin is the minimum stress. Load cycles can be expressed as o,,, + 0,
with compressive loads taken as negative. It follows that:

Omax = Om + O (€9)
Omin = Om — O 2)
o = Omin t Tmax

" 2 3)

For constant amplitude loading, the stress range, S, and stress ratio,
R, are expressed as:

S =20 = Opax — Omin (C))
R = Omin
Omax )
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Depending on stress level, constant amplitude loading can be clas-
sified into several different testing categories [31]. Routine tests are
chosen so the specimen fails at a moderate number of cycles (i.e. 10*
107). In short-life tests, applied stress is chosen to surpass yield stress so
statistically some specimens fail at the application of the load, while in
long-life tests, load is set to be just above or below the fatigue limit so
some specimens do not fail after an assigned number of cycles. The aim
of the long-life test is to examine the distribution of fatigue strength at a
pre-assigned cycle number, which is beneficial for determining the fa-
tigue limit.

In contrast to constant amplitude loading, variable amplitude
loading (Fig. 2) has complicated loading sequences that are more rea-
listic to what structures and components experience [28,31]. Variable
loading is used for cumulative damage analysis or the simulation of
service life. Cumulative damage testing is performed at several stress
levels with a simplified loading sequence, while service simulations
have a more complicated loading pattern [31].

3.4. Stressing sources

In fatigue testing, force-controlled or displacement-controlled
methods can be implemented, which is where a specific force or dis-
placement is increased and decreased at a specified and controlled rate,
respectively. Loads are produced by one of the following techniques:
mechanical deflections, dead weights or constant springs, centrifugal
forces, electromagnetic forces, hydraulic forces, or pneumatic forces.
Load choice depends on factors such as frequency, control systems,
required forces, costs, and simplifications of working loads [31].

3.5. Presentation of fatigue data

During fatigue testing, cyclic loads are applied with varied or con-
stant stresses, which can be either positive or negative. A series of fa-
tigue tests are conducted at several stress levels to create a stress-cycle
plot or S-N curve, which is the conventional method of presenting fa-
tigue behavior of polymers. Since current theories do not explain the
mechanical behavior of polymers, empirical methods have been applied
to analyze polymer fatigue [33]. S-N curves plot the stress endured
against the number of cycles until failure. By lowering the stress value
during testing, a fatigue limit can be established with the S-N curve,
which is a value that does not result in failure and is sometimes referred
to as fatigue limit, endurance limit, or fatigue strength [28]. The fatigue
limit is affected by material surface conditions, such as roughness, da-
mage, treatment, and residual stresses [28].

4. Fatigue testing machines and specimens
4.1. Components

Each fatigue-testing machine consists of the same basic structural
components: (1) a load train that consists of a load-producing me-
chanism to generate the desired load or displacement and a load-
transmitting mechanism to produce the desired stress distribution; (2)
controllers to set the upper and lower load limits and maintain the load
throughout the test; (3) a counting and shut-off apparatus to stop the
machine after failure or the pre-assigned number of cycles; and (4) a
framework to support all of the necessary parts and reduce vibrations in
the system [31,32].

4.2. Specimens

Fatigue test specimens typically have three sections, including two
grip ends and the test section [32]. The grips of the specimen are de-
signed to transfer load from the test machine to the test section, and,
depending on the test, may not be identical. Transitions between the
grips and test section are designed with large radii so no stress
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Fig. 1. Nomenclature that describes testing parameters in constant amplitude loading.

anisotropic properties and residual stresses that result from layer de-
position [19]. Different variables associated with each type of printing
technique affect the mechanical characterization of the specimens. The
variables for extrusion-based printing include: raster orientation, build
orientation, layer height and bead width, and air gap between filaments
[19,34-37]. The mechanical properties of powder bed fusion-based
specimens are affected by the laser power, scan length, layer height,
build orientation, recycled powder content, powder bed temperature,
and crystallization temperature [19,38]. Parts printed with material
jetting techniques are affected by the presence of additives, unknown
manufacturer resin formulations, printed on an over-cured surface, and
the physics and chemistry of polymer fusion [19]. Due to the synergism
between these variables, fatigue is challenging to predict. All of these
variables influence the microstructure of the part that, in turn, may

significantly affect the mechanical behavior and failure mechanism.

Time There was no literature regarding the fatigue testing of polymers fab-

Fig. 2. An example of a general variable amplitude loading. ricated using other categories of 3D printing techniques.

concentrations build-up. The desired type of test and the objectives 5.2. Standardization of fatigue testing
affect the design of the fatigue test specimen. Several fatigue test spe-

cimens are shown in Fig. 3.

The American Society for Testing and Materials (ASTM) and the
International Standards Organization (ISO) are two institutes that ad-

5. Fatigue testing of 3d printed polymers dress the standardization of mechanical testing of AM specimens [19].

Currently, there is limited standardization in terms of the fatigue testing

5.1. Factors affecting fatigue characterization of 3D printed polymers.

With no ISO equivalent, the ASTM D7774 standard addresses uni-

Fatigue testing in 3D printed specimens is challenging due to the axial fatigue in tension or compression [39]. While it is recommended

T —
L T | e, |

O
—
O

C D

Fig. 3. Four examples of fatigue testing specimens that include A) an axial loading specimen, B) a rotating bending specimen, C) a reverse bending specimen, and D) a

fracture mechanical test specimen.
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to test below a frequency of 5 Hz to reduce heat generation, specimens
can be cycled between 1-25 Hz. The fatigue limit is defined when the
specimen fails or reaches 107 cycles. Stress or strain is applied so the
material does not experience plastic behavior. In addition to the pre-
vious standard, ASTM D3479 investigates tension fatigue for polymer
matrix composites for specific loading and environmental conditions
[40].

Two standards, ASTM D7791 and ISO 13003, address flexural fa-
tigue in plastics [41,42]. Both standards have sinusoidal loading, but
are technically different. ASTM D7791 tests specimens using three- or
four-point bending, while ISO 13003 is applicable to all testing
methods. For ASTM D7791, cyclic loading alternates between positive
and negative values so that R is -1 and the stress or strain remains
within the elastic limit. The fatigue limit is characterized in the same
fashion as the previous standard. In ISO 13003, fiber-reinforced plastic
composites undergo cyclic loading at a constant amplitude and fre-
quency at four different stress or strain levels. For displacement control,
the termination of the test is characterized as reaching the cycle limit or
the specimen stiffness is reduced by 20%.

There are two standards, ASTM D6115 and ISO 15850, that address
crack propagation (fatigue delamination) in the interlaminar region of a
fiber composite [43,44]. Since both standards are defined specifically
for composites, it is unclear if 3D printed materials would fulfill the
supporting assumptions. Finally, in order to perform statistical analyses
of fatigue data, the standard ASTM E739 can be used [45].

6. Analysis of fatigue experiments

This section reviews the literature associated with the fatigue
testing of 3D printed polymers, namely those printed using extrusion-
based printing, selective laser sintering, and material jetting (e.g.,
polyjet printing). The topics of interest include the effects of printing
parameters, material properties, production methods, and geometric
considerations on the fatigue life. Tables 1-3, following each section,
summarize the experiments of each study and the conclusions drawn
about fatigue life.

6.1. Extrusion-based printing

6.1.1. Axial loading fatigue

Various printing parameters, such as raster orientation, printing
orientation, layer thickness, and feed rate, have been found to influence
fatigue life of 3D printed parts. In several studies conducted by Ziemian
et al., the effects of raster orientation were examined when printing
with acrylonitrile butadiene styrene (ABS) [46-48]. In the first study
[46], rectangular prism specimens (190 x 12.7 X 2.6 mm?®) were

Additive Manufacturing 28 (2019) 87-97

printed with four raster orientations of 0° (Fig. 4A), 45° (Fig. 4C), 90°
(Fig. 4B), and 45°/45° (Fig. 4D). The results indicated that the 45°/45°
raster orientation has the best fatigue life. In the subsequent studies
[47,48], ASTM D638 dog bone specimens were printed with raster or-
ientations of 0° (Fig. 4A), 45° (Fig. 4C), 90° (Fig. 4B), 45°/45° (Fig. 4D),
30°/60°, 15°/75°, and 0°/90° (for conventions used in defining raster
orientations, see Fig. 4) [49]. In accordance with the first study, the
45°/45° raster orientation exhibited the best performance (Fig. 6).

Both [50] and [51] investigated the effects of raster orientation, but
in polylactic acid (PLA) specimens according to references [41] and
[49], respectively. Three raster orientations of 0° (Fig. 4A), 45°
(Fig. 4C), and 90° (for conventions used in defining raster orientations,
see Fig. 4) (Fig. 4B) were cyclically loaded at 2 Hz in [50] and 1 Hz in
reference [51]. Both studies had similar results, where the 45° or-
ientation had the best fatigue life. In a different study [52], the effects
of printing orientation on fatigue life in ABS and ABSplus specimens
[53] were investigated. Nine specimens were printed in varying direc-
tions, where each print orientation dictated the raster orientation used
by the printer (Fig. 5). It was found that printing the specimen in the
Flat-x (Fig. 5) direction had the best fatigue life. In Fig. 6, the S-N
curves for the best results from [47,50-52] are presented. From the
curves, it can be concluded that ABSplus had better fatigue resistance
than ABS since, at each stress level, the ABSplus material had a larger
number of cycles. Comparing ABS and PLA, it was inconclusive which
material had the better fatigue life, since the PLA and ABS curves be-
tween studies provided conflicting results. Finally, in a cumulative
study, reference [54] explored which printing parameter (layer thick-
ness, extruder width, print orientation, feed rate) has the most influence
on the fatigue life. Rectangular prisms (150 X 20 X 3 mm) of ABS were
tested with 0.2 or 0.3 mm layer thickness, 0.35 or 0.45 mm extruder
width, Flat-x or Flat-y (Fig. 5) print orientation, and 2000 or 4000 mm/
min feed rate. It was found that printing in the Flat-x direction and
using a smaller layer height resulted in the best fatigue life. For feed
rate and extruder width, while it appeared that smaller values resulted
in better fatigue life, neither parameter had a significant impact on
fatigue life. Printing parameters were found to have a substantial im-
pact on the fatigue life in polymers.

Material properties and production methods, such as fabrication
with injection molding or 3D printing and surface treatments, were
investigated to see how fatigue life was affected. Both [55] and [56]
studied and compared the fatigue lives of injection molded and 3D
printed specimens [49] of ABS and polycarbonate urethane (75 A, 85 A,
and 95 A), respectively. In conflicting results [55], found that the 3D
printed specimens had worse fatigue life, while [56] found that 3D
printed parts had a better fatigue life (Fig. 7 and 8). From Figs. 7 and 8,
it can be seen that the ABS injected molded specimens had the best

Table 1
A summary of fatigue testing parameters and results from the studies that used extrusion-based printing.
Testing Method Material Specimen Geometry  Results Study
Tension-tension fatigue ABS Rectilinear Box The 45°/45° fiber orientation had the best fatigue life Ziemian et al. (2012)
Tension-tension fatigue ABS Dog Bone The 45°/45° fiber orientation had the best fatigue life Ziemian et al. (2015)
Tension-tension fatigue ABS Dog Bone The 45°/45° fiber orientation had the best fatigue life Ziemian et al. (2016)
Tension-tension fatigue PLA Dog Bone Flat printing orientation at 45° had the best fatigue life Afrose et al. (2015)
Tension-compression fatigue ~PLA Dog Bone Flat printing orientation at 45° had the best fatigue endurance Letcher and Waytashek
limit (2014)
Tension-relaxation fatigue ABS Dog Bone Flat printing orientation in X had the best fatigue life Lee and Huang (2013)
Tension-tension fatigue ABS Rectilinear Box Print orientation, layer thickness, and feed rate influenced Corbett et al. (2014)
fatigue life the most
Tension-tension fatigue ABS Dog Bone 3D-printed parts had worse fatigue life than injection molding Padzi et al. (2017)
Tension-relaxation fatigue Polycarbonate Urethane  Dog Bone 3D-printed parts had better fatigue life than injection molding Miller et al. (2017a)
Tension-tension fatigue Ultem 9085 Dog Bone Surface treatment did not affect fatigue life Fischer and Volker (2016)
Tension-relaxation fatigue Polyurethane Rectilinear Box Circular pores had the best fatigue life Miller et al. (2017b)
Compression Fatigue PLA Rectilinear Box Circular pores had the best fatigue life Gong et al. (2017)
Rotating Bending Fatigue PLA Hourglass Fill density and layer height influenced fatigue life the most Gomez-Gras et al. (2018)
Rotating Bending Fatigue ABS Hourglass Cycling at higher stresses led to worse fatigue life Zhang et al. (2017)

Fracture Mechanical Fatigue PLA Compact Tension

The 0°/90° fiber orientation had the best fatigue life

Arbeiter et al. (2018)




L. Safai, et al.

Additive Manufacturing 28 (2019) 87-97

Table 2
A summary of fatigue testing parameters and results from the studies that used selective laser sintering.

Testing Method Material Specimen Geometry  Results Study

Tension-compression fatigue PA12 Hourglass Orientation did not affect fatigue life, but notched specimens Hooreweder and Kruth
performed better than un-notched (2014)

Tension-tension fatigue PAl12 Dog Bone Density and surface roughness did not affect fatigue life Amel et al. (2014)

Tension-compression fatigue

Tension-compression fatigue PA12 Hourglass Lower density samples led to more crack initiation Hooreweder et al. (2010)

Tension-compression fatigue PA12 Hourglass 3D-printed specimens had similar fatigue life to injection molded Hooreweder et al. (2013)
samples

Tension-tension fatigue PA12 Dog Bone Fatigue life increased with section thickness, and larger section Amel et al. (2016)

Tension-compression fatigue thicknesses depended on density

Rotating Bending Fatigue PAl12 Hourglass Specimens had an endurance limit of 15 MPa Munguia and Dalgarno

(2014)
Rotating Bending Fatigue PAl12 Hourglass Specimens showed isotropic material behavior Munguia and Dalgarno
(2015)

Bending Fatigue PCL Rectilinear Box Smaller particles with a higher degree of sintering had better fatigue  Salmoria et al. (2014)
life

Bending Fatigue PA6/PA12 Rectilinear Box There was poor affinity between PA6 and PA12 Salmoria et al. (2012)

Bending Fatigue PA12/PBT Rectilinear Box The 90%/10% blend of PA12/PBT had the best fatigue life Salmoria et al. (2018)

Fracture Mechanical Fatigue PA12 Compact Tension 3D-printed specimens had a longer fatigue life than injection molded Blattmeier et al. (2012)

Fracture Mechanical Fatigue Neat PA12 and Rectilinear Box PA12-f had better fatigue life at lower temperatures Salazar et al. (2014a)

PAl12-f

Fracture Mechanical Fatigue

PA12 and PA11

Rectilinear Box

Independent of environment and temperature, PA11 had better
fatigue life than PA12

Salazar et al. (2014b)

fatigue life, but the injection molded polycarbonate specimens had a
slightly worse fatigue life when compared with their 3D printed
counterparts. In the case of polycarbonate urethane, the authors argued
that the high temperature and cooling process of the 3D printing pro-
cess may have affected the internal structures of the samples, thereby
increasing its capacity to experience strain crystallization. This would
lead to less strain hardening effects and could explain the small im-
provements in the fatigue behavior of 3D printed specimens. Overall, it
was unclear whether or not injection molding had better fatigue re-
sistance than 3D printing, since each study drew a different conclusion.
Overall, it was unclear whether or not injection molding had better
fatigue resistance than 3D printing, since each study drew a different
conclusion. Aside from comparing injection molding and 3D printing,
reference [57] examined the differences in chemically post-treated and
non-treated specimens from the commercially available polymer Ultem
9085. Ultem 9085 is manufactured by Stratasys, and is a high-perfor-
mance thermoplastic composed of a polyetherimide and polycarbonate
copolymer blend (Stratasys Ltd., Minnesota, USA). The results indicated
that surface treatment did not have an effect on fatigue life.

Finally, the effects of topological design on the fatigue behavior of
3D printed porous scaffolds have been investigated in a few studies. In
one of these studies [58], the effects of pore geometry and notch shape
on the fatigue life in polycarbonate urethane (95 A) and polyurethane
68 A (EPU40) dog bone specimens was investigated, while another
study [59] examined the effects of scaffold geometry in PLA. The test
results from [58] indicated that pore geometry influenced fatigue life,
with circular pore geometry and a circular notch shape having the best
performance. In accordance with [58,59,61], also found that pore
geometry affected fatigue life with a greater influence at high cycles. As
well, for a crosshatch pattern, line spacing had a negligible effect on
fatigue life.

Table 3

6.1.2. Rotating bending fatigue

The influence of four different printing parameters, i.e. layer height
(0.1, 0.2, 0.3 mm), fill density (25, 50, 75%), nozzle diameter (0.3, 0.4,
0.5 mm), and printing velocity (25, 30, 35 mm/min), were examined in
[60] for two different infill patterns, i.e. rectilinear and honeycomb, in
cylindrical, PLA test specimens. Fill density was found to have the most
impact on fatigue life, while the effects of the layer height and nozzle
diameter were dependent on the infill pattern, and velocity did not have
a significant impact on fatigue. According to the authors, certain values
of the layer height and nozzle diameter lead to an insufficient cohesion
between layers, resulting in a reduced fatigue life. The influence of
density was not linear between the three values, with the jump from 50
to 75% density having a larger impact. The best combination of para-
meters was 75% density, 0.5 mm nozzle diameter, 0.3 mm layer height,
and a honeycomb infill.

Reference [61] examined the mechanical properties of how cy-
lindrical ABS specimens failed during fatigue testing. Each test spe-
cimen broke at the smallest cross section with both static and fatigue
fractures. As stress was increased, the amount of static fatigue also in-
creased.

ABS had better a fatigue life as compared with PLA in rotating
bending fatigue (Fig. 9), since at higher stress levels, the ABS specimens
were able to last for a larger number of cycles.

6.1.3. Fracture mechanical fatigue

In reference [62], the effects of raster orientation on fatigue life in
PLA compact tension specimens were examined. The specimens were
printed in three different orientations with 0° (Fig. 4A), 90° (Fig. 4B),
and 0°/90° (for conventions used in defining raster orientations, see
Fig. 4). The study concluded that raster orientation did not affect fa-
tigue life, and that the fatigue behavior was dominated by crack pro-
pagation at high loads, and crack initiation at low loads.

A summary of fatigue testing parameters and results from the studies that used material jetting.

Testing Method Material Specimen Geometry Results

Study

Tension-tension fatigue Veroclear 720 Dog Bone
Tension-relaxation fatigue TangoBlackPlus Dog Bone
Tension-relaxation fatigue TangoBlackPlus Dog Bone

Build orientation affected fatigue life
Interface specimens had a higher fatigue life than no interface
“Glossy” finish specimens had a longer fatigue life than matte finish

Suresh et al. (2017)
Moore and Williams (2012)
Moore and Williams (2015)
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Fig. 4. Four different raster orientations of A) 0°, B) 90°, C) 45°, and D) 45°/45°.
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Fig. 5. An arbitrary geometry that shows the notation of the nine different printing orientations on an XYZ stage.
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Fig. 6. The S-N curves of the best raster and printing orientation experiments
that used dog bone specimens during uniaxial loading. The blue square is the
best raster orientation at 45°/45° for ABS specimens [49]. The red star and
yellow circle lines are the best printing orientation, flat-x, for ABS and ABSplus,
respectively [54]. The purple cross and green diamond lines are the best raster
orientation at 45° for PLA specimens, from [53] and [52], respectively. Solid
color points represent run-out data (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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Fig. 7. The S-N curves of the results from [57] and [58] using dog bone spe-
cimens made of ABS or polycarbonate urethane, respectively. The blue star and
red square curves are the ABS specimens fabricated with 3D printing and in-
jection molding (IM), respectively. The remaining curves are the results of the
polycarbonate urethane specimens made with 3D printing and injection
molding, which are shown enlarged in the following figure. Solid color points
and circled points represent run-out data (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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Fig. 8. The S-N curves of the polycarbonate urethane 3D printed and injection
molded (IM) specimens for [58]. The specimens were printed in three different
types of polycarbonate urethane, 75A, 85A, and 95 A. The blue circle, red
cross, and yellow diamond are the curves of the 3D printed specimens made
with 75A, 85A, and 95 A, respectively. The purple cross, downward green
triangle, and upward blue triangle are the injection molded specimens made of
75A, 85A, and 95 A, respectively. Solid color points and circled points re-
present run-out data (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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Fig. 9. The S-N curves for the best combination of printing parameters from
[62] for PLA hourglass and ABS hourglass specimens from [63]. The red star
curve represents the ABS specimen, while the blue square represents the PLA
specimen (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

6.2. Selective laser sintering

6.2.1. Axial loading fatigue

Similar to extrusion-based printing, printing parameters, such as
printing orientation, affect parts built using selective laser sintering. In
one study [63], the effects of printing orientation on notched and un-
notched Nylon-12 (PA12) hourglass specimens [64] were investigated.
The results indicated that orientation does not affect the fatigue life, but
that notched specimens had a longer fatigue life. This is a result of the
reduced thermal load that the notched specimens experience, since a
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Fig. 10. The results of [68], indicating that as part density increases so does the
number of cycles that the specimen is able to withstand.

smaller volume is subjected to cyclic loading.

In addition to printing parameters, material properties, such as
density, surface roughness, and printing with injection molding or 3D
printing, also influence fatigue life. Studies conducted by [65] and [66]
investigated the effects of density on the fatigue life. According to re-
ference [65], there is no relationship between the fatigue life and
density or surface roughness in the dog bone Nylon-12 (PA12), since
different samples provided contrasting behaviors. In order to verify
whether fabrication defects caused this, more testing was needed.
However [66], concluded that lower density PA12 hourglass specimens
had a lower fatigue life (Fig. 10). As seen from the curve, there was a
positive relationship between the density and fatigue life. Aside from
density, reference [67] studied the differences in the fatigue life be-
tween notched and un-notched injection molded and 3D printed PA12
parts [64], where the 3D printed parts were built in the Vert-x and Z-x
directions (Fig. 5). The results found that notched injection molded and
3D printed parts had similar fatigue lives (Fig. 11). Moreover, there
were no substantial differences in the fatigue life of the specimens
printed in the Vert-x and Z-x directions when using SLS.

In [68], the effects of geometry on the fatigue life was investigated
by varying the section thickness (2, 4, and 6 mm) in dog bone PA12
specimens under tension-tension and tension-compression uniaxial
loading. In both cases, the fatigue life increased with the section
thickness, but these results were not statistically significant for tension-
tension loading. This may be due to temperature increasing more in
smaller section thicknesses than in larger thicknesses.

6.2.2. Rotating bending fatigue

The effects of printing orientation was investigated in references
[69] and [70] for PA12 hourglass specimens [71]. In reference [69], the
specimens were printed in the direction of the X and Z-axes (Fig. 5) and
tested at two frequencies of 30 and 50 Hz. The results indicated that
printing in the Z direction, though not significant, and testing at 50 Hz
both reduced fatigue life (Fig. 12). In reference [70], specimens for
rotating bending [71] and reverse bending [72] were printed parallel to
the Y and Z-axes (Fig. 5). The results of both types of tests and or-
ientations showed no significant differences, indicating isotropic be-
havior from the specimens (Fig. 12). The curves seen in Fig. 12 include
both printing orientations that were tested.

6.2.3. Bending fatigue
In [73], two printing parameters, namely laser energy density and
particle size, were varied to see their influence on the fatigue life of
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Fig. 11. The S-N curves of the results from [69] using notched and un-notched
hourglass specimens of PA12 fabricated using SLS or injection molding (IM).
The blue square and red star curves are the SLS un-notched specimens fabri-
cated in the Vert-x or Z-x directions, respectively. The yellow circle and purple
cross are the SLS notched specimens fabricated in the Vert-x or Z-x directions,
respectively. The green diamond and blue triangle are the un-notched and
notched injection molded specimens. Solid color points and circled points re-
present run-out data (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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Fig. 12. The S-N curves of the best results from [71] and [72] that each printed
specimen made out of PA12. The blue square and red star are the curves for
hourglass specimens that were printed along the z-axis and x-axis, respectively,
and were tested at a frequency of 30 Hz. The yellow circle and purple cross
curves represent specimens tested with reverse bending fatigue and rotating
bending fatigue. Solid color points and circled points represent run-out data
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

rectilinear boxes (35 X 5x 1.4 mm®) of polycaprolactone (PCL). The
study found that a combination of smaller particles and large laser
energy densities leads to a higher degree of sintering and improved
fatigue life (Fig. 13). The curve with the combination of small particles
and a large energy density started off at a higher stress variation value,
meaning that the specimen initially started off more rigid than the other
specimens (Fig. 13). This implies that a higher degree of sintering
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Stress Variation vs. Number of Cycles
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Fig. 13. The results from [75] showing the stress variation vs. number of cycles
for three different combinations of particle size and laser energy density. The
smaller particles were between 125 and 150 um, and the larger particles were
between 150 and 212 ym. The smaller laser energy density was 0.040 J/mm?,
while the larger energy density was 0.072J/mm? The blue squares had a
combination of small particles and a large laser energy density, the red star
curve had smaller particles and a smaller laser energy density, while the yellow
circles had a combination of large particles with a large laser energy density
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

melted the particles together better, and, as a result, the fatigue life of
the specimens was improved.

The studies reported in [74] and [75], investigated how affinity
between two particle types affected fatigue life. In the first study [74],
rectilinear boxes (35 X 5x1.4 mm®) were fabricated with a mixture of
Polyamide 6 (PA6) and PA12. It was found that the 20/80 and 50/50
blends had the best fatigue life, but overall there was poor affinity
between the two particles (Fig. 14). Since the stress variation between
the two particles was negative, it meant that the stiffness of the
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Fig. 14. The results of the best combinations of powders from [76] and [77],
showing stress variation vs. number of cycles. As a control, the curve with only
PA12 is represented by blue squares. The combination of PA12/PBT at 90/10 is
shown with the red stars. The yellow circle and purple cross curves are PA6/
PA12 blends of 80/20 and 50/50, respectively (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article).
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specimen was decreasing, leading to a poor fatigue life (Fig. 14). Si-
milarly, [75] fabricated rectilinear boxes of PA12 and BASF poly-
butylene terephthalate (PBT). The blend of 90/10 had the best fatigue
life (Fig. 14). The stress variation in the 90/10 blend stayed relatively
constant, meaning that the specimen was neither hardening or soft-
ening under cyclic loading.

6.2.4. Fracture mechanical fatigue

Several studies investigated how different material properties af-
fected fracture fatigue life by comparing 3D printed and injection-
molded specimens, varying materials, and changing environments. In
[76], compact tension specimens [77] made of PA12 were built with 3D
printing and injection molding. The results found that the SLS parts had
longer fatigue lives, with less deformation. In [78], compact tension
specimens (50 X 48 x 10 mm?®), made of neat PA12 (PA12) and short
glass fiber PA12 (PA12-f), were tested in a dry environment at 23 °C and
-50 °C. At 23 °C, both materials had similar fatigue lives, but PA12-f had
greatly improved fatigue life at -50 °C. In [79], compact tension speci-
mens (50 X 48 x 10 mm?>) were fabricated of PA12 and PA11, a bio-
based polymer, and tested in a dry environment at 23 °C, a dry en-
vironment at 50 °C, and a wet environment at 23 °C. Independent of the
temperature and environment, PA11 showed improved fatigue crack
propagation. Testing in water significantly reduced the fatigue life for
both samples.

6.3. Material jetting

6.3.1. Axial loading fatigue

In one study, [80], the effects of build orientation were investigated
in parts printed with a material jetting printer. Veroclear 720 dog bone
specimens [41] were fabricated parallel to the X and Y-axes (Fig. 5),
and cycled at 20 Hz. Veroclear 720 is a translucent, rigid acrylic-based
photopolymer produced by Stratasys. The specimens that were fabri-
cated parallel to the Y-axis (Fig. 5) had better fatigue resistance, but
more experimentation was required to have statistical validity.

Material properties, such as material interfaces and surface treat-
ments, were investigated to see how they affect the fatigue life. In two
studies reported in [81] and [82], dog bone specimens [83] were fab-
ricated using TangoBlackPlus and VeroWhitePlus. The first study [81],
examined the effects of no interface, a single interface, and a dual in-
terface on the fatigue life. TangoBlackPlus is an elastomeric acrylic-
based photopolymer fabricated by Stratasys. The results of the study
indicated that interface specimens do not have a shorter fatigue life as
compared with the pure material itself. In a continuation study [82],
dual interface specimens were used to see how surface finish affects the
fatigue life. It was found that smoother, “glossy” finish specimens had a
longer fatigue life as compared to matte finish, though not statistically
significant.

7. Discussion
7.1. Extrusion-based printing

Throughout the literature for fatigue of extrusion-based printing, it
appeared that printing and material parameters all affect the fatigue life
of specimens. Focusing on printing parameters, it was found that the
raster orientation had the most influence on the fatigue life. All of the
studies investigating raster orientation concurred that printing at 0°
(Fig. 4A) or 90° (Fig. 4B) resulted in the worst fatigue life than printing
at 45° (Fig. 4C) or 45/45° (Fig. 4D). One possibility as to why 45/45°
had the best fatigue life is that in uniaxial loading shear tends to occur
at an angle of 45°, but during loading it is constantly counteracted by
the -45° configuration [47]. This development could delay or prevent a
crack from fully propagating through the material. Another possibility
is that as the specimens are cyclically loaded, the 45/45° configuration
start to rotate into a 0/90° orientation, resulting in the structure being
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better aligned with the loading direction so strand strength becomes
more prevalent [47]. Aside from raster orientation, other parameters
such as the printing orientation, layer height, and infill all influence the
fatigue life. Printing orientation determines the stress-carrying direc-
tion, layer height affects the cohesion between the layers, and infill
affects the stiffness and density of the part, all of which impact how the
material behaves during fatigue testing [60]. Due to the synergy be-
tween all of the parameters, it was challenging to characterize the best
settings for maximizing the fatigue life. While the general consensus
between studies was that printing with 45/45° (Fig. 4D) results in the
best fatigue life, the best settings for the remainder of the printing
parameters remain inconclusive.

The material parameters did not seem to have as substantial of an
influence as the printing parameters due to the inconclusive nature of
the results. Examining whether or not injection molding or 3D printed
parts had better fatigue life yielded two conflicting results. This may be
due to the differing printing parameters chosen by each study, where
changing printing parameters could generate a different outcome.
Looking at the chosen materials throughout the literature seemed to be
inconclusive as to whether ABS or PLA had the best fatigue resistance.
This can be seen in Figs. 6,7, and 9, in which ABS specimens typically
had the longest fatigue life, but there were also instances where PLA has
the best fatigue resistance. This fluctuation in which material is better
may be due to the different printing parameters each test has used,
which affect the mechanical behavior of the specimen.

7.2. Selective laser sintering

As with extrusion-based printing, both printing parameters and
material properties impacted the fatigue life of SLS parts. Looking at the
printing parameters, several studies concluded that the printing or-
ientation did not affect the fatigue life, since there was as an isotropic
material response. This can been seen in Figs. 11 and 12. This isotropic
response may be due to the localized heating and deformation that
cause a uniform microstructure at the eventual fracture site through in
situ drawing and/or an annealing process [70]. Another printing
parameter that affects fatigue is the laser energy density, which was
tested in [73]. Laser energy density affects the mechanical properties,
such as porosity and microstructure, of parts built using SLS. As the
laser energy density is increased, the degree of sintering increases,
which leads to a denser morphology in parts.

Unlike extrusion-based printing, the material properties seemed to
have a larger impact on fatigue life of SLS polymers. Throughout the
literature, there seemed to be a consensus in SLS parts that an increase
in the density leads to better fatigue resistance. This can be seen in
Figs. 10 and 13. The density of the SLS parts influences the mechanical
properties, and at lower densities, with more unfused powder particles,
there is a higher chance of crack initiation [66]. Looking at the dif-
ferences in the injection molded and 3D printed parts did not lead to a
definitive conclusion of one method being better than the other, as seen
in Fig. 11. The fatigue lives of both parts were found to be similar, with
neither one having significantly better fatigue resistance. The affinity of
two powders was essential to the success of the part. As can be seen in
Fig. 14, when there is poor affinity between powders, the part begins to
lose stiffness and fail sooner. Finally, the majority of the studies used
PA12 due to its desirable mechanical properties. It is interesting to note
that the PA12/PBT blend of 90/10 had a higher fatigue strength than
pure PA12 due to the addition of 10% PBT, which leads to an increase
in stiffness and resistance to plastic deformation.

7.3. Material jetting

Due to the limited number of studies on material jetting, only ma-
terial properties were investigated. As previously mentioned, the stu-
dies found that interface specimens did not have shorter fatigue lives as
compared with no interface specimens, and that although the ‘glossy’
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surface had better fatigue resistance, it was not statistically relevant.
This might be due to the lower roughness of the glossy surface as
compared to the matt surface [84]. A lower roughness decreases the
potential sites of crack initiation [86].

7.4. General remarks

As is clear from the previous chapters, there is no clear answer as to
which 3D printing technique or set of printing parameters results in
parts that are optimized for maximum fatigue performance. Many of the
relevant parameters strongly depend on the 3D printing process and the
polymer used. For every polymer, a set of specimens fabricated with
different processing parameters should be tested for fatigue following
experimental design techniques such as Taguchi that allow for frac-
tional factorial designs [84]. Other optimization processes include the
full factorial, gray relational, artificial neural network (ANN), fuzzy
logic, genetic algorithm (GA), and response surface methodology (RSM)
and have been used for different outputs like part strength, surface
quality, dimension accuracy, etc. [85]. Most of these techniques have
not been used for fatigue analyses but could also be considered. The
slicing algorithm used is another parameter that has not been in-
vestigated thoroughly and could have a significant effect on the me-
chanical properties of the resulting parts.

8. Conclusions

In this literature review, the aim was to interpret all of the papers to
see, whether there are trends in the data that could lead to conclusions
about which printing parameters and material properties resulted in the
best fatigue life. For extrusion-based printing, it was found that printing
with a 45/45° raster orientation had the best fatigue life, while it was
inconclusive as to if ABS or PLA was the most fatigue resistant material.
The synergy between all of the printing parameters such as printing
orientation, raster orientation, layer height, and infill made it challen-
ging to determine the best parameters. In selective laser sintering, the
printing orientation did not have an impact on the fatigue life of the
specimens, with the specimens showing isotropic behavior. Higher
densities in the parts also led to better fatigue resistance. In both ex-
trusion-based printing and selective laser sintering, there was not en-
ough information to determine if 3D printing yielded better fatigue
results as compared with injection molding. Due to the lack of testing of
parts made by material jetting, no conclusions could be made. While
some conclusions about the influence of the printing parameters and
material properties were made, there still is a need for more fatigue
testing of 3D printed polymers. Understanding the mechanical proper-
ties of 3D printed polymers could aid in predicting and preventing fa-
tigue failure.
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