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Abstract   
Rapid prototyping has given way to the creation of useful end-use components using Additive Manufacturing (AM), also referred 
to as three-dimensional (3D) printing. However, the intrinsic layer-by-layer fabrication process results in anisotropic mechanical 
characteristics and structural flaws that greatly influence the fatigue life of polymer materials. Different parameters affect the fatigue 
life of a polymer material and subsequently their mechanical properties. In this review, AM process parameters such as build 
orientation, raster angle, layer thickness and material used are examined, the proper selection of process parameters has an overall 
impact on the strength of 3D-printed components. This paper offers insights into these process parameters by summarizing recently 
reported research. 
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1.0 Introduction  

Additive manufacturing is a layer-based manufacturing process which allows automatic fabrication of products 
which enables the automated, cost-effective, and time-efficient manufacture of complexly shaped goods. In the 
last decade, the application of additive manufacturing has grown significantly, mainly due to the availability of 
comparatively cheap 3D-printing devices [1]. A process where physical parts are manufactured using computer-
aided design (CAD) software and objects are built on a layer-by-layer basis is known as additive manufacturing 
(AM), or, in a non-technical context, 3D printing [2]. There are different types of AM techniques depending on 
the feed stock form (e.g., powder versus wire), feeding system (e.g., powder bed versus blown powder), energy 
source (e.g., laser versus electron beam), materials (e.g., metal versus polymer), etc. [3]. Despite the relatively young 
age of AM there is a number of studies dedicated to fatigue.  

So far, and based on a review by Gülcan et al. [4] the main target applications of parts printed on commercial 
3D printers are restricted to color models and applications that are not subject to heavy loads such as moulds used 
for prototyping purposes. However, the concept of ‘additive’ manufacturing has originated and evolved 
significantly [5]. Therefore, the durability and long-term dependability of materials in a variety of developing 
applications requires an understanding of the fatigue behavior of polymer materials and its damage mechanisms 
[6]. The core issue is that AM polymers cannot be evaluated as simple isotropic materials, this is because the layer-
by-layer fabrication process introduces an unavoidable network of internal anisotropic interfaces, air voids, and 
surface roughness profiles that alter the mechanics of crack nucleation and propagation which leads to eventual 
failure under fatigue. Printing parameters have a significant impact on fatigue behaviour that need to be optimized 
but studies related to the optimization of printing parameters are rare. Rouf et al [7] discusses the various ways in 
which 3D printing is used to manufacture industrial products, the various process parameters involved in each 
process, and how they affect the mechanical properties of these parts, such as fatigue, tensile, and bending strength, 
among others, with a focus on polymeric materials. The static tensile metrics of printed thermoplastics fatigue 
limits remain highly unpredictable due to the effects, which are inherent in layer-by-layer fabrication processes. 
These structural defects bypass the typical crack nucleation phase and cause immediate, direction-dependent crack 
propagation that severely compromises the structural integrity of the component. Hence, further investigations 
are required [8].   

The primary objective of this review is to review the influence of fatigue in 3D printed polymer materials 
based on the recently reported work in this field given the growing deployment of AM polymer components in 
sectors like aerospace and automotive engineering where safety is critical. Characterizing their fatigue performance 
is vital for mitigating premature structural failure. Therefore, a comprehensive understanding of these cyclic failure 
mechanisms is essential to elevate the structural reliability and durability of printed components where human 
lives are at stake. The scope of the present study is systematically restricted to Fused Filament Fabrication (FFF) 
which is extrusion- based and powder-bed Selective Laser Sintering (SLS), this enables a comparative assessment 
across amorphous, and semi-crystalline materials.  
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Figure 1: AM processes classified into three main groups 
 

1.1 Classification According to the Method of Fabrication  
According to American Society for Testing and Materials (ASTM), AM processes can be classified into the 

following seven types, based on the methodology of formation of the final components. These are: (1) material 
extrusion, (2) powder bed fusion, (3) vat photopolymerization, (4) energy deposition, (5) material jetting, (6) binder 
jetting and (7) sheet lamination [9].  

 
Table 1: Key characteristics of AM processes based on mode of fabrication 

Method of fabrication Key Characteristics Reference 
Material Extrusion (MEX) Highly accessible and cost-effective; inherently introduces 

directional anisotropy and distinct layer lines. 
[10] [11] 

Powder Bed Fusion (PBF) High structural integrity; SLS polymers do not require support 
structures because the surrounding unfused powder acts as a 
natural matrix. 

[11, 12] 

Vat Photopolymerization 
(VPP) 

Offers exceptional surface finish and high dimensional 
accuracy (ideal for micro-features); parts can be brittle and 
prone to UV degradation over time. 

[11-13] 

Directed Energy 
Deposition (DED) 

Primarily used for high-rate metal deposition, repairing large 
complex components, or cladding features onto existing 
conventionally machined structures. 

[11, 14, 15] 

Material Jetting (MJ) Capable of multi-material and multi-color printing within a 
single layer; yields high resolution but lower 
mechanical/functional durability. 

[11, 12, 16] 

Binder Jetting (BJT) Exceptionally fast build speeds and no thermal distortion 
during printing; metal/ceramic parts require secondary furnace 
sintering and infiltration to reach full density. 

[2, 11, 17, 
18] 

Sheet Lamination (SL) Low thermal distortion and high production speed for large 
volumetric parts; internal complex geometries can be difficult 
to clear of excess material. 

[2, 11, 19] 

 
The creation of polymeric materials has allowed them to be used in many different structural and load-bearing 

roles, like cams, gears, and mechanical couplings. However, these parts might fracture and fail due to repeated 
loading (cyclic stress), which could cause a serious accident [20]. This observation is important when thinking 
about how to design, model, and make components [21]. 

 
2.0 Process Parameters Influencing Fatigue of AM Polymer Materials  
2.1 Build Orientation and Anisotropy  

This is the way a part is positioned during printing, compared to the build plate, and it determines how the 
layers connect and how they react to outside forces. Build orientation is divided into three setups:  
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a) Flat-Horizontal (XY-print): The biggest part of the component lies flat on the build platform. Layers are 
added along the axis of shorter      thickness.  

b) On-Edge (XZ-print): The part is turned 90◦ around its long axis, and the layers are built up along the width 
direction.  

c) Vertical-Upright (Z-print): The part is standing straight up, with each layer being added one after the other 
along its length. 

Figure 2: Schematic by Zeltmann et al. [21] showing the   Figure 3: Build orientation  
orientations of specimens tested for print direction alteration.  

 
2.2 Raster Angle  

Raster angle or degree can be defined as the angle used by the nozzle to lay down melted thermoplastic 
material in a line by line manner for each layer, and this angle can be set between 0 and 180 degrees [22]. Also, the 
raster angle is a key factor that influences the compressive strength of FFF printed parts. As the raster angle gets 
larger, both the ultimate tensile stress and the elastic modulus decrease until the angle reaches 90°. Kumar et al. 
[23] experimental results showed that the shrinkage in the Z direction is more than in the X and Y directions 
which happens because the layers compact differently both across and within each layer.  

Figure 4: Image showing major raster angles 
 
2.3 Layer Thickness  

Thinner layers often improve surface finish, although their effect on fatigue is complex. Smaller layer heights 
increase the number of interfaces (and potential defect sites) per unit volume. However, they also promote better 
heat retention and diffusion between layers, potentially enhancing fusion. Voids—unfilled spaces between adjacent 
raster—act as internal notches. Studies show that reducing void volume through optimized extrusion multipliers 
can increase fatigue life by several orders of magnitude.  
 
2.4 Material Used in AM Processes 

Jafferson and Chatterjee [24] provided an extensive classification of polymeric materials utilized across various 
additive manufacturing systems, Additive manufacturing uses different techniques to create parts based on the 
type of material being used and the final product needed. There is a wide range of polymeric materials that are 
classified into different categories depending on their application in these manufacturing systems. Therefore, 
depending on what's needed in different industries, FFF technology uses a variety of materials like nylons (NY), 
acrylonitrile/butadiene/styrene copolymer (ABS), polylactide or polylactic acid (PLA), and even materials that 
have been mixed with wood or metal powders [25] 
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Table 2: Fabrication methods and materials used 

 
 

 
Figure 5: Types of polymer materials used in AM [24] 

 
 
 

Fabrication Method Materials Used References 
Material Extrusion (MEX) Thermoplastics (PLA, ABS, PETG, 

PEEK), continuous fiber-reinforced 
composites, clays, and hydrogels. 

[26,27] 

Powder Bed Fusion (PBF) Thermoplastic powders (PA11, PA12), 
metal alloys (Titanium, Copper, Steel, 

Inconel, Aluminum). 

[28,29] 

Vat Photopolymerization 
(VPP) 

Ceramics, Liquid photopolymer resins 
(epoxies, acrylates, elastomeric/rigid 

formulations). 

[30,31] 

Directed Energy Deposition 
(DED) 

Metal powders or wires (Titanium, Nickel 
alloys, Stainless steel). 

[32,33] 

Material Jetting (MJ) Liquid photopolymer resins, specialized 
waxes. 

[16,34] 

Binder Jetting (BJT) Sand, ceramics, metals (Stainless steel, 
Copper), gypsum. 

[35,36] 

Sheet Lamination (SL) Paper, plastic sheets, metal foils/tapes. [37] 
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Figure 6: Mechanical and thermal properties of various plastic materials used for various additive 

manufacturing technologies (material jetting (MJ), stereolithography (SLA), digital light processing (DLP), 
fused filament fabrication (FFF) and selective laser sintering (SLS)) [16] 

 
3.1 Summary of Key Findings Correlating Process Parameters and Fatigue Properties of AM Polymer 
Materials  
3.1.1 Effect of Build Orientation  

Letcher et al [38], showed that by changing the way parts are printed in Polylactic Acid (PLA) on a basic 3D 
printer, the mechanical strength, like the ultimate tensile strength, can be improved, and this was determined by 
testing the samples printed in three different directions: 0°, 45°, and 90°, to see how they performed under load. 
When the orientation changes from 0° to 90°, the material fails in a different way, shifting from ductile to brittle. 
This change in how the material breaks is mostly because of the direction in which the layers were deposited on 
the build plate [39]. Similarly, in this field of study, Farzadi et al [40] found that the direction or orientation plays 
a role in how well plaster-based powder and a water-based solution with 2-Pyrrolidone as a binder work together. 
 
3.1.2 Effect of Raster Angle  

By changing the raster angle, Goh et al [22], discovered that the tensile yield strength of the XYZ specimens 
decreased from 34.5 MPa to 21.3 MPa and then to 20.8 MPa when the raster angle was changed from 0 to 45 and 
then to 90. This indicates that raster angle changes have an impact on how load is transferred within the specimen 
because 0° and 45° angles lead to higher fatigue strength. This assertion is corroborated by Shanmugam et al. [6], 
who found through experimentation that PLA and ABS-based printed materials had a longer fatigue life when the 
raster angle is oriented at +45° or -45°.  

In the research conducted by Zeltmann et al [21], It was discovered that the printing orientation had an impact 
on the mechanical characteristics of the 3D-printed test coupons. The x and 45° specimens were found to have a 
modulus that is 36% and 15% greater, respectively, than the z-direction orientation. Furthermore, compared to 
the z-direction specimens, the strength values of the x and 45° specimens are 28% and 30% greater, respectively. 
The experiment later done by Azadi et al [41] gives similar results being that the specimen with the 90° direction 
exhibited the least amount of resistance. The specimen with the 45° direction, however, had the maximum fatigue 
endurance limit. According to these findings, the optimal printing orientation out of the three is 45°.  

Khosravani et al [42] looked into and studied how 3D-printed polymer parts break apart. Samples were printed 
in three different directions (0, 45, and 90 degrees) to observe how each direction influenced the way the parts 
failed. The strength and structure of the samples were checked through experiments that measured how much 
force they could take before fracture and how stiff they were. The results indicate that the original 0° PLA is the 
strongest material, whereas the altered 90° PLA-wood samples are the weakest. 

 
3.1.3 Effect of Layer Thickness  

In a review by Radhika et al [14] it was found that because the deposited material adhere properly to the 
substrate (causing weak inter layer bond), its tensile strength and fatigue life were worse than the substrate's 
properties. This could cause cracks to grow and eventually lead to structural damage. 

According to Wu et al.'s research [43], samples constructed with a 300 µm layer thickness exhibited the highest 
strengths in every mechanical test, but samples with a 400 µm layer thickness showed a considerable loss in 
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strength. Tensile strength was significantly influenced by layer thickness, although compressive and bending values 
were not significantly affected.  
 
3.1.4 Effect of Material Used  

For the majority of applications requiring chemical resistance, some qualities, like PEEK's excellent corrosion 
resistance, can be taken into consideration; however, each application demands a particular range of properties 
from the polymer in terms of yield strength and flexibility [24]. A number of processes, including corrosion, 
thermal stress, changing thermal cycle, and collision, can also cause damage to a component [8]. Therefore, the 
fatigue properties of polymer materials are significantly influenced by the type of material or alloy employed in 
AM procedures.  

 
3.2 Methods to Determine Fatigue Property of AM Materials   
3.2.1 Non-Destructive Tests (NDT)  

A low-cost method based on the ultrasonic wave propagation velocities can be used to determine the fatigue 
property of AM materials [44]. Honarvar and Varvani-Farahani [45] looked at some non-destructive testing 
methods used in additive manufacturing and listed them as infrared thermographic testing (TT), X-ray computed 
tomography (CT), visual testing (VT), eddy current testing (ET), acoustic emission testing (AT), and ultrasonic 
testing (UT). Among these NDT methods, CT and UT showed the best results. One of the best ways to check 
industrial parts is through ultrasonic testing. Jung et al. [46] looked at how well 3D-printed CFRP resists fatigue 
using ultrasonic fatigue tests. Even though 3D printed items made with carbon fiber-reinforced plastic have many 
good qualities, their real-world use is still limited because more research is needed to understand how long they 
can last. In the study, three specimens were mixed in the bidirectional and unidirectional directions of 0° and 90° 
for an experiment. Numerical analysis verified the resonance at 20 kHz. The intended specimen was thoroughly 
examined using ultrasonic fatigue testing from low to high cycles, and longevity differences were verified through 
comparison. Based on the specimen's life analysis data, FEM was also utilised to predict the fatigue failure 
phenomenon. 

 
3.2.2 Destructive Testing (DT)  

Table 3. Some existing standards for destructive testing of fatigue of polymer materials according to American 
Society for Testing and Materials (ASTM) and international standard of organization (ISO) 

TESTING 
STANDARD 

APPLICATION REFERENCE 

ASTM E606 Strain-controlled fatigue testing [47] 
ASTM D3479 Tension–tension fatigue of polymer matrix composites [48] 

ISO 13003 Fatigue properties of fiber-reinforced plastics [49] 
ASTM D7774 Fatigue of plastics (Flexural) [50] 

ISO 15850 Tension–tension fatigue crack propagation [51] 
ASTM D7791 Uniaxial fatigue of plastics (tension or compression) [52] 
ASTM E739 Statistical analysis of linearized stress and strain life (S–N & ε–

N) fatigue data 
[53] 

ASTM D6115 Propagation of cracks in fiber-reinforced polymer composites 
under load 

[54] 

ASTM D4482 Tensile fatigue of compounds made with rubber [55] 
ASTM D638 Tensile properties of plastics [56] 

 
Testing plastics for mechanical fatigue usually follows standards for samples made by injection molding, like 

ASTM D7791 or ISO 13003. For example, ASTM E606 works only with materials that are the same throughout 
(Homogenous), but FFF prints are naturally made up of different materials (Heterogenous). In notched fatigue 
tests, as described in ASTM D671 [57], cracks usually begin at the tip or notch, but this might not happen in 3D 
printed parts because they have many places where stress can build up. [58]. Additionally, ASTM D4482 indicates 
that the material being tested does not possess any initial cracks, which is an incorrect assumption for 3D printed 
parts where void gaps are present within the component [59]. These standards do not account for the total size 
effects, raster layups, and the build direction anisotropy inherent to 3D-printed parts, which often yields scattered, 
unrepeatable data due to the size effects of the micro-structure. Therefore, these test results are not often used 
with confidence.  
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4.0 Conclusion  
All the literature reviewed reveals the increasing rate of industrial adoption of 3D printing and AM processes 

for functional, end-use components, therefore, Improving the fatigue life of these materials becomes a topic of 
study as it is a rapidly growing industry. Therefore, to enhance the mechanical integrity of 3D-printed components, 
a comprehensive design approach is needed. To enhance the fatigue characteristics of 3D printed polymer 
materials, the following areas have been discovered and should be improved on:  

• Tailoring process parameters to the component's functional requirements enables the optimization 
of strength-to-weight ratios alongside other critical performance characteristics.  

• This anisotropy must be kept in mind by designers of components that will be manufactured using 
additive manufacturing, and they must make sure that the orientations are conveyed to the simulation 
and printing stages.  

• The fatigue behavior of additively manufactured polymers is a complex phenomenon governed by 
material chemistry, process parameters, and internal architecture.  

• Establishing standardized fatigue testing protocols and advanced micro-mechanical predictive models 
will be essential to ensuring long-term reliability in dynamic engineering environments.  

• Comparisons demonstrate that ultimate tensile strength (UTS) values exhibit sensitivity to higher layer 
thicknesses.  

The fatigue life of additive manufactured polymer parts is highly sensitive to process parameters, hence, to 
ensure the reliability of AM components under cyclic loads, future engineers must move beyond "static strength" 
mindsets and consider the anisotropic nature of 3D-printed materials, taking major process parameters into 
consideration.   
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