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A B S T R A C T

In Additive Manufacturing (AM), parts are normally fabricated along the direction perpendicular 
to the build plate. However, the main axis of the part may differ from this direction, leading to the 
concept of “build orientation” that is an essential aspect in Design for AM (DfAM). Build orien-
tation defines the required support structures, that in turn affects build time, material waste, and 
part’s surface and mechanical properties. The present paper reviews the literature, focusing on 
the most utilized Powder Bed Fusion (PBF) techniques in metal AM. The findings are categorized 
based on properties affected by build orientation. First, manufacturability, geometrical accuracy, 
surface roughness, and porosity are reviewed. Then microstructural analysis, mechanical prop-
erties such as hardness, tensile strength, fatigue strength and fracture toughness are explored, 
followed by wear and corrosion properties. Consistent attention is given to studies describing the 
effects of build orientation on efficiency and applicability of post-processing techniques. Critical 
discussion of results highlights build orientation as a major factor to be considered in design and 
evaluation of PBF. In addition, prospects for the field are outlined, including the necessity of 
creating DfAM guidelines regarding build orientation, for which the current work is intended to 
serve as a starting point.

Abbreviations: AM, Additive Manufacturing; CE, Chemical Etching; DfAM, Design for Additive Manufacturing; DMLS, Direct Metal Laser Sin-
tering; DED, Directed Energy Deposition; EBSD, Electron Back Scatter Diffraction; EBM, Electron Beam Melting; EB-PBF, Electron Beam-Powder Bed 
Fusion; FEM, Finite Element Method; HT, Heat Treatment; HFMI, High-Frequency Mechanical Impact; HIP, Hot Isostatic Pressing; LoF, Lack-of- 
fusion; LSP, Laser Shock Peening; L-PBF, Laser-Powder Bed Fusion; μCT, Micro Computed Tomography; Nd: YAG, Neodinium Ytterbium Aluminium 
Garnet; PSD, Particle Size Distribution; PL, Polishing; PBF, Powder Bed Fusion; SB, Sand Blasting; SLM, Selective Laser Melting; SP, Shot Peening; SS, 
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1. Introduction

Metal additive manufacturing (metal AM) is an emerging technology that is gaining significant attention in multiple sectors 
including automotive [1], aerospace [2], and biomedical [3,4](Fig. 1). This interest originates from the unique advantages that AM can 
offer compared to the traditional manufacturing techniques. AM processes typically start with a virtual three-dimensional (3D) model 
of the part to be produced, which is then virtually sliced and manufactured layer-by-layer [5–7]. These technologies enable the 
production of complex-shaped components that were not feasible with conventional manufacturing methods. Other advantages of AM 
include high cost-efficiency, easy customization, reduced material waste, reduced lead time, the processability of high resistance 
metallic materials, and flexibility of the design and process, compared to traditional manufacturing techniques [8–10].

ISO/ASTM 52900:2015 [11] international standard has categorized AM technologies into 7 categories of Binder Jetting (BJ), 
Directed Energy Deposition (DED), Material Extrusion, Material Jetting, Powder Bed Fusion (PBF), Sheet Lamination, and Vat Pho-
topolymerization. In the context of metal AM, the major classes are PBF, described as an “AM process in which thermal energy 
selectively fuses regions of a powder bed”, DED, defined as the “AM process in which focused thermal energy is used to fuse materials 
by melting as they are deposited” and BJ defined as the “AM process that involves selectively depositing a liquid bonding agent to join 
powder materials”, followed by sintering. PBF and DED technologies resort to the melting of metallic materials, with the main dif-
ference being in the application of a powder bed with respect to a contemporary deposition and melting of the material. The present 
work focuses on PBF technologies, particularly Laser-PBF (L-PBF) and Electron Beam-PBF (EB-PBF). These processes are based on using 
a laser/electron beam as the thermal energy source to selectively melt the powder bed following the Computer-Aided Design (CAD) 
model of the object. In addition to the standard terminologies introduced in ISO/ASTM 52911-1:2019 standard [12], several other 
terms have been interchangeably used in the literature; for instance, L-PBF has been also referred to as Selective Laser Melting (SLM) 
[13] while other terms like Electron Beam Melting (EBM) [14] and Electron Beam Selective Melting (EBSM) [15] can be found for EB- 
PBF.

Despite the unique advantages of metal AM, several intrinsic challenges are still open in this field limiting their wider application, 
as shown in Fig. 2. Besides internal defects and porosity [16], size restriction, production time and cost of the machinery that are 
current obstacles to the rapid growth of metal AM [17], another major challenge to be tackled is the limited production quality in terms 
of dimensional accuracy and surface quality [18–20]. As-built parts typically have a rough surface finish, implying the need for post- 
processing. The extent of surface irregularity and morphological features depends on feedstock characteristics, the AM technology, and 
the process parameters. Moreover, support structures may be required during manufacturing, and their removal typically reduces the 
surface quality [21,22]. These aspects make the overall process less sustainable [23,24].

Build orientation, also referred to as part orientation, build angle, and inclination angle, is a crucial step of the AM build prepa-
ration. It represents the orientation of the part to be produced with respect to the ‘build direction’, which is the normal direction to the 
build plate, along which the virtual model is sliced and manufactured layer-by-layer. As a rule of thumb, it is recommended to optimize 
the part orientation to minimize the use of support structures and the stair-stepping effect [28,29], as shown in Fig. 3. Moreover, during 
part fabrication using AM technologies, like L-PBF and DED that are inherently thermal-based processes, the effect of build orientation 
is reflected also in the fact that powder has different thermal properties compared to the melted material [26,30]. Part orientation 
influences the extent of overlap between consecutive layers, hence affecting the portion of the layer that is supported by the melted 
material or powder. This can affect the part quality and properties [31], for instance, leading to dimensional variations and an increase 

Fig. 1. A schematic illustration of metal AM applications, functions, characterizations, and testing, along with a depiction of inclined features.
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in surface roughness by adherence of partially melted and un-melted powder particles to the built periphery (Fig. 3).
This implies the importance of exploring the effects of build orientation on the properties of metallic AM parts to understand the 

fundamental relationships and find correlations, which would allow for process control and reproducibility. This theme has recently 
attracted the attention of many researchers. Experimental and sometimes numerical approaches have been used to study the potential 
effect of build orientation on the surface and mechanical properties of metal AM parts [32,33] mostly considering L-PBF and EB-PBF 
techniques. Regarding the materials, the most studied ones are Titanium alloys (mainly Ti6Al4V) [34], Aluminium alloys (mainly 
AlSi10Mg) [35], Stainless Steel (mainly 316L) [36], and Nickel alloys (mainly Inconel 718) [37]. As shown in Fig. 1, Apart from 
physical, microstructural, and mechanical properties, some studies focused also on the limits of manufacturability and geometrical 

Fig. 2. Different routes to be leveraged for performance improvement of inclined features.

Fig. 3. Representative illustration of some of the most common defects caused by building orientation and presence of inclined features; adopted 
from [20,24–27] with modifications.
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accuracy [38,39]. Regarding geometries in bulk parts, standard, either tensile or fatigue test specimens that directly analyse the 
mechanical performance of as-built parts are typically used. A vast portion of the available studies investigates the effect of build 
orientation on lattice structures, either strut-based or Triply Periodic Minimal Surface (TPMS) designs, where the build orientation is 
particularly critical due to the complex geometry of the structure. The majority of these studies explore single struts as the basic 
element of the lattice affecting its performance depending on their individual orientation, thus leading to potential anisotropy within 
the structure [40].

Despite the efforts that have been undertaken to study this aspect, there is a lack of a systematic analysis of orientation effects, and 
no precise design/evaluation guidelines are available. The studies resort to different technologies, materials, geometries, and sizes, 
thus making a direct comparison very challenging. The size of the component can affect multiple properties. For instance, small parts 
are influenced by a miniaturization effect, as given the higher surface-to-volume ratio, their mechanical performance is more sensitive 
to surface effects [41]. Most importantly, each metal AM technology involves several process parameters, which can influence the 
morphology, geometrical accuracy, surface quality, as well as microstructural and mechanical properties [42,43]. The interplay be-
tween the build orientation, process parameters and other factors cannot be ignored although it highly complicates the task of drawing 
general conclusions from single studies.

Hence, the present work aims to collect and review the literature on this critical topic, providing a comprehensive overview of the 
effects of the build orientation on the properties of metal parts produced through PBF technologies. The review is organized in the 
following sections, according to the main properties studied in the literature, to identify what has already been investigated and which 
topics could benefit further research. Manufacturability is reviewed initially, followed by geometrical accuracy, surface roughness, 
porosity and microstructure. Thereafter, mechanical properties such as hardness, static strength, fatigue strength and fracture 
toughness are explored, and the available results on wear and corrosion resistance are discussed. Then, the relationship between the 
build orientation and post-treatments is evaluated. Finally, the last section critically reviews the overall results, the existing challenges, 
and future perspectives in this area. This work aims to offer a guideline for build orientation effects in PBF and serve as a reliable source 
for future research in producing metallic components.

2. Effects of build orientation on manufacturability

Metal AM technologies attempt to accurately imitate the geometry described in the digital file into a physical object through layer 
wise manufacturing in accordance with the Design for AM (DfAM) guidelines [44]. Manufacturability is considered one of the most 
important aspects in producing complex shape components, and it depends on several factors, such as material properties, technology, 
process parameters, slicing technique, topology, and part orientation [45]. The term “manufacturability” describes how simple, 
effective, and generally feasible it is to produce a given design using a certain manufacturing process. It takes into account factors like: 
i) Material suitability: can the selected method process the selected material in an efficient manner? ii) Geometric complexity: does the 
part’s geometry work with the constraints of the manufacturing process (such as surface roughness and minimum feature size)? iii) 
Process constraints: are there any innate constraints in place that could make it more difficult to produce the intended object (such as 
residual stresses in AM methods)? iv) Economy of scale: is the cost of production realistic when taking into account labour, material, 
and machine time? and v) Production rate: in order to reach production targets, how rapidly can the part be manufactured?

As shown in Fig. 3, in layer-by-layer fabrication of inclined features, it is essential to use suitable support structures to ensure the 
correct construction of the desired geometry on the build plate. These support structures provide stability and prevent deformation 
during the manufacturing process, allowing for the accurate creation of complex shapes and inclined features. Properly designed 
supports also facilitate the removal of the final part from the build plate without damaging the intended geometry. Plus, it is rec-
ommended to optimize part orientation to minimize the number of overhanging features in the component [46,47]. Since overhangs 
are not always avoidable, support structures have been introduced to provide physical support, avoid heat accumulation in thin edges, 
facilitate the removal of the part from the build plate and thus provide broader design freedom [48–50]. The presence of support 
structures also generates several drawbacks such as increasing the use of material and the manufacturing time, as well as the need for 
additional post-processing steps for their removal [51]. Besides increasing the manufacturing process cost, support removal can reduce 
the surface quality of the component. Hence, DfAM guidelines suggest minimizing the use of support structures. Build orientation is a 
crucial factor in determining the manufacturability of a component in different AM technologies [28].

The requirements of L-PBF and EB-PBF regarding supports design are affected by the differences between the AM technologies [52]. 
In L-PBF, the machine applies a layer of loose powder, the laser selectively melts the current layer, then another powder layer is 
applied, and the selective melting process continues [53,54]. In each layer, the rest of the powder remains loose and free to move on 
the bed, with no connection between the metallic particles. At the end of the print, the part is easily removed from the building 
chamber and the remaining powder can be sieved and reutilized [55]. Since the loose powder does not provide any support to the 
subsequent layers, additional structures are required to provide mechanical support to the overhangs [56]. In the EB-PBF, on the other 
hand, an intermediate pre-heating step is performed before each layer melting, i.e., the electron beam is de-focused and scanned on the 
whole build plate, to sinter the powder [57,58]. A second sintering is then performed on the region where the component is built. At 
the end of the manufacturing process, the component and the sintered powder are extracted from the build chamber and blasted to 
obtain the clean object [59]. Sintered powder provides support for the subsequent layers, thus support structures are not necessary for 
the overhangs, although still used for heat dissipation [60]. Even if parts with any orientation are possible through EB-PBF, a highly 
inclined surface can result in poor surface quality. At any rate, EB-PBF parts generally exhibit relatively higher surface roughness 
[61,62] compared to L-PBF. This can be linked to their larger particle sizes and usually wider melt pools, necessitating a post- 
processing step [63].

I. Aiza et al.                                                                                                                                                                                                             Progress in Materials Science 147 (2025) 101357 

4 



Although build orientation may not be a major factor influencing manufacturability in EB-PBF, it may become an issue for thin 
components like lattice structures. Cansizoglu et al. [64] performed a process capability study, manufacturing Ti6Al4V single struts 
through EB-PBF. They found that manufacturability is affected by strut diameter, strut orientation and layer thickness, since these 

Fig. 4. (a) The analysed EB-PBF Ti6Al4V specimens, highlighting build orientations of 90◦, 75◦, 60◦, 45◦, 35◦, 25◦, 20◦, 15◦, 10◦, 5◦ and 0◦ and 
design diameters of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 2, 2.5 and 3 mm. (b) Manufactured diameters versus inclination angle with 
respect to different design diameters, d0, of (b) 0.1, (c) 1, (d) 1.5 and (e) 2 mm [65]. Correspondence between minimum threshold parameter and 
strut morphology for Ti-6Al-4V struts manufactured by EB-PBF at different build orientations of (f) 5, (g) 15, and (h) 35◦ for different strut di-
ameters. The threshold value of 0.9, ensuring good strut continuity, is indicated by the red dotted line [66]. Additive continuity maps (for EB-PBF 
Ti6Al4V specimens) depending on strut orientation and strut diameter for different layer thicknesses, h0, of (i) 20, (j) 50, and (k) 70 µm with ideal 
ρPBD = 0.6ρTD [66]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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parameters determine the overlap between the subsequent layers. It was concluded that to achieve good strut integrity, struts with 
diameter > 0.7 mm and inclination angle > 20◦ should be designed. Zhang et al. [65] made Ti6Al4V strut specimens through EB-PBF 
with design diameters ranging from 0.05 to 3.0 mm, at 11 different building orientations of 90◦, 75◦, 60◦, 45◦, 35◦, 25◦, 20◦, 15◦, 10◦, 
5◦ and 0◦ (Fig. 4a) to study their manufacturability. The results indicated that the combination of strut diameter and inclination angle 
is crucial to ensure geometrical accuracy. Fig. 4b-e reveals the comparison of the manufactured diameters versus inclination angle with 
respect to different design diameters 0.1, 1, 1.5, and 2 mm, respectively. The results indicated that as-built struts with a diameter < 0.3 

Fig. 5. (a) Geometry of the designed inclined strut and (b) L-PBF printed AlSi10Mg inclined specimens with build orientation ranging between 45◦

and 2◦. (c) Comparison of strut manufacturing quality for 45◦ and 30◦ inclination angles. (d) 15◦ and 8◦ were identified as the limit angles for a 
successful print of inclined strut specimen. (e) Geometry of the designed bridge specimen and (f) visualizations of successful and failed prints for 
horizontal (bridge) AlSi10Mg specimens with different lengths. (g) Summary of successful or failed printability of bridge specimens considering two 
sets of parameters with different bridge lengths [38].
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mm produced by orientation < 25◦ exhibited a cuboidal shape instead of the as-designed cylindrical form. For larger diameters > 0.3 
mm, this discrepancy was observed for build orientation build orientation is an essential parameter n < 10◦; thus, the results suggested 
to avoid build orientations less than 10◦. In a more recent study, Zhang et al. [66] highlighted the lack of a design guideline for strut 
continuity in EB-PBF lattice structures. Leveraging on their previous results, they tried to fill this gap, formulating a minimum 
threshold as a guideline for the design and manufacturing of such structures with robust continuity. In addition to strut diameter and 
strut inclination angle, the layer thickness and the density of the powder bed are also relevant parameters included in the formulation 
of the threshold. The results of the first study by Zhang et al. [65] were used to assess the value of the threshold to ensure good strut 
continuity, which was found to be 0.9, as visually noticeable in Fig. 4f-h, depicting the correspondence between minimum threshold 
parameter and the strut morphology for Ti6Al4 V struts manufactured by EB-PBF at different build orientations of 5, 15 and 35◦, 
respectively. According to these results, the density of the powder bed (ρPBD) was suggested to be > 60 % of the theoretical density 
(ρTD), with the authors recommending the use of thin layers of powder [66]. The synergistic effect of these parameters is visually 
represented in “additive continuity maps” reported in Fig. 4i-k for different layer thicknesses of 20, 50, and 70 µm, respectively. 
Particularly, the results for a layer thickness of 50 μm are superimposed in this figure. The maps show how build orientation, in 
interplay with other factors, influences manufacturability, highlighting that extremely inclined struts are more challenging to 
manufacture.

On the other hand, build orientation holds a crucial role in the manufacturability of parts through L-PBF technology, imposing the 
necessity of developing mechanical support for overhanging features. This notion is strongly assessed in the knowledge of the process 
and reported in international standards. Particularly, the ISO standard [12] for the design of L-PBF parts prescribes the use of support 
structures under a critical angle ranging from 45 to 30◦. Studies are typically oriented to enable the extension of such thresholds, 
producing complex parts with higher inclination without the need of support structures [67,68].

Meyer et al. [38] investigated the manufacturability of AlSi10Mg struts fabricated by L-PBF. They printed specimens with building 
orientations ranging from 45◦ to 2◦, using two sets of parameters. Parameter set 2 comprises higher laser power and more than doubled 
energy density compared to Parameter set 1, while using almost 60 % lower scan speed. Fig. 5a and e illustrate the designed inclined 
strut and bridge specimens, respectively. The specimens were qualitatively assessed through visual evaluation and categorized as 
succeeded, partial, or failed print, as shown in Fig. 5b and f. The findings of the study revealed that as the inclination angle decreases, 
the exposed cross-section gradually transforms into a more elliptical shape. Eventually, it reaches a configuration where two parallel 
scanning lines closely resemble a rectangular pattern (Fig. 5c), where the relationship between the melt pool geometry and the hatch 
distance between those two lines becomes decisive for the strut printability. As presented in Fig. 5d, the results exhibit a limit angle of 
8◦ and 15◦. The results suggested that the higher energy density used in Set 2 (4.2 vs 2.0 J/mm2) could provide a more stable molten 
pool. Considering bridge specimens, horizontal bridges (0◦) were manufactured with different lengths. The print succeeded with a 
maximum length of 0.8 mm and 1 mm, respectively, with parameter set 1 and parameter set 2; however, poor section qualities were 
reported, as shown in Fig. 5g. In another work, Leary et al. [69] investigated the manufacturability of AlSi10Mg strut specimens built 
through L-PBF technology, as part of a wider study on lattice structures. Based on the findings, it was impossible to manufacture 
horizontal struts of any diameter. However, 35.3◦ specimens were feasible despite variations in geometrical fidelity caused by particles 
adhering to the down-skin area.

In conclusion, considering different build orientations and inclined features in AM, which significantly affect the manufacturability 
of parts, specific strategies should be implemented to optimize manufacturability. First, already at the design stage selecting an 
orientation that minimizes overhangs and reduces the need for support structures is essential. This approach not only enhances the 
efficiency of the manufacturing process but also reduces material waste, production and post-production time. Additionally, using 
advanced schemes to design and implement support structures that are easy to remove and provide adequate stability is crucial. These 
support structures must be robust enough to hold the part in place during the build process, yet easily detachable to avoid damaging 
the final product. Moreover, adjusting process parameters such as layer thickness, scanning speed, gas flow and cooling rates can 
significantly enhance feature resolution and part strength. Fine-tuning these parameters ensures that the fabricated parts meet the 
desired specifications. Employing design optimization techniques, such as topology optimization, helps create structurally efficient 
parts that require minimal support. This optimization leads to lighter, more cost-effective parts that do not compromise on strength or 
functionality. Utilizing simulation tools to predict and mitigate potential issues related to thermal stresses and material behavior 
during the build process is another vital solution. These simulations can foresee and address problems before they arise, ensuring a 
smoother manufacturing process and higher quality parts. Finally, implementing post-processing steps such as heat treatment, 
machining, or surface finishing is essential to achieve the desired part quality and tolerance. These steps refine the parts, enhancing 
their aesthetic and functional properties to meet the requirements. By integrating these solutions, the manufacturability of complex 
parts with inclined features can be significantly improved in AM. This comprehensive approach not only addresses the challenges 
inherent in producing intricate geometries but also ensures that the final products are of the highest quality, meeting both design and 
performance requirements. It should be noted that the manufacturability of inclined features or complex geometries for PBF tech-
nologies varies significantly between L-PBF and EB-PBF. For EB-PBF, the primary concern is the geometrical accuracy of the produced 
specimens, as this technology allows for manufacturing without the need for additional mechanical support structures. Conversely, for 
L-PBF, the focus is on minimizing the need for support structures. Both technologies face specific challenges when dealing with thin 
structures, such as lattice designs.

3. Effects of build orientation on dimensional accuracy

Apart from the manufacturability, part orientation can also significantly affect the geometrical accuracy. This can cause major 
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issues regarding the certification of AM products, especially for high-precision applications like in aerospace and biomedical sectors. 
Various studies have investigated the effect of DfAM and build orientation selection on geometrical accuracy in bulk and lattice 
specimens. Besides altering the size of the geometrical features with respect to the ideal as-designed dimensions, the build orientation 
can have a more diffused effect on the geometrical accuracy by influencing the overall shape of the structure, causing deviation and 

Fig. 6. (a) CAD design and (b) the fabricated Ti6Al4V spider web specimen through L-PBF. (c) Variation in strut thickness in the spider web 
specimen as a function of build angle [75]. Representative tetrahedron-based cell (obtained by μCT scanning) in (d) designed and (e) fabricated 
configuration. (f) Front view of fabricated lattice specimen geometry reconstructed from μCT with respect to the geometry of the designed cell 
shown in red. (g) Comparison of the thickness of the designed strut with the fabricated horizontal, vertical, and diagonal struts in the tetrahedron- 
based cell lattice geometry. (h) Dimensions and (i) build platform of single struts with vertical and 45◦ orientation [39]. (j) Reconstruction of 3D 
objects obtained from the μCT scanning for single struts with different diameters. (k) Extraction of data for the variation of the strut diameter [39]. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

I. Aiza et al.                                                                                                                                                                                                             Progress in Materials Science 147 (2025) 101357 

8 



other discrepancies. The methods for measuring the dimensional accuracy of AM parts include several advanced techniques. Coor-
dinate measuring machines (CMMs) provide high precision measurements by probing the surface of the part with a tactile sensor, 
allowing for accurate dimensional verification against the design specifications [70]. Laser scanning captures the part’s surface ge-
ometry by projecting laser beams onto the surface and measuring the reflected light, creating a detailed point cloud that represents the 
part’s external shape. This method is particularly useful for complex geometries and large parts. Micro Computed Tomography (μCT) 
scanning offers detailed internal and external measurements by taking multiple X-ray images from different angles and reconstructing 
a 3D model of the part [71]. This non-destructive technique allows for the inspection of internal features and detection of any hidden 
defects or inconsistencies. Optical microscopy can be used for high-resolution surface measurements, providing detailed insights into 
the surface finish and microstructural features of the part. This method is especially useful for examining small and intricate details 
that might not be captured by other techniques. Traditional mechanical gauges and calipers are employed for simpler, less precise 
measurements [72]. These tools are easy to use and provide quick, on-the-spot measurements, making them suitable for initial checks 
and less critical dimensions. Each method varies in terms of accuracy, complexity, and suitability depending on the specific re-
quirements and features of the AM parts. The choice of the measurement method often depends on factors such as the part’s size, 
geometry, required precision, and the specific characteristics that need to be inspected. By selecting the appropriate measurement 
technique, manufacturers can ensure that AM parts meet the desired quality standards and functional requirements.

The following sections briefly describe the different aspects related to geometrical accuracy studied in the literature.

3.1. Strut size, thickness, and diameter

Numerous studies have focused on the correlation between build orientation and geometrical accuracy, investigating the variations 
in the strut size or thickness of specific features in the structure with respect to the as-designed geometry [73–81]. Murchio et al. [73]
manufactured Ti6Al4V single struts with junctions along the gauge length through the L-PBF process in 4 different orientations with 
respect to the build plate: 0◦ (horizontal), 15◦, 45◦, and 90◦(vertical). The strut-thickness analysis indicated that the average thickness 
of the struts with 90◦ angles was lower than the nominal one, while the thickness was increased compared to the expected values for 
the other angles. In general, 45◦ struts showed the best results in terms of the deviation from their average thickness, but among all, 90◦

ones were the most accurate with respect to the nominal thickness.
In another study, Liu et al. [74] manufactured AlSi10Mg prismatic cellular specimens via L-PBF process with two different unit cells 

of regular octet and rhombicuboctahedron design. Analysing the size of struts produced in horizontal (h), vertical (v), and diagonal (d) 
directions revealed that the horizontal struts were 24.5 % thicker than their theoretical value. Contrary to the oversized horizontally 
built struts, the vertical and diagonal ones were under size. Bagheri et al. [75] manufactured a planar spider-web geometry in Ti6Al4V 
made by L-PBF with struts at different inclinations ranging from 0 to 90◦ at 15◦ step (see Fig. 6a and b). Also, this study confirmed the 
significant variation of strut thickness as a function of build angle, reporting the horizontal direction to show the highest discrepancy 
and the vertical one the lowest (see Fig. 6c). They also investigated the effects of building orientation on strut size and thickness on 
lattice geometry considering tetrahedron-based cell design [75]. Fig. 6d and e represent the designed and fabricated lattice cell 
(obtained by μCT scanning), respectively. Fig. 6f illustrates the front view of fabricated lattice specimen reconstructed from μCT. The 
as-designed geometry (hidden red lines) is overlaid on the reconstructed images of the unit cell, demonstrating a significant geometry 
mismatch. In particular, the over-melting of the horizontal struts, the stair-case effect of the diagonal struts, under-sized vertical struts, 
and parasitic mass accumulation at the joints can be clearly perceived. Comparison of the thickness of the designed strut with 
fabricated horizontal, vertical, and diagonal struts is depicted in Fig. 6g. The results reveal that the fabricated horizontal strut had the 
highest thickness deviation, about two times higher compared to the designed size.

In another study, the diameter of AlSi10Mg struts produced by L-PBF was fixed at 1 mm, and the build orientation was varied from 
10 to 45◦ with a 5◦ step. Higher absolute error in strut size was reported for the lower angle struts [35]. This observation was attributed 
to the higher tendency of partially melted/unmelted particles to the down-skin at lower angles, creating higher surface roughness, 
larger interlayer offset, and thus a larger molten pool.

Lu et al. [76] analysed the effects of different building orientations on triply periodic minimal surface (TPMS) specimens made of 
Ti6Al4V by L-PBF. Twelve specimens were produced along the part height (21 mm) and 12 others along the width (15 mm). The series 
produced along height exhibited 3.3 % wider width and 3 % shorter height compared to the original design dimensions. On the other 
hand, the specimens produced along width had 4.1 % narrower width and 2 % longer height with respect to the original design. 
Different types of TPMS designs (i.e., Primitive (P), Diamond (D), and Gyroid (G)) with different shell thicknesses and cell orientations 
([100], [110] and [111] along loading direction) (see Fig. 6d) were investigated regarding geometrical accuracy in another study 
[77]. The results indicated deviation from the designed thickness in all the studied cases; in particular, the highest variance was re-
ported for the P100 and P111 directions, while the Diamond unit cell designs showed the lowest sensibility to the building orientation. 
Regarding the Gyroid geometry, G110 and G111 showed high geometrical accuracy, whereas higher dimensional variation was re-
ported in the case of the G100 specimen.

The geometrical accuracy of EB-PBF made Ti6Al4V octet-truss unit cells, including struts oriented along vertical (90◦), diagonal 
(45◦), and horizontal (0◦) directions, was investigated by Suard et al. [78]. The results confirmed the previous observations revealing 
undersized features for vertical and diagonal (45◦) struts compared to the nominal dimensions. The authors defined a geometrical 
equivalent diameter, which is the diameter of an ideal cylinder having the same length as the strut and a cross-section area equal to the 
inscribed surface area. The measured equivalent diameter for the specimens was reported to be significantly smaller compared to the 
nominal values. The deviation was higher for horizontal struts due to the over-melting and elongation of the cross-section along the 
build direction. The same group reported a similar trend for L-PBF Inconel 718 specimens [79], highlighting reduced diameter for 
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vertical struts compared to the inclined (35.3◦) ones. The iso-volumic equivalent diameter, defined as the diameter of a cylinder with 
perfectly circular section with the same volume and height as the strut, showed a 7 % deviation with respect to the nominal value. 
However, interestingly, the mechanical equivalent diameter, which corresponds to the diameter of the ideal cylinder having the same 
stiffness as the as-built one, calculated using a fast Fourier transform (FFT), did not show a notable mismatch.

Following the same approach for dimensional comparison, Weißmann et al. [80] manufactured Ti6Al4V struts through both L-PBF 
and EB-PBF, considering two inclinations of vertical and 45◦. The highest deviation was reported for the vertical EB-PBF specimens in 
this case. The L-PBF specimens demonstrated a higher dimensional accuracy compared to the EB-PBF series. Using diameter deviations 

Fig. 7. (a) Cross-sections for different build orientations of 90◦, 45◦, 15◦ and 0◦ for Ti6Al4V thin struts produced via L-PBF. Minimum cross-section 
size measured by stereo optical images for the struts with build orientation of (b) 90◦, (c) 45◦, (d) 15◦ and (e) 0◦. Average cross-section size for the 
struts with build orientation of (f) 90◦, (g) 45◦, (h) 15◦ and (i) 0◦ where the dashed black circle in all the plots represents the designed cross-section 
[41]. The 90◦ inclination struts presented a cross-section smaller than the designed one, but with a small standard deviation. The 0◦ inclined struts 
exhibited a lower geometrical accuracy with higher deviations from the nominal cross-section. (j) Comparing the designed and EB-PBF fabricated 
struts (k) Cross-section of vertical (i), 45◦ (ii), and horizontal (iii) single struts [78].
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as the indicator for geometrical accuracy. Pérez-Sánchez et al. [81] measured smaller mean inner and outer diameters of vertical struts 
in EB-PBF Ti6Al4V specimens compared to those for 45◦ struts. However, the authors did not find significant differences between the 
actual and equivalent diameters. Sombatmai et al. [39] studied the variations of internal and external defects in EB-PBF Ti6Al4V single 
struts of different diameters and orientations (vertical and 45◦), as shown in Fig. 6h and i, by analysing the reconstruction of 3D objects 
obtained from μCT scans (Fig. 6j and k). The results showed a maximum diameter deviation of approximately 15 %. Larger sizes were 
generally observed on the 45◦ struts as opposed to the 90◦ ones, which is consistent with the previous studies. The results were 
attributed to the fact that down-skin areas were supported by powder, which has lower thermal conductivity than the bulk material 
and thus provides lower heat dissipation, commonly resulting in a larger melt pool.

3.2. Strut shape and curvature

Apart from dimensions, the overall shape of the specimens and their features can also be significantly controlled by build orien-
tation. Evaluating the eccentricity and form variations with respect to the nominal CAD model performed on Ti6Al4V thin struts 
produced via L-PBF showed that vertical specimens tended to be more circular, while lower printing angles resulted in a more elliptical 
drop-like cross-section (increased eccentricity) elongated in the y-direction. This is shown in Fig. 7a, which depicts xy cross sections for 
different build orientations of 90◦, 45◦, 15◦ and 0◦ [41]. In addition, vertical specimens were characterized with reduced cross-section, 
while the ones with 45◦ inclination exhibited higher shape deviation. Overall, the horizontal struts showed the lowest accuracy with a 
high standard deviation compared to the nominal shape, as presented in Fig. 7b-e for a minimum size of elliptical cross-sections and in 
Fig. 7f-i, which depict the average size of elliptical cross-sections in terms of different build orientations of 90◦, 45◦, 15◦ and 0◦. A 
similar trend was confirmed in another study in L-PBF Ti6Al4V struts with junctions along the gauge length [73] considering four 
different orientations of 0◦, 15◦, 45◦, and 90◦, with respect to the build plate. The lowest minimum cross-sectional area was measured 

Fig. 8. (a) Comparison of as-built vs. as-designed cross-section for horizontal (left) and vertical (right) specimens along the build direction [83], (b) 
specimen design with different orientations, and (c) comparison of their average elliptical ratio for different build angles for both SS316L and 
Ti6Al4V [84]. (d) Curvature map of the horizontal and 45◦ struts, appearing as horizontal and vertical, respectively in the 2D picture, [86], (e) 
comparison of curvature and varying cross-section for horizontal struts (left) and diagonal struts (right) [74], and (f) comparison between thickness 
of vertical, diagonal and horizontal struts [74].
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in the vertical struts, while the 0◦ specimens exhibited the highest cross-sectional area. The highest standard deviation for the min-
imum and average cross-section were reported in 15◦ and 0◦ specimens, whereas those printed at 90◦ and 45◦ displayed lower cross- 
section size variation along the gauge length. Similar results are reported by Suard et al. [78] where EB-LPB Ti–6Al–4V lattice 
structures with octet-truss unit cells of different orientations (90◦, 45◦ and 0◦) were investigated. It was reported that the diameter of 
the fabricated struts in all cases was lower than the designed one with dcad = 1 mm (Fig. 7j); diameters of 0.458, 0.414, and 0.518 mm 
were obtained for fabricated struts with build orientation of 90◦, 45◦ and 0◦, respectively. Although for vertical and oblique struts, the 
cross-sections were rather equiaxed, with lower angles, until 0◦, the cross-sections were clearly stretched towards the building di-
rection as illustrated in Fig. 7k. Similar trends are also reported for L-PBF specimens evidencing rather equiaxed cross-section for 
vertical and 45◦ struts, while that of the horizontal ones was elongated in the build direction again due to the over-melting on down- 
skin that originated from the lower thermal conductivity of the loose powder [82,83].

Suard et al. [58] conducted a study to evaluate the shape deviation of L-PBF Inconel 718 struts from a perfect cylinder. The study 
showed that when the build direction was inclined, the cross-section tended to be elliptical, elongated in the build direction, rather 
than circular (Fig. 8a). Additionally, the mean shape deviation slightly increased, for example, from 0.05 for vertical struts to 0.10 for 
35.3◦ inclined struts. This shape deviation was quantified in L-PBF Ti6Al4V and SS316L single-struts with 3 different diameters and 4 
orientations of 20◦, 40◦, 70◦, and 90◦ [84]. The results indicated that the elliptical ratio, that is, the ratio between the major axis length 
and the minor axis length of the ellipse fitted on the cross-section of the specimens, ranged from 1.06, in the case of 90◦ struts, to 1.34 
for 20◦ of building orientation (Fig. 8b and c). The elliptical ratio in the vertical strut approached 1, which indicates a circular shape. 
The study confirmed that the struts were less circular when highly inclined due to increased overhang. Interestingly, the results also 
indicated that the titanium struts showed a lower geometrical accuracy compared to SS316L ones.

TPMS structures were also analysed for their geometrical shape sensitivity to build orientation. Yan et al. [85] considered TPMS 
Ti6Al-4V cellular structures of different types (Schoen gyroid, Schwarz diamond, Schwarz W, Neovius’ surface) manufactured via L- 
PBF. The as-built cell types with a fixed volume fraction of 15 % and cell size of 5 mm were rotated on the Y-axis from 0◦ reference 
normal plane to 20◦, 40◦, 60◦, 80◦, 100◦, 120◦, 140◦, 160◦, and 180◦. The worst orientation for each design corresponds to the angle 
with the largest overhang area and a range of 40–50◦ strut inclination with respect to the horizontal base plane. Basically, this 
orientation theoretically should be the most difficult to build in metal AM, especially for large cell sizes. However, all the TPMS ty-
pologies with different build orientations were successfully manufactured with an overall satisfactory geometrical accuracy. The 
designed and built architectures coincided with a standard deviation of approximately 0.12 mm.

In the TPMS structures, the inclination angle of the circular strut continuously varies along the spherical pore. As a result, the cross- 
section area grows gradually between two subsequent layers. In this way, the next layer is well supported by the previously solidified 
one. This implies that the TPMS lattice structures have a self-supported unique characteristic in a wider range of cell sizes, volume 
fractions, and cell orientations, making them suitable for the L-PBF process. However, it was reported that when the cell orientation 
with respect to the horizontal build plane was less than a certain angle, typically 45◦, the cell wall quickly deformed, leading to build 
failure [85]. This agrees with the previous results on the lack of geometrical accuracy and shape control of horizontal and small- 
inclination angle struts.

Another dimensional deviation that affects the shape of struts is the waviness or the curvature, mostly induced due to the layer-by- 
layer nature of the AM process. This parameter is described as the mean deviation of the strut axis along its length [79]. Curvature in 
the struts can lead to significant geometric inaccuracies, which may compromise the structural integrity and performance of the 
manufactured part. This deviation occurs when the strut axis, ideally straight, bends or curves due to various factors such as thermal 
stresses, material shrinkage, or improper support during the build process. Addressing and minimizing these deviations are crucial for 
ensuring the reliability and precision of AM parts, especially in applications where dimensional accuracy is critical. Suard et al. [79]
reported that inclined struts with an angle of 35.3◦ were characterized by a higher curvature (19 µm) compared to the vertical ones (12 
µm). Dallago et al. [86] reported the highest curvature for the horizontal struts with a broader distribution compared to 45◦ struts 
(Fig. 8d). Liu et al. [53] confirmed that horizontal struts were wavier than the diagonal struts and had irregular cross-sections with 
greater strut thickness variation. It was concluded that in comparison with all the directions, horizontal struts had more significant 
geometrical defects. Thus, it was again confirmed that the horizontal struts exhibit the worst geometrical accuracy with respect to the 
other build directions (Fig. 8e and f).

4. Effects of build orientation on physical parameters

Apart from geometrical accuracy, other physical characteristics of the AM parts like surface topography and porosity can be also 
significantly affected by build orientation and, consequently, influence static and fatigue strength [84,87,88]. For this reason, notable 
effort has been put into investigating the correlation between build orientation and surface topography as well as porosity, as discussed 
in the following sections.

4.1. Surface roughness and topography

Characterizing the as-built surface topography and identifying topographical features for PBF processed materials is both crucial 
and challenging. This characterization is essential because the surface topography significantly influences the mechanical properties, 
performance, and functionality of the final parts. The intricate nature of PBF processes often results in complex and inhomogeneous 
surface textures, including partially melted powder particles, surface roughness, and layer lines, which must be accurately assessed to 
ensure quality and consistency. Several studies in the literature have comprehensively investigated the characterization of as-built 
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surface topography [89–92]. Additionally, researchers have employed statistical and computational methods to analyze surface 
roughness parameters, quantify topographical features, and understand their impact on the overall mechanical performance [93,94] of 
the part under various loading conditions. Through these investigations, the studies aim to develop standardized methods for surface 
characterization, optimize process parameters, and enhance the surface quality of PBF materials. Average roughness of the parts has 
been reported to generally decrease with higher build angles, that is, the vertical builds exhibit the minimum surface roughness. 
However, it is important to verify whether this is a valid observation among various AM technologies and if it is the same for both the 
up-skin/low-skin surfaces [41,80,95,96].

Weißmann et al. [80] compared this aspect for L-PBF and EB-PBF technologies using Ti6Al4V specimens with a custom shape 
composed of two cylindrical and parallel plates (top and base areas) connected through four perpendicular struts. In L-PBF specimens, 
both Ra and Rz were lower in vertical struts than those inclined by 45◦, while surface analysis indicated an opposite trend in the EB-PBF 
series. In L-PBF, due to the energy flow, the powder particles adhere to the underside causing deviations from the designed geometry; 
this phenomenon leads to higher roughness in 45◦ struts compared to the vertical ones. In EB-PBF, on the other hand, the same 
phenomenon leads to reduced surface roughness since it cases filling of some surface unevenness. Interestingly, L-PBF specimens were 
reported to have an equivalent diameter closer to the design value compared to the EB-PBF ones. Nguyen H. et al. [97] also reported 
smoother surfaces obtained for L-PBF Ti6Al4V alloy specimens compared to EB-PBF ones. This was attributed to the higher thermal 
radiation associated to the electron beam in EB-PBF that promoted the adhesion of partially melted powders to the outer surface of the 
specimens.

Dealing with surface quality of AM parts with different fabrication conditions, Hoving [98] investigated the effects of several build 
orientations including 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 105◦, 120◦ and 135◦ on the surface topography of L-PBF maraging steel grade 
300 (18Ni300) (see Fig. 9a). Fig. 9b shows roughness oscillating between 0◦ and 90◦ with nearly constant value, while increasing 
swiftly at build angles higher than 90◦. This trend can be due to the fact at angles higher than 90◦, the surface shifts from up-skin to 
down-skin. The results also indicate that parts with 60◦ and 75◦ build orientations had the lowest surface roughness. Considering build 
orientation of 0◦-90◦ the surface roughness values of about 10–15 µm were obtained in terms of Ra; however, higher surface roughness 
of about 20, 28 and 73 µm were achieved for the orientations of 105◦, 120◦ and 135◦, respectively. It should be noted that a similar 
trend was observed for Rz as well. In addition, influences of build orientation on the surface topography of the parts are illustrated in 
Fig. 9c and d considering the cross-sectional and top view demonstrating very poor surface quality for the parts fabricated with build 
orientation of more than 90◦. Furthermore, up-skin surfaces were commonly reported to have lower surface roughness compared to 
down-skin ones [35,41,69,98,99].

Zhang et al. [35] investigated L-PBF AlSi10Mg specimens and found similar surface roughness in the up-skin area for all specimens 
tilted between 10◦-45◦ inclinations, while the down-skin surface roughness decreased with increasing the tilt angle (getting closer to 
the vertical direction) due to the lower density of agglomerated powders adhered to the surface. Investigated the effect of strut size on 
surface roughness both for up and down-skin indicated that increasing the strut size results in slightly rougher up-skin surface, with no 
impact on the down-skin quality. Murchio et al. [41] analysed the roughness difference between the up-skin and down-skin surfaces 
more in-depth at different inclinations of 90◦, 45◦, 15◦ and 0◦ for Ti6Al4V printed with L-PBF as depicted in Fig. 9e. Fig. 9f represents 
the surface roughness values over the considered strut build orientations. Strut with build orientation of 90◦ exhibited the lowest 
surface roughness with about 17 µm in terms of Ra, followed by parts produced with build orientation of 45◦, 15◦ and 0◦ having Ra 
values of about 23, 34 and 73 µm, respectively. Overall, surface topography was affected by the orientation of the building, with a non- 
linear trend from higher to lower angles. Fig. 9g shows how inclination increased surface roughness, with up-skin surface being always 
smoother than down-skin. Fig. 9h and i reveal the surface topography of the up-skin and down-skin faces at different build orientations, 
respectively. Higher surface anomalies were identified along the down-skin surface with respect to the up-skin part of the specimen. 
This mismatch was again further enhanced with the strut inclination with respect to the vertical fabricated struts [41].

Similar results were obtained for L-PBF Inconel 625 cylindrical struts built with orientations of 90◦, 80◦, 70◦, 60◦, 50◦, 40◦ and 30◦, 
as depicted in Fig. 9j [100]. This study analysed the arithmetic mean primary profile (Pa) that is an equivalent of the surface roughness 
but using cylindrical coordinates instead of cartesian ones. This factor was considered as the specimens were cylindrical; Pa is plotted 
as a function of build orientation in Fig. 9k and l. The results indicated the insensitivity of up-skin roughness (denoted as US in Fig. 9l) 
with respect to the build orientation, also considering the staircase effect. Instead, when this effect was eliminated, the US roughness 
slightly increased as a function of build orientation. In this study, another parameter called the re-entrant features ratio (q) was defined 
as the ratio between the sum of the areas with a negative radius component of the normal vector and the sum of all areas. As rep-
resented in Fig. 9m and n, the re-entrant features ratio strictly depends on the build direction and the roughness. It increases with 
inclination at the down-skin, while decreasing on the up-skin surfaces. The results indicated a linear correlation between roughness 
and q, indicating no re-entrant features at surfaces with low roughness [100].

In another study, Suard et al. [78] surveyed the circumferential variation of roughness on EB-PBF Ti6Al4V cylindrical specimens at 
different orientations. In vertical single-struts, no significant surface roughness variations were noted circumferentially, whereas, on 
inclined or horizontal struts, the down-skin roughness was higher due to over-melting and the higher density of partially melted 
adhered particles. This difference in roughness, particularly for low angles, has to be considered since it changes the mechanical 
strength of the specimens, as will be described in the next sections.

Another interesting but less studied aspect is the differences between the surface roughness of inner and outer surfaces. Maculotti G. 
et al. [101] analysed EB-PBF Ti6Al4V with a shape composed of plates at different inclinations. The results were compared both for 
different orientations (30–50–70–90◦) and the inner and outer surfaces per each inclination. The outcome highlighted the lower 
surface quality of the outer surfaces compared to the inner ones for each build orientation.

In summary, the orientation of the build has been identified as a significant factor influencing the surface roughness of specimens. 
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In L-PBF, it has been observed that roughness tends to increase with the inclination angle, with down-skin surfaces exhibiting higher 
roughness and more defects compared to up-skin surfaces. Conversely, an opposite trend has been reported in EB-PBF, where higher 
inclination angles result in lower roughness. Furthermore, studies have demonstrated that feature sizes, particularly the strut size in 
lattice structures, have an impact on roughness. These studies have shown that feature size correlates with an increase in up-skin 
roughness while yielding no significant effect on the quality of down-skin surfaces.

4.2. Porosity

Several studies have indicated that build orientation can significantly influence the porosity content of the AM parts 
[35,65,100,102]. An uncontrolled increase in porosity content would result in lower part density and, therefore, lower load-bearing 
capacity [103]. Moreover, in the case of cellular structures, the un-desired porosity within the struts affects the overall density of the 
structure [104]. Internal pores in the as-built AM parts can originate from several sources, such as process parameters, part orientation, 
and powder properties [105,106]. Regarding the contribution of the process parameters, in metal AM, the first step in material 
processing is to identify the optimized parameters that lead to fully dense parts [107]. Studies have shown that through process 
parameter optimization for PBF technologies, it would be possible to produce components with a very low internal defect content (<1 
%) [65,66,79].

Fritsch et al. [100] studied the effects of build orientation on porosity and surface quality in L-PBF Inconel 625 specimens with build 
orientations ranging between 30◦ and 90◦ with a 10◦ step. While the number of pores on the up-skin did not show a clear trend, the 
results in Fig. 10a and Fig. 10b indicated a decrease in the number of down-skin pores and the stability of up-skin pores’ number when 
the build orientation varied from 30◦ to 90◦ with respect to the build plate. This analysis suggested a lower global number of pores in 
vertical specimens. The decreasing trend was attributed to the reduction in the density of small pores, while pores of larger dimensions 
showed no significant decrease in their number (see Fig. 10c). Moreover, the results highlighted a higher number of pores close to the 
down-skin surface compared to the up-skin for all orientations. For instance, Fig. 10d represents the locations of pores along the height 
of the strut with a build orientation of 30◦, where the pores are color-coded based on their size: small (≤30 μm, green) and large (>30 
μm, red) pores. Multiple experimental studies have reported higher porosity in the down-skin zone of inclined parts [35,66,102,104]. 
For instance, Fig. 10e represents the results obtained for L-PBF Ti6Al4V specimens fabricated with build orientations of 35.5◦, 45◦, 60◦, 
and 90◦, indicating higher porosity in the down-skin zone for all the considered build orientations, while in vertical specimens the 
porosity distribution is homogeneous across the whole surface. Detailed micrographs of porosities in the considered scan areas on up- 
skin (area A) and down-skin (area B) are represented in Fig. 10f [104]. These results are confirmed by another study performed by 
Delroisse et al. [102] on L-PBF AlSi10Mg specimens; they observed that the porosity of vertical struts was comparable to that of the up- 
skin of inclined parts (0.4–0.1 %), while it was more than one order higher in the down-skin (4 %). This trend is typically attributed to 
the complex thermal history of the built part, i.e., at low building angles, the interlayer offset is larger, so a larger portion of the part is 
supported by powder, which has a lower thermal conductivity [35]. Hence, the down-skin side of inclined parts stays at higher 
temperatures for a longer time due to the lower cooling rate. This causes an excessive pre-heating, leading to a larger [39] and more 
severe [35] molten pool characterized by instabilities and the formation of gas pores [102]. In fact, according to Delroisse et al. [102], 
the observed porosity was mainly composed of hydrogen pores since the solubility and diffusion of hydrogen in the cavities increased 
with the temperature.

Beyond the overall porosity, some researchers examined the relationship between build orientation and other porosity charac-
teristics in more detail. However, the literature results are not always consistent. Suard et al. [79] reported that build orientation in L- 
PBF Inconel 718 specimens did not affect the mean diameter and the sphericity of pores. Moreover, as shown in Fig. 10g and Fig. 10h 
(for fabricated specimens with 90◦ and 35.3◦ build orientations), pore distribution along the width and length of the part was not 
affected by build orientation and was described as uniform. The authors considered two single struts of 1 mm diameter with different 
build orientations to estimate the porosity distributions in BCCZ lattice structures.

Although the link between build orientation, thermal history, and porosity is highly relevant, its interplay with other process 
parameters should be further investigated. One example of such analysis is reported by Zhang et al. [35] who studied the relative 
density of L-PBF AlSi10Mg specimens changing both the scanning speed and the build orientation. As shown in Fig. 10i lower scanning 
speed induced more pores (lower relative density (%)) for highly inclined (<20◦) parts. On the contrary, at lower inclinations (>20◦), 
the influence of scanning speed was negligible due to the wider interlayer offset region. Fig. 10j reveals the obtained results of porosity 
analyses considering same scanning speed of 2200 mm/s with different build orientations of 10◦, 15◦, 20◦, 25◦, 30◦ and 40◦

Fig. 9. (a) Specimen orientations of 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 105◦, 120◦ and 135◦ and the specimen dimensions for the L-PBF 18Ni300 (BD 
indicates the build direction). (b) Surface roughness (Ra and Rz) as a function of build orientation for L-PBF 18Ni300. Surface topography of parts 
fabricated with different build orientations in (c) cross-sectional and (d) top view demonstrating the inferior surface quality of parts fabricated with 
build orientation more than 90◦ [98]. (e) Build orientations of 90◦, 45◦, 15◦ and 0◦ for L-PBF Ti6Al4V specimens. (f) Surface roughness in terms of Ra 
and Rv over the considered strut build orientations demonstrating that fabricated strut with build orientation of 90◦ had the lowest surface 
roughness, followed by those produced at 45◦, 15◦, and 0◦, respectively. (g) Surface topography variations at different inclinations for up and down- 
skin were obtained with L-PBF for Ti6Al4V struts. Surface topography of the (h) up-skin and (i) down-skin faces at different build orientations 
showing more surface anomalies on the down-skin faces [41]. (j) L-PBF Inconel 625 cylindrical struts built with orientations of 90◦, 80◦, 70◦, 60◦, 
50◦, 40◦ and 30◦. (k) Variation of roughness index (Pa) as a function of alpha (build orientation) and (l) correlation between build orientation and 
the roughness index. (m) Variation of re-entrant features ratio (q) as a function of build orientation and (n) correlation between build orientation 
and re-entrant features ratio (q) in L-BPF Inconel 625 struts [73].

I. Aiza et al.                                                                                                                                                                                                             Progress in Materials Science 147 (2025) 101357 

15 



demonstrating similar sphericity of pores as well. In contrast to these results, other studies found that pores can be more irregular 
(sphericity < 0.5) and elongated at low angles [41,65] reporting different distributions for superficial pores [41] with small pores 
increasing at lower angles [100].

Regarding porosity, instead, several studies report an opposite trend, i.e., a decrease in porosity at low build orientation angles 
[39,41,79,103,108]. For instance, Fig. 10k depicts the results obtained by Murchio et al. [41] on L-PBF Ti6Al4V specimens, showing 
that porosity decreased from vertically to horizontally built specimens. The results indicated mean porosities of 0.19, 0.09, 0.08, and 
0.05 % for different build orientations of 90◦, 45◦, 15◦, and 0◦, respectively. These results were confirmed by Sombatmai et al. [39] for 
the same technology and material. Similar results were also reported for L-PBF AlSi10Mg fabricated with different build orientations of 
0◦-90◦, as shown in Fig. 10l [109]. Mean porosities of 0.01, 0.06, and 0.08 % were obtained for bulk cubic specimens with build 
orientations of 0◦, 45◦ and 90◦, respectively. In addition, Fig. 10m depicts the normalized pore density and equivalent pore diameter 
(dp). Higher pore density was observed in 45◦ and 90◦ specimens, peaking at 1.2 mm− 3 (45◦) and 1.6 mm− 3 (90◦) for pore diameters of 
60 µm ≤ dp < 70 µm. This trend in L-PBF is further confirmed also for 316L stainless steel [103]. These results revealed that specimens 
manufactured with a build orientation of 45◦ had a higher relative density with respect to the vertical ones; relative densities of about 
99.71, 99.83, 99.91 and 99.96 % were reported for fabricated specimens with 90◦, 75◦, 60◦, and 45◦, respectively. Interestingly, the 
thermal history of the parts was used to justify this trend [39,79]. The occurrence of larger molten pools and heat accumulation on the 
down-skin of inclined specimens can prevent a deficient overlapping between the melted tracks, which can promote higher porosity. 
Thus, it can be noticed that different studies identify the same phenomenon as the cause of opposite trends. While other studies, such as 
Hossain et al. [84] studying L-PBF Ti6Al4V and 316L stainless steel specimens, found no clear correlation between porosity and build 
orientation. These discrepancies highlight the need for further systematic research to identify the nature and magnitude of such 
influence.

Consequently, the influence of build orientation on porosity remains a subject of ongoing debate, with diverse and, at times, 
contradictory findings reported in the literature. Notably, the degree of porosity appears to be significantly impacted by material 
selection, indicating a pronounced material-specific effect in specific scenarios. Some studies have documented elevated porosity in 
inclined specimens, while others have suggested that vertical specimens display the highest porosity levels. The complicated thermal 
history of the materials plays an important role in driving these divergent trends. Furthermore, achieving uniform heat distribution can 
be challenging on inclined surfaces, particularly those with complex geometries such as notched configurations. The latter, in turn, 
leads to the formation of areas with high and low energy levels, resulting in varying degrees of porosity.

5. Effects of build orientation on microstructural properties

Microstructure, as a fundamental characteristic, depends on multiple aspects. Particularly, thermal history is a key factor affecting 
the microstructure of metallic AM parts. In PBF technologies, parameters like energy source, scan speed, hatch distance, layer 
thickness, and build orientation are recognized to affect the microstructure of the produced part [110–113]. Due to the high scanning 
rate, the formation of very small melting pools, with high solidification and cooling rates and thus high thermal gradients, is typical in 
PBF. Therefore, these materials are commonly characterized with very refined cellular-like microstructures [114]. Due to the high 
cooling rates, the processing of certain types of alloys (steel or Ti) can lead to the formation of metastable phases (martensite) that are 
usually hard and brittle [115]. Consequently, it is necessary to perform posterior heat treatments to obtain a more suitable micro-
structure for in-service conditions [116]. Generally, the high thermal gradients promote epitaxial growth (columnar grains) and the 
generation of a crystallographic texture with preferential directions. This contributes to the anisotropic behaviour of AM parts 
[117,118].

Thermal gradients in PBF technologies, which have such a relevant influence on microstructure, are highly influenced by build 
orientation [119]. In fact, build orientation determines the amplitude of the overlapping region (a portion of the new layer supported 
by previously melted material), while the rest is supported by powder that has lower thermal conductivity compared to the melted 
material [30]. Moreover, part orientations different from vertical determine the presence of up-skin/down-skin regions in the part, 
which, as explained in previous sections, experience different thermal histories during the process. Thereafter, it is crucial to study the 
effect of build orientation on the microstructure of metal as-built parts.

Dong et al. [33] manufactured AlSi10Mg specimens through L-PBF to investigate the effect of build orientation on microstructure, 
geometrical accuracy, and mechanical properties. They compared the microstructure at different orientations of 35.5◦, 45◦, 60◦, and 
90◦ and reported a cellular-dendritic microstructure that was finer on the up-skin and coarser on the down-skin as shown in areas A and 
B for build orientation of 35.5◦ in Fig. 11a. The difference becomes more evident in more inclined struts by SEM observations, as shown 
in area B for all the four orientations on the down-skin zone in Fig. 11a. The coarsest grains could be noticed in the more inclined 
specimen with a build orientation of 35.5◦. Moreover, 35.5◦ and 45◦ specimens showed coarser and elongated grains (columnar grains) 
with respect to 60◦ and vertical struts, which had fine equiaxed grains. Finally, the average grain size decreased going towards the 
vertical direction: from 3 µm in the 35.5◦ specimens to 2 µm at 45◦, to 1.5 µm at 60◦, and 1 µm in the vertical ones. The authors also 
investigated the thermal history of the inclined specimens through Finite Element Method (FEM) simulation and found a constant 
cooling rate on the up-skin, which increased by 51.5 % on the down-skin between 35.5◦ and vertical specimens. The FEM results 
confirmed the hypothesis that inclined specimens have a coarser microstructure, particularly on down-skin, due to the lower cooling 
rate allowing for grain growth.

These results were confirmed also by studying microstructural heterogeneity in L-PBF AlSi10Mg lattice specimens with a body- 
centred cubic (BCC) unit cell including vertical and 35.5◦ inclined struts [102]. The results indicated 2.5 to 3 times finer micro-
structure on the up-skin of 35.5◦ struts compared to their down-skin, justified by the thermal history of the part. Being partially 
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Fig. 10. The porosity analysis results for L-PBF Inconel 625 specimens with build orientations ranging between 30◦ and 90◦ with a 10◦ step in terms 
of (a) the number of pores estimated at each build orientations and (b) variation in the number of pores on the up-skin (US)/down-skin (DS) of the 
strut with respect to the build orientation. (c) Distribution of small (green) and large (red) pores on the strut cross-section as a function of build 
orientation. (d) Locations of pores along the height of the strut having a build orientation of 30◦ with the solid material being presented with a 
transparency of 90 % (black, in the centre) and the pores color-coded based on the size of small (≤30 μm, green) and large (>30 μm, red) pores 
[100]. (e) Distribution of pores between up-skin and down-skin zones in L-PBF Ti6Al4V struts made different inclinations of 35.5◦, 45◦, 60◦ and 90◦. 
(f) Detailed micrographs of porosities in the considered scan areas on up-skin (area A) and down-skin (Area B) in the strut built with orientations of 
35.5◦-90◦ [104]. Uniform distribution of pores along the strut length and width for L-PBF Inconel 718 specimens fabricated with build orientations 
of (g) 90◦ and (h) 35.3◦ [79]. (i) The influence of scanning speed on the density of the L-PBF AlSi10Mg strut for different build orientations of 10◦, 
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supported by powder, which acts as an insulator, the down-skin part of the strut stays at a higher temperature for a longer time, 
growing coarser grains. On the other hand, the up-skin portion is in a condition comparable to that of a vertically built strut since it is 
supported by melted material. The cooling rate is thus higher, leading to finer grains.

Nezhadfar et al. [91] reported that the typical grain structure produced in a metal AM process was made of columnar grains, with 
equiaxed grains particularly surrounding the molten pool. They studied the dependency of microstructure on horizontal and vertical 
build directions for five different Al alloys, all made using L-PBF with vertical and horizontal build orientations. Fig. 11b-e presents the 
Inverse Pole Figure (IPF) maps obtained by Electron Back Scatter Diffraction (EBSD) for specimens fabricated at 90◦ and 0◦ for different 
Al alloys of AlSi10Mg, Scalmalloy, QuesTek Al, and AlF357, respectively.

Isaac et al. [120] also surveyed the effects of different build orientations of 0◦, 45◦ and 90◦ on the microstructure of L-PBF AlSi10Mg 
as depicted in Fig. 11f. The mean grain sizes of 8.9, 8.1, and 9 µm were reported for the parts with 0◦, 45◦ and 90◦ build orientations, 
respectively, which exhibited very low differences. The results indicated that the microstructure mainly consisted of elongated 
columnar grains with refined fine grains around the melt-pool boundaries for all build orientations. These columnar grains, in which 
the grains appeared elongated along the build direction, can be observed surrounded by finer grains. This microstructure configuration 
is due to the repeated rapid melting and subsequent rapid cooling associated with the L-PBF process. Several studies in the literature 
report that build orientation can affect the growth of columnar grains, as the grains tend to grow aligned to build orientation 
[121,122]. This is because the heat flow is aligned with the build direction due to a higher thermal gradient, inducing a preferred grain 
orientation [123]. Ghorbanpour et al. [124] confirmed the grain elongation along the build direction in L-PBF Inconel 718 specimens 
made both horizontally and vertically, as shown in Fig. 11g. In addition, the obtained Grain Orientation Spread (GOS) maps (see 
Fig. 11h) revealed higher values for the horizontal specimens with a mean GOS of 0.88◦ compared to vertically built specimen having a 
mean GOS of 0.72◦. The GOS plots indicate intragranular distortions and residual stress in the material, where higher GOS values imply 
higher misorientations and residual stress [125].

In another study, Leicht et al. [126] investigated the effects of different geometrical features and build orientations (90◦, 45◦, and 
30◦) on the microstructure of L-PBF 316L ribs. Fig. 11i illustrates the IPF maps of the fabricated ribs with different thicknesses and 
orientations. The results reveal that although the inclined specimens (45◦ and 30◦) show random texture orientations, the 〈001〉
orientation (i.e., along the build direction), is dominant but with lower texture intensity with respect to the straight ones (90◦). Large, 
elongated grains along the build direction can be observed in the fabricated ribs with 45◦ and 30◦ build angles. Also, similar to the 
straight ribs built at 90◦, small grains are found along the surfaces of the inclined ribs. These finer grains can be observed on both up- 
skin and down-skin faces. It was concluded that these small grains are likely formed by the unmelted and partially melted powder, 
attached to both faces in varying amounts. However, most of them were incorporated at the down-skin. Reducing the build orientation 
from 45◦ to 30◦ resulted in more partially melted powders being fused at the down-skin. Moreover, those small grains do not seem to be 
growing towards the centre of the fabricated rib, as seen for the straight ribs as well. Instead, the small grains appear to be slightly 
elongated along the part surface. The variation in grain direction indicates a varying temperature gradient. The temperature gradient is 
determined by the thermal conductivity of both the powder bed and the part. Hence, the heat dissipation will change by variation of 
the build orientation and therefore affect the grain growth direction. In addition, it should be mentioned that the rib fabricated with 
30◦ build orientation (Fig. 11i) was thinner compared to the specimens with a 45◦ build angle, highlighting again the geometrical 
accuracy limitation for manufacturing parts with inclination.

Dealing with columnar grain growth along the build direction, there are some contrasting results in the literature. For instance, 
Wauthle et al. [104] studied the microstructure of L-PBF Ti6Al4V lattice structures with various build orientations and reported that 
the grains could be elongated either along the build direction or along the strut orientation. Also, Murchio et al. [41] analysed the 
microstructure of L-PBF Ti6Al4V dog-bone specimens with 4 different orientations: 0, 15, 45, 90◦ (vertical). They found no significant 
differences in the microstructure of the 4 groups of specimens.

The investigated papers clearly confirm the significant influence of build orientation in PBF methods on the microstructure of the 
produced part. Thermal gradients resulting from different build orientations and their deviation from the preferred growth direction 
affect the formation of cellular/dendritic, columnar/equiaxed microstructures and grain sizes, depending on the composition. 
Different build orientations change the required sets of layers being scanned during the PBF procedure, which in turn affects the part 
thermal history. The results indicate that in inclined specimens, coarser and elongated columnar grains are observed on the down-skin, 
while finer equiaxed grains are seen on the up-skin. This difference in grain structure is attributed to varying cooling rates, with the 
down-skin experiencing lower cooling rates, resulting in coarser grains. Studies on different aluminium alloys confirm the dependency 
of microstructure on build orientation, with finer microstructures observed in specimens fabricated at vertical orientations. These 
findings highlight the importance of considering build orientation in metal AM to achieve the desired microstructural properties.

15◦, 20◦, 25◦, 30◦, 35◦, 40◦ and 45◦. (j) The results of porosity analysis considering the same scanning speed of 2200 mm/s with different build 
orientations of 10◦, 15◦, 20◦, 25◦, 30◦ and 40◦ [35]. (f) CT images of porosity distribution within the L-PBF Ti6Al4V struts built at different ori-
entations (90◦, 45◦, 15◦, 0◦) in a volumetric scale [41]. (l) Porosity analysis for L-PBF AlSi10Mg fabricated with different build orientations of 0◦- 
90◦. (m) Comparison of defect density in different build orientations of 0◦, 45◦ and 90◦ [109]. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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6. Effects of build orientation on mechanical and chemical properties

6.1. Hardness

Hardness is one of the most widely analysed mechanical properties in AM, as it can be used as a valid index to evaluate the me-
chanical performance. In the case of struts, no microhardness dependency on build orientation has been reported [35,41,127]. 
However, a height dependency (i.e., distance from the build plate) was observed indicating lower microhardness in the top layer 
compared to the bottom ones. This is due to high cooling rates in the areas closer to the substrate, resulting in a finer microstructure. 
The average microhardness (HRC) values measured on the bottom and top layers of L-PBF Ti6Al4V specimens fabricated in three 
perpendicular orientations were respectively 33.55–31.65, 32.77–24.01 and 37.67–30.10 [127]. Palanisamy et al. [128] found slightly 
lower Vickers hardness in 45◦ Ti6Al4V struts compared to vertical ones, both for EB-PBF and L-PBF specimens. This observation was 
attributed to the microstructural difference, as in the vertical struts, alpha grains grew along the build direction in a more uniform 
pattern compared to the inclined struts.

6.2. Static strength

Static strength in AM materials, defined as the capacity to withstand fixed forces without breaking or yielding, can also be affected 
by build orientation. To evaluate this feature, various static and quasi-static tensile or compressive tests have been performed on 
different structures and building orientations ranging between 0◦ to 90◦ [39,103,104,122]. The results obtained from tensile and 
compressive tests are discussed separately in this section. Table 1 provides the summary of the studies performed on the performance 
of AM metallic materials under tensile testing.

Additionally, Pehlivan et al. [131] utilized L-PBF to fabricate a single strut made of CP-Ti Grade 2. The struts were produced in both 
vertical and horizontal orientations, with cross-sectional areas ranging from 0.07 mm2 to 2.3 mm2. The vertical struts were tested 
along the build direction, while horizontal struts were tested perpendicular to it. The obtained results indicated that for cross-sections 
smaller than 1.5 mm2, the vertical struts had higher Yield Strength (YS) and lower elongation. In contrast, for cross-sections larger 
than 1.5 mm2, the YS values were similar, and the elongation was higher compared to the horizontal struts. Additionally, the study 
revealed that the effect of orientation was less significant for cross-sectional areas higher than 1.5 mm2, with orientation only being 
noticeable for small specimens (<1.5 mm2), as demonstrated in Fig. 14a and b. In another study [39], researchers conducted a 
comparative analysis between numerical models derived from as-designed and as-built geometries. The study involved the use of L-PBF 
technology and Ti6Al4V lattice struts. Findings indicated that the initial YS was influenced by the size and orientation of the struts. 
Specifically, for vertical struts, the initial YS decreased with size. On the other hand, for 45◦ struts, the initial YS increased with larger 
diameters. Bültmann et al. [103] investigated the effect of strut diameter on the mechanical properties of L-PBF 316L specimens. Based 
on Fig. 13d and e, which examines the variation of YS, Ultimate Tensile Strength (UTS), and uniform elongation across the diameter of 
multi-strut specimens, the YS and UTS remain relatively unaffected by variations of the strut diameter; however, a reduction in 
diameter leads to a corresponding decrease in uniform elongation.

Compressive tests have been also widely applied to explore the effect of build orientation on mechanical properties of AM metallic 
materials [74,82,104,122,123], as summarized in Table 2.

Wauthle et al. [104] conducted a static compressive test on L-PBF Ti6Al4V diamond-like lattice structures and reported that the 
poor quality of horizontal struts led to the early failure of the structures. The results indicated that if there are vertical struts to bear the 
load, lower-quality horizontal struts do not considerably affect the mechanical performance. However, considering the current 
manufacturing capabilities, it is recommended to avoid horizontally oriented struts for isotopically loaded lattice structures or situ-
ations where the direction of loading is unknown, unless the load can be sufficiently sustained by other struts. Liu et al. [74] conducted 
a static compressive test on L-PBF AlSi10Mg lattice consisting of regular octet and rhombicuboctahedron units manufactured with 
geometric defects. They developed numerical models based on two different Representative Volume Elements (RVE), corresponding to 
the as-designed and as-manufactured geometry, to investigate the effect of the defects on mechanical properties for different building 
orientations. A parametric study was performed to evaluate the effects of strut thickness variation and strut waviness on elastic 
modulus and compressive strength, considering that these defects depend on build orientation. It was found that increasing the 
amplitude of the geometric defects leads to a decrease in both elastic modulus and compressive strength, with thickness variation 
having a higher effect on compressive strength, while waviness has a more notable effect on elastic modulus. Moreover, analysis of the 
failure modes of the cellular specimens indicated that strut over/under sizing, which depends on build orientation, can influence the 
failure mode. This influence is observed in the transition from diagonal shear failure to horizontal crushing failure in the case of octet 
lattice structures. Similarly, for rhombicuboctahedron lattices, it results in the transition from local buckling failure to the crushing of 
the distal polyhedral parts of the cells. This was expressed as the ratio between the average radius of vertical struts and the average 

Fig. 11. (a) Microstructural analysis in L-PBF AlSi10Mg specimens with different orientations of 35.5◦, 45◦, 60◦, 90◦ exhibiting cellular-dendritic 
microstructure on the up-skin and coarser on the down-skin shown in area A and B [33]. IPF maps of different Al alloys including (b) AlSi10Mg, (c) 
Scalmalloy, (d) QuesTek Al and (e) AlF357 all manufactured by L-PBF with vertical and horizontal build orientations. (f) Effects of build orientations 
of 0◦, 45◦ and 90◦ on microstructure of L-PBF AlSi10Mg using IPF maps in three different xy, yz and yz planes [120]. (g) Grain elongation along the 
build direction in L-PBF Inconel 718 specimens fabricated with 90◦ and 0◦ build orientations and (h) the corresponding GOS maps indicating re-
sidual stresses and intragranular distortions [124]. (i) Effects of different geometrical features and build orientations of 90◦, 45◦, and 30◦ on the 
microstructure of L-PBF 316L ribs considering IPF maps [126].
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radius of diagonal struts, stating that for the regular octet, when horizontal struts are 1.8 times thicker than diagonal struts, diagonal 
shear plane of failure transforms into horizontal crushing. While, in the case of rhombicuboctahedron design, the failure mechanism 
was regulated by local buckling of the vertical struts for values of the ratio smaller than 1.2, and for higher values of the ratio, by 
crushing of the distal polyhedral of the cells.

Additionally, Dallago et al. [82] conducted quasi-static compressive tests on cubic L-PBF Ti6Al4V lattice specimens, printed 
vertically (A) and horizontally (B). Numerical models were used to investigate the effect of defects on elastic modulus, which was 
found to be closely related to build orientation in horizontal struts. The results indicated that oversizing of struts increased the elastic 
moduli, while waviness and junction centre displacement (due to over-melting of horizontal struts) decreased the elastic moduli, as 
they introduced bending in the predominantly stretch-dominated lattice. Lu et al. [76] analysed the impact of different building 
orientations on 24 L-PBF Ti6Al4V Gyroid TPMS scaffolds. The results indicated reduction of compressive modulus in both the height 
and width directions. Specifically, the compressive modulus of the scaffolds was found to be 3267 ± 90 MPa for the height direction, 
which was 24 % lower than the designed value (4323 MPa), and 3691 ± 172 MPa for the width direction, 14.6 % lower than the 
designed value. The stress–strain curves provided in Fig. 14c, indicate slightly different compression mechanisms when the scaffolds 
were compressed along the height and width directions.

More detailed regarding the failure mode under mechanical loading, Murchio et al. [41] also performed static tensile test on L-PBF 
Ti6Al4V single struts produced by four different orientations (90◦, 45◦, 15◦, and 0◦). The failure mechanism of the tested struts with 
90◦ and 45◦ build orientations was associated with the significant porosity. Conversely, in the case of specimens fabricated at 15◦ and 
0◦ orientations, the failure mechanism was attributed to the higher geometrical inaccuracies, which were found to increase the strain 
intensification. Guo et al. [123] analysed the plateau stress of an EB-PBF dodecahedron porous tantalum scaffold. The results 
demonstrated a positive correlation between the plateau stress of the scaffold and the strut angle, with an increase in the strut angle 
from 35.3◦ to 43◦ resulting in an elevation in the plateau stress. The average plateau stress improved from 28.4 MPa to 37.3 MPa as 
the strut angle increased from 35.3◦ to 43◦. Moreover, under identical loading, the deformation of the scaffold decreased as the build 
angle increased.

Sombatmai et al. [39] used three different FE models to study single struts, including the reconstructed model from μCT, the model 
with the mean equivalent diameter from μCT, and the as-designed geometry. Tensile tests were performed on L-PBF Ti6Al4V struts 
with diameters of 0.3, 0.5, 1, and 2 mm, considering 90◦ and 45◦ building orientations. Referring to Fig. 15a and b, which depict the 
force–displacement responses of distinct specimens, the μCT model was concluded to give the most accurate evaluation of the me-
chanical properties. All specimens showed a trend where the difference between the predicted and actual forces increased as 
displacement increased in the elastic range. However, after yielding, the difference in predicted forces mainly remained constant. 
Moreover, based on the data presented in Fig. 15c and d, the mechanical behaviour of the specimens was significantly influenced by 
their size. Specifically, a notable reduction in the strain at failure was evident as the specimen size decreased. Furthermore, specimens 
with a 90◦ build angle exhibited higher failure strain than those with a 45◦ build angle. These findings were consistent with the 
presence of external defects in the specimens, which tended to be more pronounced in smaller specimens, particularly those with a 45◦

build angle.

Table 1 
Studies on the influence of build orientation on tensile response of PBF specimens.

Ref AM technology 
and material

Yield Strength 
(YS)

Ultimate tensile strength 
(UTS)

Young’s modulus 
(E)

Elongation

Hartunian 
et al. 
[127]

L-PBF Ti6Al4V Highest at X orientation vs. Y 
and Z orientations

Highest at X orientation 
vs. Y and Z orientations

− −

Murchio et al. 
[41]

L-PBF Ti6Al4V Lowest at 45◦ vs. 90◦, 15◦, 
and 0◦ (see Fig. 14d)

Lowest at 45◦ vs 90◦, 15◦, 
and 0◦ (see Fig. 14d)

− −

Dong et al. 
[33]

L-PBF 
AlSi10Mg

Highest at 90◦ vs. 60◦, 45◦, 
and 35.5◦ (see Fig. 13a- c)

Highest at 90◦ vs. 60◦ , 
45◦, and 35.5◦ (see 
Fig. 13- c)

Highest at 90◦ vs. 60◦, 45◦, 
and 35.5◦ (see Fig. 13a-c)

Highest at 90◦ vs. 60◦, 
45◦, and 35.5◦ (see 
Fig. 13a-c)

Hossain et al. 
[84]

L-PBF Ti6Al4V- 
ELI

No correlation with build 
orientations

Highest at 90◦, and 
weakest at 20◦

− −

Wu et al. [40] EB-PBF 
Ti6Al4V

Highest at 90◦ vs. to 
75◦,60◦,45◦,30◦, 15◦, and 0◦

− Highest at 90◦ vs. to 
75◦,60◦,45◦,30◦, 15◦, and 0◦

−

Bültmann et al. 
[103]

L-PBF 
316L

Highest at 45◦ vs. to 60◦ , 75◦, 
and 90◦ (see Fig. 13f)

Highest at 45◦ vs. to 60◦, 
75◦, and 90◦ (see 
Fig. 13f)

− Highest at 45◦ vs. to 60◦, 
75◦, and 90◦ (see 
Fig. 13f)

Hossain et al.
[84]

L-PBF 
SS316L

No correlation with build 
orientations

No correlation with build 
orientations

No correlation with build 
orientations

−

Liu et al. 
[129]

L-PBF Inconel 
718

Lowest at 90◦ vs. 45◦, and 
0◦ (see Fig. 12c and d)

Lowest at 90◦ vs. 45◦, and 
0◦ (see Fig. 12c and d)

− −

Sun et al. 
[130]

EB-PBF Inconel 
718

Highest at 55◦ vs. to 90◦ , 45◦, 
and 0◦ (see Fig. 12e)

Highest at 55◦ vs. to 90◦, 
45◦, and 0◦ (see Fig. 12e)

− Highest at 55◦ vs. to 90◦, 
45◦, and 0◦

Awd et al. 
[109]

L-PBF AlSi10Mg Highest at 0◦ vs. to 90◦, and 
45◦ (see Fig. 12f)

Highest at 0◦ vs. to 90◦, 
and 45◦ (see Fig. 12f)

− −

Barba et al. 
[34]

L-PBF Ti6Al4V − Highest at 0◦ vs. to 90◦, 
(see Fig. 12a and b)

−
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Fig. 12. (a, b) stress–strain data for L-PBF Ti6Al4V specimens, with a focus on the 0◦ and 90◦ build orientations [34]. (c, d) stress–strain curves of 
the L-PBF Inconel 718 specimens fabricated with varying orientations and energy densities [129]. (e) The stress–strain behaviour of EB-PBF Inconel 
718 specimens with orientations of 0◦, 45◦, 55◦, and 90◦ investigated under a strain rate of 1.5 × 10− 4 s− 1 at the temperature of 650 ◦C [130]. (f) 
Average results of tensile tests on L-PBF AlSi10Mg specimens with build orientations of 0◦, 45◦, and 90◦ [109].

Fig. 13. The impact of build orientation on the tensile characteristics of L-PBF AlSi10Mg specimens (a) showing the build orientation (b) elastic 
modulus and elongation (c) UTS and YS [33]. The L-PBF 316L specimens were evaluated for their YS, UTS, and elongation in relation to (d) single 
struts, (e) multi-struts, (f) angle between the scan layers and the tensile testing direction of the multistrut specimens [103].
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To conclude, considering different build orientations, many studies indicate higher UTS, YS, young modulus, strain at failure, 
compressive strength, and elongation, etc. either at 90◦ or 0◦ [33,39,40,82,84]. Contrarily, others conclude that the abovementioned 
static properties were higher at 45◦ build orientation [39,103]. Yet, YS and UTS have been even reported to be independent from the 
building orientation [84].

Fig. 14. (a) Engineering stress–strain curves for the L-PBF CP-Ti Grade 2 specimen having a diameter smaller than 1.5 mm2, both in the vertical 
build orientation (ZXY) and the horizontal build orientation (YZX) [131] (b) Engineering stress–strain curves for L-PBF CP-Ti Grade 2 specimens 
with diameter larger than 1.5 mm2 made in the vertical orientation (ZXY) and the horizontal build orientation (YZX) [131] (c) Engineering stress 
and strain curves produced for both height and width directions for L-PBF Ti6Al4V [76]. (d) Stress–strain data for four different L-PBF Ti6Al4V strut 
categories, which are distinguished by distinct colours in the accompanying legend [41].

Table 2 
Studies on the influence of build orientation on compressive response of PBF specimens.

Ref. AM technology and 
material

Yield Strength 
(YS)

Compressive strength 0.2 % offset 
stress

Elastic modulus 
(E)

peak stress

Guo et al. [123] EB-PBF Tantalum increased from 35.3◦ to 
43◦

− − increased from 
35.3◦ to 43◦

−

Wauthle et al. 
[104]

L-PBF 
Ti6Al4V

Lowest at 45◦ vs. vertical 
and horizontal

Lowest at 45◦ vs. vertical 
and horizontal

− − −

Dallago et al. 
[82]

L-PBF 
Ti6Al4V

− − Highest at 90◦

vs. 0◦.
Highest at 90◦

vs. 0◦.
Highest at 90◦

vs. 0◦.
Weißmann et al. 

[122]
L-PBF 
Ti6Al4V

Highest at 0◦ vs. 45◦ and 
90◦.

− − Highest at 0◦ vs. 
45◦ and 90◦.

−
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6.3. Fatigue strength

Understanding the fatigue performance of AM components is crucial to provide reliable load-bearing components in applications 
that involve cyclic loading, like aerospace, railway, and automotive industries. It is now well established that fatigue strength of AM 
parts, both bulk and lattice structures, is considerably influenced by their build orientation [41,73,82,87,108,132–140]. This is mainly 
due to the differences that appear during manufacturing in terms of geometrical inaccuracy, defects (porosity, staircase effect, etc.), 
microstructural inhomogeneity, surface roughness, and residual stresses, as discussed in previous sections.

6.3.1. Defects
It is essential to emphasize that surface defects have a significant impact on the likelihood of fatigue crack initiation in as-built 

specimens. A surface with more irregularities will increase the probability of premature crack initiation due to local stress concen-
tration, thus reducing fatigue resistance [141–143]. A similar tendency is recognized with respect to porosity, where pores located at 
the surface or near it can act as possible stress concentrators and consequently become suitable crack nucleation sites under cyclic 
loading. This was clearly exemplified in the work of Chern et al. [132] on the fatigue strength of rectangular EB-PBF Ti6Al4V spec-
imens. They reported an anisotropic fatigue behaviour when horizontally and vertically built specimens were tested by four-point 
cyclic bending. Vertically built specimens exhibited a shorter fatigue life (lower initiation time and faster crack propagation rate) 
as a consequence of the inter-layer melt defects that acted as crack-initiation sites when they were loaded in crack opening mode I. This 
trend was confirmed in another study on L-PBF Ti6Al4V specimens with three different building orientations of (0◦, 50◦, and 90◦) 
considered for dog-bone specimens [133]. Under axial fatigue tests, vertically built specimens (90◦) overperformed the as-built series 
due to their smoother surface profile. In contrast, the 0◦ and 50◦ built specimens showed a much higher surface roughness, especially 
on the down-skin, due to the need to use support structures.

6.3.2. Residual stress
Morettini et al. [134] detected that surface roughness is not the only parameter which plays a part in the fatigue strength of AM 

specimens, examining DMLS Ti6Al4V dog-bone specimens subjected to axial fatigue tests. DMLS is a process similar to L-PBF during 
which the powders are consolidated by sintering rather than melting, resulting in lower temperatures and lower laser power. It was 
demonstrated that vertically built specimens had a fatigue strength 30 MPa lower than their horizontal counterparts, despite the higher 
surface roughness of these latter ones. They attributed this behaviour to the presence of larger compressive residual stresses in the 
central area of the specimens, generated during cooling. These results were in contrast with the findings by Meneghetti et al. [87] on 
DMLS maraging steel specimens. In this study, horizontal specimens demonstrated the lowest axial fatigue strength, even after an age 
hardening heat treatment.

6.3.3. Lattice structures
Variables that determine the fatigue behaviour of lattice structures are more complex due to the intricacy of the structure itself. 

According to several studies, the effect that various build orientations have on the generation of surface defects and porosity remains 
significant and can be highly detrimental in these structures as well [41,73,82,86,108]. The presence of nodes with sharp fillet radii 

Fig. 15. The mechanical responses of L-PBF Ti6Al4V single struts, assessed numerically using 3 different μCT, μCT-Avg, and CAD models. Com-
parison was conducted separately for two distinct specimen types with build orientations of (a) 90◦ and (b) 45◦ [39]. Stress–strain curves on L-PBF 
Ti6Al4V single strut specimens with (c) 90◦ and (d) 45◦ build angles [39].
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may also affect the fatigue resistance of lattice specimens [73,82]. Overall, in lattice structures, the impact of miniaturization caused 
by the small size of the struts is more pronounced, resulting in a higher density of flaws as compared to bulk specimens [41].

An insightful case study was provided by Persenot et al. [108], who studied EB-PBF Ti6Al4V thin (2 mm) specimens with 3 different 
orientations (90◦, 45◦, 0◦). The vertically built specimens exhibited the lowest uni-axial fatigue life. Fig. 16a shows radial μCT slices of 
the specimens built at different orientations. The authors identified two main types of surface defects: unmelted powders and irreg-
ularities in layer stacking, commonly known as the staircase effect. Notches were predominantly found in the 90◦ and 45◦ specimens, 
which were orthogonally oriented to the building direction, as shown in Fig. 16b. On the other hand, they were almost absent in the 
horizontal struts. Comparing radial slices of the specimens obtained before and after fatigue failure and by observation of the fracture 
surfaces, it was found that cracks mainly initiated from the superficial notch-like defects (see Fig. 16c and d) and that the fatigue 
strength was strictly linked with the build orientation since it influenced the shape, size and number of notch-like defects on the 
sericulture’s surface. The 0◦ specimens showed the highest fatigue life, despite higher roughness. This highlights that surface 
roughness cannot be the only important parameter when assessing fatigue strength in as-built AM specimens.

Using a similar approach, Murchio et al. [41] conducted a series of tests on L-PBF Ti6Al4V struts manufactured at four different 
inclinations. The results highlighted a strong effect of build orientation, but contrary to the previous studies, lower building angles led 
to lower fatigue strength, as demonstrated by the S-N curves illustrated in Fig. 16e and f. In this case, 0◦ specimens demonstrated the 
lowest fatigue strength while the 45◦ ones exhibited the highest. Failure of the struts was attributed to the miniaturization effect, which 
heightened their sensitivity to surface defects. Low-angle struts were found to have higher geometrical inaccuracy and surface 
roughness, as described in subsections 3.1 and 4.1, which made them more prone to crack nucleation from surface micro-notches. This 
was confirmed by SEM analysis of the fracture surfaces (see Fig. 16g). Comparatively, in another study carried out by the same authors 
[73], the effect of adding a node along the struts was examined on fatigue strength. Similar to their previous findings [41], the 45◦

oriented struts showed the highest fatigue strength; however, the horizontal struts were less affected in terms of their fatigue life, 
thanks to the presence of the node (shorter unsupported length). The analysis of the fracture surfaces indicated that in vertical and 45◦

specimens, which had better geometrical accuracy, the failure occurred mainly at the node junction, where the fillet radius was 
smaller, and therefore it became a critical stress concentration point. Reasonably, in 15◦ and 0◦ struts, the fracture started along the 
gauge length, mainly triggered by the geometrical inaccuracy and the higher surface roughness, especially at the down-skin region. 
These results were similar to those reported by Dallago et al. [82] who analysed the fatigue behaviour of L-PBF Ti6Al4V cubic lattice 
specimens. In vertically built struts, crack initiation occurred at the sharper and more irregular node fillet radius located at the down- 
skin. However, when load-bearing struts were printed horizontally, the critical point was the strut itself, particularly in the centre, due 
to its geometrical inaccuracy. This resulted in a reduced fatigue performance compared to the vertical ones, regardless of the fillet 
radius. Furthermore, it was reported that in the specimens in which the main load-bearing struts were built vertically, cracks nucleated 
close to the nodes and then propagated to the neighbouring struts. On the contrary, in lattices where the main load-bearing struts were 
those printed parallel to the printing plane (horizontally), cracks nucleated in several struts at the same time and far from the nodes, 
causing diffused damage in the structure.

6.3.4. Additional case studies
Solberg et al. [135] provided a detailed insight into the effect of build orientation on fatigue strength, specifically exploring the 

impact of down-skin and up-skin surface. Uni-axial fatigue behaviour of L-PBF maraging steel grade 300 specimens was assessed in a 
wide range of orientations. Evaluating similar studies, they concluded that although the obtained fatigue performance was lower than 
that for conventional manufacturing methods, the data reported in the literature concerning directional fatigue behaviour within AM- 
produced specimens on the same material were contradicting (see Fig. 16h). These results were attributed to a combination of effects of 
different as-built features such as defect orientation, microstructural anisotropy, and surface roughness. To individualize the effect of 
various parameters depending on the build orientation, all the faces of the specimen were machined except one, thus creating a set 
where the critical surface varied from 0◦ up-skin to 135◦ down-skin. The results showed that specimens built near the 90◦ orientation 
had longer fatigue life when compared to those built closer to the 0◦ orientation (see Fig. 16i). Furthermore, the specimens with as- 
built up-skin surfaces (closer to 0◦) presented higher fatigue life than the ones with down-skin surfaces (closer to 135◦) due to the 4-fold 
lower surface roughness. Fig. 16j compares the fracture surfaces of the 0◦ and 135◦specimens. In both cases, failure originated from the 
as-built surface, but from different zones: in the centre for 0◦ and from the corner for 135◦.

The effect of build orientation on the fatigue strength of 5 different Al alloys fabricated by L-PBF was evaluated by Nezhadfar et al. 
[136]. Fig. 16k-m summarize the main results obtained in this study. The evidence authors presented supports the idea that volumetric 
defects play a crucial role in fatigue crack initiation and, consequently on fatigue performance. Scalmalloy and AD1 specimens excelled 
AlSi10Mg, QuesTek Al, and AlF357 specimens regardless of the build orientation, mainly due to their lower defect density. In fact, a 
comparison of the AlSi10Mg and AD1 specimens’ fracture surfaces in Fig. 16n demonstrates that in the first case, cracks initiated from 
the volumetric defects close to or on the surface, while in the second case, they mainly originated from the surface itself. However, not 
only the density of defects determines the fatigue behaviour of the specimens, but also their type (i.e., pores, lack-of-fusion (LoF)) and 
size are important. This was made evident in the case of AlF357 and QuesTek Al alloy, which showed anisotropy. Vertical AlF357 
specimens overperformed the horizontal ones because cracks initiated from tiny pores instead of the large LoF defects (see Fig. 16n). 
On the other hand, vertical QuesTek Al specimens demonstrated shorter fatigue life than horizontal ones due to their larger projected 
area of LoF defects on the loading plane.

Another study on L-PBF AlSi10Mg alloy [137] investigated the effect of the as-built condition on 3-point bending fatigue behaviour. 
To assess the effect of build orientation and take into account also the influence of as-built surface characteristics, 5 different series of 
specimens built at different angles were tested (see Fig. 16o). The specimens were especially designed to develop maximum stress at 
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the notched face (see Fig. 13p). As shown in the S-N plots in Fig. 16q, horizontal specimens (series B) demonstrated the highest fatigue 
strength with respect to the vertical (series C) and diagonal specimens. Among inclined specimens, those with the notch on the up-skin 
(series E) overperformed the ones with a down-skin notched face (series D). These results indicated a correlation between roughness 
and fatigue performance as well as the size of surface defects. Fig. 16r illustrates the fracture surfaces of series B and C; in series B that 
had smoother surfaces and smaller features, the crack began from the corner of the specimen. Whereas, in C series, the crack started at 
the centre of the notched face and then propagated between the two adjoining layers. Additionally, it was mentioned that residual 
stresses played an important role and were responsible for the low fatigue limits of the C and D series with respect to the others.

Ponticelli et al. [138] studied the fatigue strength of L-PBF 316L specimens subjected to reverse bending loading. To evaluate the 
effect of building orientation and volumetric energy density input, they produced specimens in 3 different inclinations (see Fig. 16s) 
employing two diverse combinations of process parameters (resulting in 2 dissimilar energy density inputs). The resulting S-N points 
interpolated by Basquin Law are shown in Fig. 16t and u. It was concluded that the low-cycle fatigue limit of L-PBF specimens was 
similar to that of the bulk material, whereas at the high-cycle fatigue regime, building orientation and porosity strongly affected the L- 
PBF specimens’ performance. Horizontally built specimens demonstrated the highest fatigue resistance, while vertical ones had the 
lowest. These results are similar to those reported in other studies on this material employing uniaxial strain-controlled fatigue tests 
[139] (see Fig. 16v). Researchers attributed this behaviour to the orientation of the deposited layers with respect to the loading di-
rection; that is in the horizontal specimens the deposited layers were preferentially disposed perpendicularly to the stress induced by 
bending, generating a more tortuous path for crack propagation. In addition, the use of higher volumetric energy densities resulted in 
lower fatigue limits. This was explained by the fact that a higher energy density is associated with a higher layer thickness, producing a 
less efficient consolidation and, therefore a higher density of volumetric defects from which cracks can initiate [138]. In this sense, 
Shrestha et al. [139] recognized 3 types of defects present in these specimens: i) voids formed due to the LoF between the subsequent 
layers, ii) inclusions formed due to partially melted powder particles, and iii) un-melted powder particles clustered near a void; with 
the first group being more detrimental when they were preferentially orientated with respect to the loading direction. Some examples 
of these defects are shown in Fig. 16w. In addition, to study the R-ratio dependency of fatigue defect sensitivity, Murchio et al. [144]
conducted a comprehensive investigation into the fatigue properties of L-PBF Ti6Al4V miniaturized strut-like specimens, fabricated at 
four distinct build orientations of 0◦, 15◦, 45◦, and 90◦. The specimens were subjected to four different stress ratios of R=0.1, R= − 1, 
R= − 4, and R=10. The results revealed that the dependency on mean stress decreases as the build angle increases, which is attributed 
to progressively lower surface roughness that primarily drives failure at R=0.1 and R= − 1. In contrast, vertical specimens at R= − 4 
exhibit a pronounced susceptibility to sub-surface defects, significantly affecting their fatigue strength.

6.3.5. Future prospective
Having gone through the reported results, the consensus among the researchers indicates that the building orientation significantly 

affects fatigue performance due to factors such as surface and internal defects, residual stresses, and microstructural inhomogeneity. In 
the case of thin struts, it was indicated that notch-like defects have been found to particularly impact fatigue performance, especially 
when loaded in specific directions. However, it was demonstrated that surface roughness, as a primary factor influencing the fatigue 
life of the samples, is not always the determining parameter and characteristics like residual stresses can be influential as well. In most 
reported cases, vertically built specimens exhibit the lowest fatigue strength. Additionally, down-skin surfaces, especially in L-PBF, 
have a more detrimental effect compared to up-skin surfaces due to their lower accuracy and higher roughness, serving as local micro- 
notches and sometimes masking the significance of geometrical notches.

Moreover, the development of efficient optimization frameworks for enhancing the fatigue behavior of PBF materials within fatigue 
optimization algorithms has garnered significant attention recently [145]. These frameworks aim to systematically improve the fatigue 
life of PBF components by optimizing various parameters such as build orientation, process settings, and post-treatment methods. By 

Fig. 16. (a) Effect of build orientation on the surface profile of as-built thin EB-PBF Ti6Al4V specimens, with magnification around the defects. (b) 
Schematic illustration of different types of surface/near-surface defects that can be found in EB-PBF as-built specimens along with the shape of the 
notch-like defects. (c) Comparison between topographical radial slices of the specimens taken before and after fatigue failure. Identification and 
observation of the critical cross-section led to the recognition of the defect that led to failure. (d) Examples of surface notch-like defects responsible 
for the failure of 90◦ and 0◦ specimens identified by μCT [108]. (e) S-N semi-logarithmic plots of the fatigue behaviour of strut-like L-PBF Ti6Al4V 
specimens built at different orientations. (f) S-N double-logarithmic plots normalized by the yield strength in each orientation. (g) Fracture surface 
images obtained by SEM; fatigue crack initiation and propagation paths are shown by white arrows and dotted curved lines [41]. (h) Comparison of 
S-N fatigue curves for maraging steel grade 300 specimens reported by several authors. (i) Uni-axial fatigue life (expressed in number of cycles to 
failure, Nf, at 500 MPa load) of L-PBF maraging steel grade 300 specimens according to the building orientation. (j) SEM fracture surfaces of 0◦ and 
135◦ specimens; white arrows indicate the initiation and propagation of the fatigue cracks from the as-built surface [135]. (k) Cycles to failure of 
vertical and horizontal L-PBF Al specimens, tested at 0.002 mm/mm strain amplitude, shown in box and whisker plots; arrows indicate runout. 
Comparison between S-N plots of: (l) vertical specimens and (m) horizontal specimens. (n) SEM fracture surfaces of some of the specimens tested 
[136]. (o) Different series of 3-point bending fatigue L-PBF AlSi10Mg specimens; blue areas indicate the position of the supports used for the di-
agonal series. (p) FE model showing stress distribution along fatigue specimens; maximum stresses are developed close to the notched face. (q) 
Comparison of different S-N plots obtained for each series of specimens. (r) SEM fracture surfaces of series B and C specimens [137]. (s) L-PBF SS 
316L specimens built at different orientations. (t, u) Double-logarithmic S-N plots for the tested specimens via reverse bending fatigue employing 
two different energy density inputs [138]. (v) Strain-life curves obtained by uniaxial strain-controlled fully reversed loading tests on L-PBF SS 316L 
specimens built at 3 different orientations. (w) Details of the fracture surfaces of 0◦ and 45◦ specimens. In the first one, the defect responsible for 
crack initiation is an inclusion resulting from LoF and unmelted powder, while in the second one, the killer defect is an inclusion of partially melted 
powder [139]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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integrating these optimization strategies into fatigue algorithms, researchers can better predict and enhance the performance of PBF 
materials under cyclic loading conditions.

The potential for future studies in this area is substantial, as ongoing advancements could lead to more robust and reliable L-PBF 
components in critical applications. Future research could explore the integration of machine learning and artificial intelligence to 
further refine these optimization frameworks, allowing for real-time adjustments and improvements. Additionally, investigating the 
interplay between different factors such as thermal history, microstructural evolution, and residual stresses could provide deeper 
insights into the mechanisms governing fatigue behavior in L-PBF materials. By addressing these challenges, future studies can 
contribute to the broader adoption and success of L-PBF technologies in various industries, particularly those requiring high- 
performance and fatigue-resistant components.

6.4. Fracture toughness

Undoubtedly, toughness is considered as one of the most essential and indispensable material attributes for achieving the highest 
structural performance. The currently widely acknowledged technique for evaluating fracture toughness in ductile materials, such as 
metals, is based on the Elasto-Plastic Fracture Mechanics (EPFM) theory. In the case of AM materials, it is essential to determine the 
influence that defect size and defect type have on toughness besides bulk material properties. The fracture toughness characterization 
of PBF parts has become increasingly important within the AM scientific community. This is due to the anisotropy and variety of 
defects that can be encountered in such parts. In particular, the influence of building orientation on defects such as porosity, second 
phases, LoF, and more interestingly, the presence of inherent melt pool boundaries, which can act as crack initiators or influence crack 
growth and propagation, is being investigated.

Oliveira de Menezes et al. [146] investigated the fracture toughness of L-PBF A357 alloy compact tension C(T) specimens, obtained 
in 3 different orientations, according to ASTM E1820-18 standard. Fig. 17a schematically illustrates the 3 differently oriented groups of 
specimens examined, noting that H, L and T stand for height, longitude and thickness directions, respectively. This study showed that 
the material fracture toughness, as measured by the JIC integral, was significantly affected by the build orientation and the direction of 
loading. The lowest value of fracture toughness was observed in the as-built condition for the specimens loaded in the building di-
rection (H), with the notch placed along the build plate (T-L) and oriented with respect to L direction (H-L specimens). Upon analysing 
micrographs obtained perpendicularly to the crack planes, it was observed that the crack in H-L specimens grew along the melt pool 
boundaries, which were conveniently aligned with the crack plane. On the other hand, the crack propagation path was more con-
voluted and less specific for T-L and H-T specimens, resulting in higher fracture toughness (see Fig. 17b). These results were confirmed 
in a subsequent work [147], in which the effect of different heat treatments was assessed. In this case, an artificial aging cycle (T6) 
induced microstructural coarsening and consequently, led to the elimination of the anisotropy caused by the presence of the melt pool 
boundaries, although it reduced the overall fracture toughness for T-L and H-T specimens. This behaviour was attributed to a change in 
the crack propagation mechanism, in which the existence of small uniformly distributed Si particles and porosity were considered as 
the main causes for the low resistance to crack propagation rather than the presence of the melt pool boundaries existing in the as-built 
condition. A similar approach was carried out by Araújo et al. [148] who investigated the fracture toughness of 3-point bending L-PBF 
AlSi10Mg specimens in 3 different processes and subjected them to different heat treatments. The obtained fracture characteristics 
expressed in terms of JIC and crack-tip opening displacement (δ-CTOD) are summarized in Fig. 17c. Th horizontal as-built specimens 
(0◦) showed the highest fracture toughness values, whereas vertically-built specimens (90◦) had the lowest, observing the same crack 
propagation mechanism through melt pool boundaries that was reported in previous studies [146,147] (see Fig. 17d and e). More 
interestingly, a change was identified in the mechanism according to the resulting microstructure obtained after different heat 
treatments. In particular, the differences in type, size, distribution, and amount of porosity played an important role, recognizing that 
non-spheroidal LoF defects were more detrimental than rounded pores generated by the entrapment of gases.

The effect of building orientation on the fracture toughness of specimens produced by PBF techniques was also inspected in other 
materials such as Ti6Al4V [149], low-alloy steels [150] and stainless steels [151]. These cases provide further evidence that the lowest 
fracture toughness occurs when the material in its as-built condition is subjected to loading along the building direction. Toughness 
values in those conditions could be even 30–40 % lower than in the case of the same material in the wrought condition (i.e., produced 
by a non-AM process) [151]. These studies also support the idea that this anisotropic behavior can be partially mitigated through the 
application of proper post-processing methods, that should be studied case-by-case. For instance, stress relief and Hot Isostatic Pressing 
(HIP) have proven effective for materials like Ti6Al4V [149], helping to reduce residual stresses and improve the uniformity of me-
chanical properties. HIP, in particular, applies high pressure and temperature to close internal pores and enhance the material’s overall 
density and structural integrity. Similarly, quenching and tempering treatments for 4130 steel were employed to refine the micro-
structure, enhance toughness, and reduce anisotropy [150]. These treatments involve heating the material to a high temperature 
followed by rapid cooling (quenching) and then reheating to a lower temperature (tempering) to achieve the desired balance of 
hardness and ductility. By carefully selecting and applying these post-processing techniques, considering the chemical, microstructural 
and physical aspects of the part, the inherent anisotropic behavior of AM parts can be significantly reduced, leading to improved 
performance and reliability across various applications.

Based on the results in the literature, it can be concluded that the fracture toughness of PBF fabricated parts is influenced by various 
factors, including build orientation, the shape, and the type of associated defects. Different build orientations result in anisotropic 
material properties due to the layer-by-layer construction, which affects the bonding quality between consequent layers and creates 
variations in density. This anisotropy can lead to differences in how cracks propagate through the material. The shape and type of 
defects, such as porosity, micro-cracks, and surface roughness, are also critical. These defects are often influenced by the build 
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orientation, with certain orientations being more prone to specific types of defects. Additionally, residual stresses introduced during 
the manufacturing process, which vary with orientation, can significantly impact fracture toughness by affecting the material’s in-
ternal stress state. The microstructure, including grain size and morphology, further contributes to the material’s fracture resistance 
and is influenced by the build direction. Therefore, optimizing build orientation, understanding how it affects pores density and 
distribution and minimizing defects through careful process control are essential for enhancing the fracture toughness of AM parts.

6.5. Wear resistance

Identifying wear mechanisms and wear resistance are of major interest for a wide range of applications. However, comparatively, 
few studies have been carried out to investigate the effect of build orientation on the wear resistance of AM products [128,152–154]. 
The wear properties of AM materials depend on several key factors, including the material composition, which influences hardness and 
toughness; the microstructure, which varies with the AM process and affects grain size and phase distribution; the surface finish, where 
smoother surfaces typically exhibit better wear resistance; and the build orientation, as anisotropy can lead to directional de-
pendencies in wear resistance. Additionally, porosity and defects, particularly surface lack of fusion pores aligned with the sliding 
direction, can alter the actual contact area across the sliding interface and thereby reducing wear resistance [155–157].

Wear properties are known to be intrinsically dependent substantially on hardness and microstructure; in AM materials, these 
aspects are directly correlated with the fabrication process parameters like the cooling rate experienced by different layers, according 
to the selected build orientation. As a result, numerous studies have consistently reported findings that align with the main results 
presented in Sections 4, 5, and 6.1. These indicate that the build orientations that promote smoother, more geometrically accurate, and 
harder surfaces that these characteristics are expected to lead to superior wear resistance. The evidence of this relationship was clearly 
observed in a study that compared the wear resistance of DMLS Ti6Al4V specimens built in two different orientations [128]. Vertically 
built specimens showed the highest wear resistance and the highest microhardness. As it was highlighted in Section 6.1, the micro-
structure found in these specimens played an important role; while the horizontally built specimens exhibited a mixture of α and β 
phases, in the vertical specimens, harder α’ martensite was also identified. Also, Bahshwan et al. [152] investigated the role of 
microstructure on wear mechanisms in L-PBF 316L SS disc-shaped specimens built in 3 different orientations. The vertically oriented 

Fig. 17. (a) Scheme of the L-PBF A357 alloy CT specimens, indicating the building direction (H) and the build plate (T-L). (b) Schematic repre-
sentation of the crack propagation path in the 3 analysed directions. The arrows indicate the crack propagation direction [146]. (c) Fracture pa-
rameters in terms of J-integral and δ-CTOD for L-PBF AlSi10Mg specimens produced at different building orientations and subjected to different 
post-processing thermal treatments. Micrographs of the crack pathway at (d) 0◦, and I 90◦ specimens, showing the crack propagation along melt 
pool boundaries; the red arrow in (d) points to a secondary crack [148]. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
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disc exhibited the highest abrasive-oxidative wear, a behaviour which was attributed to two main contributions; firstly, larger 
columnar grains promoted by epitaxial growth were found in this plane. Therefore, it could be inferred by the Hall-Petch relation that 
these larger grains led to lower hardness. Secondly, the presence of LoF defects in this plane triggered surface cracking that was added 
to the overall material loss.

These results agree with other reports from Podgornic et al. [153] who studied the influence of the build direction on the wear 
resistance of L-PBF maraging steel specimens. Among the 3 build orientations of 0◦, 45◦, and 90◦, the best combination of abrasive and 
adhesive wear resistance was reported for the specimens built horizontally (0◦). On the other hand, the worst wear resistance was 
found in the vertical specimens (90◦) when the sliding took place across the layers, similarly to what was described by Bahshwan et al 
[152].

An alternative to overcome the anisotropic behaviour in terms of wear resistance was presented by Yang et al. [154], who 
investigated the effect of 3 scanning strategies to promote the rotation of grains and consequently enhance the wear resistance of L-PBF 
316L SS specimens. It was demonstrated that the best strategy was to follow a zigzag scanning with a rotation of 90◦ between sub-
sequent layers. This contributed to the remelting and change in the orientation of the grains, from columnar, epitaxial grains grown 
along the build direction to grains aligned in the horizontal direction (see Fig. 18a, b). This configuration showed a higher resistance to 
slip and, therefore a higher resistance to wear mechanisms. It was suggested that wear resistance can be enhanced by controlling the 
heat flow during L-PBF to rotate grains away from the “soft” orientation, where the grains have low resistance to slip due to variation of 

Fig. 18. Effect of zigzag scanning strategy on L-PBF 316L SS specimens regarding grain growth direction and final texture due to the remelting 
process. (a) R0 strategy (b) R90 strategy (c) Schematic demonstration of the effect of grain rotation on wear resistance [154].
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the angle between the slip and wear planes (see Fig. 18c).

6.6. Corrosion resistance

Some metallic materials employed within AM field are prone to passivate under usual environmental conditions. Ti alloys, Al 
alloys, and stainless steels all develop a passive layer (TiO2, Al2O3, and Cr2O3, respectively) on their surfaces. However, several authors 
report that the corrosion resistance of parts produced by AM is usually lower than their counterparts of the same material obtained by 
conventional manufacturing processes [158–162]. Moreover, the build orientation of the parts plays an important role in the 
development of the microstructure and a certain crystalline texture, as described in Section 5. Numerous studies have reported that the 
variation of microstructure induced by different build orientations within the same component affected the corrosion resistance 
[158–160,163–165]. For instance, Romero-Resendiz et al. [160] investigated the electrochemical behaviour of EB-PBF Ti6Al4V 
specimens. The AM specimens showed higher corrosion rates in 1 M NaCl solution compared to the wrought counterpart obtained by 
forging. The results were explained by the presence of a preferred grain orientation in the case of the EB-PBF specimens that could 
increase the surface energy and therefore promote the corrosion process. Pazhanivel et al. [163] studied the effect of microstructure 
and heat treatment on the corrosion resistance of L-PBF Ti6Al4V specimens. In a 3.5 % NaCl solution, the as-built specimens showed 
the highest corrosion rates. As a result of the heat treatment, the consequent microstructural alteration, and significant grain 
refinement, the corrosion resistance was enhanced.

Interestingly, a different trend was reported for the corrosion resistance of L-PBF 316L SS specimens in a 0.6 M NaCl solution 
[164]. The potentiodynamic curves were compared between specimens obtained along 3 building orientations: 0◦, 45◦, and 90◦, and 
the wrought material. Unexpectedly, the L-PBF specimens presented superior resistance to pitting and greater passivation window than 
their respective wrought counterpart. Among the AM specimens, the horizontally built ones showed the highest resistance. Experi-
mental evidence suggested that in the case of AM specimens, a more stable protective oxide layer was formed. However, the rationale 
behind this trend was not clarified.

Du et al. [165] investigated the influence of build orientation on the corrosion behaviour of L-PBF Inconel 718 specimens in a 3.5 % 
wt NaCl solution. Their results indicated improved corrosion resistance with increasing the build angle. This observation was justified 
by the grain boundary density that increased at higher building angles, which enhanced the corrosion resistance.

7. Post-treatments effects on inclined features

Despite the great promise, AM technologies suffer from some limitations that necessitate the adoption of post-processing strategies 
to improve the quality and performance of the as-built part and aim to equalize the targets set by traditional manufacturing processes 
[166].

There are some unavoidable defects in the printed parts, which can only be partially mitigated by proper tuning of the process 
parameters [167]. As an example, the staircase effect associated with the presence of “stairs” that lead to an irregular surface 
topography also as a consequence of excessive layer thickness, is not fully eliminable through parametric optimization, but can be 
reduced through post-processing strategies [168]. Depending on the part geometry, the adoption of a build direction will affect the 
“surface complexity” and the geometrical accuracy (i.e., staircase effect and non-uniform shrinkage). The build orientation also in-
fluences the extent of the supports needed to sustain eventual overhangs, which also need to be removed from the specimens after 
processing. Moreover, depending on the adopted scan strategy, voids/pores may be induced within the layer or between successive 
layers, potentially generating cracks and promoting their propagation [167]. Thus, post-processing can be significantly helpful in 
addressing various inherent defects and imperfections.

The post-treatments specifically used to address the adverse characteristics induced by build orientation are presented in the 
following section, considering the two major groups of bulk treatments and surface treatments, with the former basically including 
heat treatments. The surface treatments are presented [154] categorizing them into subtractive, mechanical, coatings, and hybrid 
treatments. Lastly, the repercussions of post-treatments as the build orientation changes are investigated in separate subsections with 
respect to microstructure, surface, mechanical properties, and fatigue behaviour. For more detailed information on general post- 
treatments used for AM materials, regardless the orientation, please refer to [169].

7.1. Bulk post-treatments

The application of heat treatments is aimed at releasing the residual tensile stresses generated by the concentrated heat input and 
the continuous and fast heating/cooling cycles in the material during the thermal- based AM processes. Heat treatments can also be 
applied to mitigate the phenomena of segregation and non-equilibrium phase formation, to modify the microstructure, and thus to 
modulate the mechanical properties like ductility/strength (e.g., causing allotropic phase modifications) [170].

Cerri et al. [171] analysed the effects of two heating cycles on prismatic L-PBF Ti6AL4V-ELI specimens produced in Z (vertical), 
45◦, XY (horizontal with the base on the narrower side), and XZ (horizontal with the base on the wider side) directions. The standard 
heat treatment was performed at 704 ◦C for 120 min, while the non-standard one took place at 740 ◦C for 130 min, both inducing the 
formation of the same amount of bimodal phase in the material. On the macroscale, neither α nor β columns exhibited any dependence 
on the crystallographic orientation, for all building orientations. Tensile tests indicated that, regardless of the orientation, both YS and 
UTS decreased while elongation slightly increased, even after the heat treatment was applied. Specifically, vertical and horizontal UTS 
values were about 40 MPa higher than the other build orientations (Z and 45◦).
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HIP treatment implies the simultaneous application of thermal annealing (T>0.7 Tm) and pressure (~100 MPa) in an inert at-
mosphere, with variable results according to the temperature, pressure, and permanence time. It can be particularly employed to 
resolve cracks and pores in AM parts. Furthermore, similar to simple thermal processes, HIP homogenizes the microstructure, promotes 
allotropic variations, and relieves residual stresses. Despite its efficiency in enhancing bulk material properties, since HIP does not 
affect surface properties, it is typically paired with surface post-treatments to further enhance the mechanical performance of AM 
materials [170].

The effects of SR and HIP (1000 ◦C, 100 MPa, 2 h) were investigated on Ti6Al4V L-PBF lattice structure specimens realized in 3 
orientations (0◦, 45◦, 90◦) and 4 different locations around the build plate (corners and the centre) [172]. SR treatment (650 ◦C, 3 h) 
enhanced the material strength by promoting homogeneity and preserving grain orientation. The SR specimens oriented at 45◦ were 
more prone to have brittle failures due to the maximum orientation of shear stresses. Overcoming the β-transus temperature (980 ◦C), 
the HIPed specimens showed a bimodal α/β microstructure (i.e., specifically Widmanstätten pattern), resulting in higher strength and 
fracture strain. In addition, the columnar, anisotropic structures were mainly deleted after HIP. Overall, HIP treatment eliminated the 
effect of build orientation and location on the build plate, while the SR series evidenced higher strength for the 45◦ builds compared to 
the other two orientations.

7.2. Surface post-treatments

Surface post-treatments can play a crucial role in addressing the issues caused by the presence of inclined geometric features in PBF 
fabricated parts. These inclined features often lead to surface roughness, residual stresses, and microstructural irregularities, which can 
negatively impact the mechanical properties and overall performance of the parts. By applying appropriate surface post-treatments, 
these challenges can be mitigated, resulting in enhanced surface finish, improved dimensional accuracy, and reduced stress concen-
trations. Fig. 19 represents schematic illustrations of some of the mostly applied surface post-treatments on PBF parts including 
subtractive and non-subtractive treatments.

By strategically selecting and applying these post-treatments, manufacturers can effectively address the specific challenges posed 
by inclined geometric features in PBF-fabricated parts. This not only improves the performance and longevity of the components but 
also broadens the scope of PBF technology in producing complex and high-precision parts for various industrial applications. Future 
research in this area could focus on optimizing these post-treatment processes and developing new methods to further enhance the 
quality and performance of PBF fabricated parts with complex geometries.

7.2.1. Subtractive surface post-treatments
These processes consist of removing the external layers of the AM part, where the majority of orientation-induced defects (e.g., 

porosities, partially melted powders, spatters, etc.) exist. This will result in considerably reduced surface roughness without interfering 
with the inner material, and offers a substantial performance improvement, especially in load-bearing parts subjected to cyclic loading 
[174,175].

Machining is one of the most common mechanical finishing processes used in the AM field. However, its application is limited to 
simple geometries and cannot be easily adapted to particularly complex shapes due to surface inaccessibility [175]. Serjouei et al. 
[176] developed a predictive model for S-N fatigue curves, considering the effect of build orientation and various heat treatments, 
mean stress ratio, location and size of the pores in stainless steel 316L specimens built with different laser-based AM technologies (i.e., 
L-PBF, DMLS). The experimental tests generally indicated enhanced fatigue resistance for the machined specimens compared to the as- 
built condition. The vertically built specimens showed the poorest performance compared to the horizontally built ones for both 
machined and non-machined conditions.

Wood et al. [177] studied the influence of building orientation and various post-treatments, including machining and shot peening 
on the fatigue performance of L-PBF stainless steel 316L specimens produced in vertical or horizontal directions. Interestingly, for all 
build directions, the machined and shot peened specimens showed comparable fatigue resistance despite different surface roughness 
(0.7 µm for machined and 4 µm for the shot peened series, in terms of Ra), thanks to the compressive residual stresses induced by the 
shot peening treatment. When compared to the as-built counterparts, the machined specimens showed the highest fatigue strength. 
However, the fatigue strength was found to be inferior in vertically built specimens due to lack of fusion issues, as the specimens were 
built parallel to the loading axis.

Polishing is another common post-treatment for AM products, which can be performed in many ways, including mechanical 
polishing, chemical polishing, electrochemical polishing, laser polishing, magnetically driven abrasive polishing, hydrodynamic 
cavitation abrasive finishing and ultrasonic cavitation abrasive finishing [170]; in all mentioned cases, the objective is to obtain a 
smooth, mirror quality surface. Several treatments specifically utilized for the post-processing of AM specimens constructed at 
different angles are mentioned here.

The corrosion resistance of DMLS Al10SiMg specimens produced along horizontal and vertical build directions and subsequently 
either mechanically polished by emery paper and alumina or shot peened by ceramic microspheres, were investigated by Cabrini et al. 
[88]. The post-treatments were found to be crucial in enhancing corrosion resistance since pores or residual unmelted powders on the 
as-built surface served as initiation sites of corrosion. The density of porosities in the as-built specimens showed variation based on 
their building orientation. Specifically, the horizontal specimens displayed lower average pitting potentials in comparison to the 
vertical series. This implied a lower probability of forming corrosion pits on horizontally built specimens. During the AM process, laser 
scanning led to the formation of an oxide layer that offers little protection since it is discontinuous and more exposed to corrosion 
attacks between the laser tracks. To fix this issue, post-treatments can be applied to remove this inefficient layer. Polishing was found 
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more efficient than shot peening in this regard. The polished specimens showed better corrosive resistance in terms of pitting potential 
in both building directions. However, reaching the same surface finishing after polishing, the horizontally built specimens evidenced 
better corrosion behaviour than the vertically built ones. One disadvantage of employing polishing to improve the mechanical and 
electrochemical performance of AM materials is the failure to close the pores, while shot peening can lead to some extent of pore 
closure. Consequently, the effectiveness of the formed protective oxide film is dependent on the number and dimension of residual/ 
exposed pores.

Chemical etching and polishing have been widely used in the post-processing of AM materials thanks to their geometrical flexi-
bility. These treatments do not require mechanical tools, making them ideal for dealing with surface flaws on complicated structures 
with restricted access (e.g., lattice structures) [178,179]. The part is submerged in an acid solution, which erodes it with or without the 
help of an electric current. Lhuissier et al. [14] applied chemical etching with variable etching times for EB-PBF Ti6Al4V lattice 
structures. The authors reported the effects of etching on both vertical and horizontal struts with two major defect types of partially 
melted powder particles and plate-pile like stacking irregularities observed in the specimens. Notably, the global etching rate of 
differently oriented struts was reported to be similar.

7.2.2. Non-subtractive surface post-treatments
Sand blasting is a mechanical surface treatment in which sand or ceramic beads are accelerated at a defined pressure to impact the 

target surface. It is commonly used in various industries for scale removal and surface cleaning; however, depending on the size of the 
beads and the compressed air used for bead acceleration, it can also induce slight surface plastic deformation and modify surface 
roughness [180].

The work of Cerri et al. [171] (subsection 7.2) investigated the effects of sand blasting on Ti6Al4V L-PBF specimens. Sand blasting 
reduced the surface roughness (Ra) reduction from around 20 µm up to 15 µm by removing the partially melted particles that were not 
well adhered to the surface. The procedure did not considerably modify the microstructure; even though the grains were not plastically 
deformed, sand blasting led to compressive residual stresses at the most superficial layer (~6 µm). Although the mechanical properties 
were not considerably affected, the reduction of roughness and the removal of the attached particles can be favourable in biomedical 
applications.

As a mechanical surface treatment, shot peening is quite similar to sandblasting in concept; however, it requires more precise 
control over the process parameters such as bead type (e.g., steels, ceramics), bead size, bead morphology, impact velocity, and stand- 
off distance between the nozzle and the target surface. This treatment is widely used in various industries for inducing compressive 

Fig. 19. Schematic illustration of several subtractive and non-subtractive surface post-treatments. Adopted from Maleki and Shamsaei [173] with 
some modifications.
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residual stresses, surface work-hardening, surface grain refinement, and mainly to enhance the cyclic performance of metallic com-
ponents [181–183]. The process has also been widely used for the post-processing of AM materials to address the typical shortcomings 
in terms of surface quality as well as limited fatigue performance in the as-built condition [170,180,184]. Two main shot peening 
parameters are Almen intensity, which is a measure of the kinetic energy of the impacting beads, and the coverage area treated [25].

Laser shock peening is another non-subtractive surface treatment that is based on inducing plastic deformation on the surface layer 
through pulsed laser exposure. The high controllability of this process makes it particularly suitable for AM parts with quite complex 
shapes. Similar to shot peening, laser shock peening can also lead to grain refinement and compressive residual stresses on the surface 
layer, thus improving fatigue resistance properties [185].Moreover, the surface roughness of laser shock peened specimens is generally 
lower than that of shot peened ones. The effect of laser shock peening (using 10 ns pulsed Nd: YAG laser) was investigated on L-PBF 
316L stainless steel dog bone specimens with 0◦,45◦, and 90◦ build orientations. It was observed that the specimens oriented at 45◦

exhibited improved UTS and YS, due to grain refinement and compressive residual stresses. After laser shock peening, the extent of 
fibre texture oriented along 〈110〉 parallel to the build direction decreased, mostly in 90◦ oriented specimen, leading to a reduction in 
anisotropy. Overall, the treatment resulted in improved strength but reduced ductility in 0◦ and 45◦ specimens, while the 90◦ specimen 
showed a good combination of strength and ductility [186].

7.2.3. Coatings
Coating deposition consists of various techniques adopted to cover the surface of a part with a film of a material (e.g., metal, 

ceramic, polymer) different from the base material, mainly to enhance mechanical/electrochemical properties or induce specific 
surface functionalities. Coating deposition can be used to preserve the surface from a corrosive environment, reduce surface roughness, 
mask surface defects and pores, and in some cases, improve the biological response of the component [169].

Coating represents a valid option to overcome the difficulties derived from excessive surface roughness or eventual porosity that 
may affect AM components-performance. Indeed, coating represents a feasible strategy to fill the superficial open pores regardless of 
the parts’ build direction [187].

7.2.4. Hybrid treatments
Hybrid post-treatment solutions are used to unite the benefits derived from various existing processes. They are mainly composed 

of a heat treatment, which is a standard approach in AM (aimed at microstructural homogenization, inducing anisotropy and releasing 
undesired residual stresses) paired with a surface treatment mainly to target the surface roughness issues in AM materials.

Jamshidi et al. [188] investigated the combination of the HIP and three surface treatments, i.e., sand blasting (SB), polishing (PL) 
and chemical etching (CE) on L-PBF Ti6Al4V specimens made along vertical and horizontal orientations. HIP eliminated the internal 
LoF porosities and thus increased the specimen’s density and the partially melted particles attached to the specimen’s periphery were 
eliminated after all the applied surface treatments. In the as-built condition, the vertically built specimen demonstrated higher UTS and 
YS compared to the horizontally built one, due to the preferential grain orientation along the direction of the applied load in the tensile 
test. HIP reportedly improved ductility and porosity in both build directions. Regarding fatigue performance, the HIP + CE treatment 
led to the highest fatigue performance improvement due to the high roughness reduction (Sa from 12.2 to 6.6 μm), leading to a fatigue 
limit around eight times higher than the as-built conditions. Nonetheless, also the other treatments enhanced significantly the printed 
parts: HIP P + PL and HIP improved the fatigue limit of six and four times, respectively. Moreover, cell culture tests indicated that the 
CE treatment enhanced cellular affinity, leading to significant improvement in bone integration.

7.3. Effects of post-treatments on microstructure of inclined features

The post-treatments, which mainly impact microstructure are those targeting the bulk. Thus, as-built condition, HT, and HIP 
treatment outcomes on various materials will be comparatively examined in this section.

L-PBF Ti6Al4V specimens produced in 0◦, 30◦, 45◦, 60◦ and 90◦ directions, were explored by Ren et al. [189]. Some of the 
specimens were left as-built while the others underwent the following treatments: heat treatment in an argon atmosphere Below ß- 
Transus (BT) (800 ◦C, 2 h), HIP (920 ◦C, 100 MPa, 2 h) and heat treatment above ß-Transus (AT) (1050 ◦C, 2 h). In Fig. 20a-h, clear 
differences existed between the specimens, but no significant distinction was observed between the building directions. The SEM 
observations in the as-built case (Fig. 20a, e) indicated long columnar grains oriented along the build direction. In the BT case 
(Fig. 20b, f), V atoms precipitated from the α’ phase, and the β phase formed along the grain boundaries. In the HIP specimens 
(Fig. 20c, g), at the boundary of columnar grains, a visible α phase grain boundary existed while an α + β phase was formed inside the 
columnar grains. The results indicated that the α phase partially underwent a spheroidization process. For the AT treatment (Fig. 20d, 
h), the temperatures above β-transus enhanced the growth of the grains, which made them equiaxed or semi-equiaxed. The EBSD 
analysis of the as-built specimens confirmed the preferential orientation of the texture. This texture remained unchanged after BT and 
HIP treatments, while AT led to very high pole intensity values. The pole values of intermediate orientations (i.e., 30◦, 45◦, 60◦) were 
similar to those at 0◦ and 90◦.

The effects of heat treatment and its combination with HIP were analysed by Ghorbanpour et al. [124] on L-PBF IN718 specimens 
with regular and functionally graded structures built along both horizontal and vertical directions. Within the same structure, two 
portions built with different process parameters and beam shapes coexisted; particular emphasis is given to the study of the micro-
structure at their interface. Some specimens underwent a heat treatment, which was a combination of homogenization (1065 ◦C, 1 h) 
and a double ageing process (760 ◦C, 10 h – 650 ◦C, 8 h), while the other specimens were also subjected to an additional HIP treatment 
(1180 ◦C, 150 MPa, 3 h). The interface microstructure changed sharply in the as-built specimens, while it became smoother for the HT 
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and HT P + HIP ones. From a microstructural point of view, the as-built condition revealed a preferential orientation of the grains 
(Fig. 20i, l). The heat treatment reduced the grain size but did not affect their orientation; residual porosities/defects were still present, 
especially in the vertically built specimens (Fig. 20j, m). HT P + HIP (Fig. 20k, n), instead, reduced the microstructural anisotropy and 
sensibly reduced the number of defects detected.

Kuo et al. [190] used DMLS to produce IN718 vertical and horizontal specimens to study the effect of heat treatments on specimens 
of different orientations. The specimens included as-built, subjected to solution treatment (980 ◦C, 1 h), and two-step ageing treatment 
(718 ◦C, 8 h – 621 ◦C, 10 h) (STA) or direct ageing treatment (718 ◦C, 8 h – 621 ◦C, 10 h) (DA). δ phases in the grains were noticed to 
grow along the building direction. The manufacturing laser process generated high thermal rates, producing a high density of dis-
locations, as shown in Fig. 20o. The dislocations persisted even after the STA treatment, as the subgrains can also be observed in 
Fig. 20p. Both in STA and DA cases, the formation of γ’ and γ’’ phases were identified throughout the whole microstructure (Fig. 20q).

Sangid et al. [191] investigated the influence of heat treatment on L-PBF Inconel 718 specimens produced in vertical and horizontal 
directions. The as-built specimens’ microstructure was strongly anisotropic along the direction of hatching, as shown in Fig. 20r, s. The 
stress relief treatment was applied to all specimens (1065 ◦C, 1.5 h) before the removal from the build plate; the specimens which 
underwent exclusively stress relieving were considered as-built. In another set, referred to as heat treated, stress relief was followed by 
three distinct steps of homogenizing (1177 ◦C, 1 h), solution treating (982 ◦C, 1 h) and aging (718 ◦C, 8 h – 621 ◦C, 18 h). After the heat 
treatment, the microstructural anisotropy was reduced, and the structure became homogeneous both in the vertical and horizontal 
series with no visible scan tracks in the material. The microstructure dislocations were also regularized, and the strain pattern appeared 
similar between vertical and horizontal series both at 45◦ bands.

In another study, the microstructural consequences of annealing (300 ◦C, 2 h) or solution treatment (530 ◦C, 6 h) in air, followed by 
water quenching were analysed on L-PBF AlSi10Mg lattice structures [192]. From the optical micrographs in Fig. 20t-v, it is noted that 
the microstructures were composed of several melt pools both in the as-built condition and after annealing, while they were not present 
after the solution treatment. The structure of the as-built specimens exhibited a primary α-Al phase accompanied by α-Al/Si eutectic 
microstructure. Upon analysing the inverse polar figures of the strut portions in their as-built condition, a gradient in the micro-
structure was observed since the portions at the bottom of the struts and nodes became more equiaxial. This gradient persisted after 
annealing, with enlarged grains and Si precipitation in α-Al. The structure appeared homogeneous after the solution treatment, in 
which the microstructural gradient was not visible; further coarsening of Si particles and formation of an intermetallic phase (β-AlFeSi) 
were also observed.

The interplay between the building orientation and heat treatment of L-PBF AlSi10Mg struts produced in vertical and inclined 
(35.5◦ from horizontal plane) orientations was investigated by Delroisse et al. [102]. The treatments included T6 heat treatment (i.e., 
annealed 525 ◦C, 5 h), water quenched and artificially aged (165 ◦C, 7 h). Two distinct zones were identified in the as-built condition in 
inclined struts (Fig. 20w). Zone A is in the top part of the strut, and it is featured by a finer microstructure, with small cells of primary Al 
in the Si eutectic phase. Zone B is at the bottom of the struts and is characterized by inter-eutectic cells 2.5–3 times bigger than those in 
zone A. The differences between the two zones were attributed to more efficient heat conduction in zone A, considering that the faster 
heat flux hinders the coarsening. The vertical struts were more homogeneous in microstructure and had reduced porosities due to gas 
entrapment, whereas in zone B, porosities were more pronounced because of pore growth caused by longer exposure to high tem-
peratures. After heat treatment, the struts exhibited a uniform microstructure without visible melt pools and with Si growth and 
spheroidization (Fig. 20x).

7.4. Effects of post-treatments on surface topography of inclined features

One of the most significant drawbacks of AM processes is the poor surface finish quality, which is in turn affected by building 
orientation. This section will present a discussion on the interrelationships between building orientation and various post-treatments 
that have been applied to address its effect on surface topography and roughness including shot blasting, shot peening, anodization, 
etching, and polishing.

The effects of shot blasting on L-PBF 316L stainless steel specimens were investigated by Krishna et al. [193]. To evaluate surface 
roughness, 38 up-skin surfaces of two complex-shaped specimens were analysed at inclinations ranging from 0◦ to 90◦. Fig. 21a shows 
the surface topographies in the as-built and post-processed conditions. The as-built specimens show a raster pattern and staircase 
effect, with randomly attached partially melted particles, the density of which increases with the inclination. However, after shot 
blasting, the removal of the attached particles reduced the surface roughness Sa but at the same time created fine features caused by the 
impact of the beads. The surface roughness of the post-processed specimen analysed vs. build inclination, followed the same trend as 
the as-built case, with a reduction in the surface anomalies height (Fig. 21b). It should be noted that sand blasting significantly reduced 
the surface roughness values for all conditions with different build orientations compared to the as-built state, except for the 40◦

orientation. This exception indicates that the effectiveness of sand blasting in smoothening the as-built AM surfaces can vary 
depending on the specific build orientation and the starting roughness. While sand blasting generally improves the surface finish by 
removing asperities and creating a more uniform texture, the 40◦ orientation might present unique challenges, such as complex 
geometric features that are less responsive to this post-treatment method.

The developed interfacial area ratio (Sdr) represents the additional surface given by the roughening with respect to the datum 
plane. Sdr is a standard surface roughness parameter that quantifies the ratio of the actual surface area (including the microscopic 
peaks and valleys) to the projected (flat) surface area. It is expressed as a percentage and provides an indication of the complexity and 
topography of a surface. A higher Sdr value signifies a rougher surface with more pronounced topographic features, while a lower Sdr 
value indicates a smoother surface. From Fig. 21c, it is evident that Sdr increased with build inclination in the as-built case, while there 
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Fig. 20. Microstructure of the longitudinal section of L-PBF Ti6Al4V specimens, oriented at 0◦ (a-d) and 90◦(e-h), in different states of as-built (a,e), 
LT (b, f), HIP (c,g), HT (d, h) [189]. Optical micrographs of longitudinal cross-sections of IN718 specimens produced by L-PBF, oriented at 90◦ (i-k) 
and 0◦ (l-n); in different states of as-built (i, l), HT (j, m), HT + HIP (k, n) [124]. Transmission Electron Microscope images of DLMS IN718 specimens 
produced at 0◦ and 90◦, in different conditions of as-built (o), solution treated and aged (p) or directly aged (q) [190]. Inverse Polar figures for the 
microstructure of L-PBF IN718 specimens before and after HT: vertical (r) horizontal (s) (white arrows in the bottom right corner indicate the 
building direction; black arrows evidence the fine microstructure formed due to rapid solidification) [191]. Optical micrographs and IPF of struts in 
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is a significant reduction of Sdr in the blasted specimens. However, the overall effect of the blasting treatment was independent form 
the building orientation.

L-PBF AlSi10Mg notched specimens shot peened using two distinct sets of parameters i.e., SP1 using cast steel spheres of 0.43 mm 
diameter, 10 Almen intensity and SP2 using ceramic spheres of 0.1–0.15 mm diameter at 5 Almen intensity, both at 100 % coverage, 
were analysed by Maleki et al. [25]. In the as-built state, the typical irregular surface topographies mainly partially melted and 
unmelted particles were found on all up-skin, down-skin and smooth surface of the notch, with higher density and extent in the down- 
skin regions. The as-built condition exhibited Sa = 60 μm on the smooth surface of the notch, with 480 % and 290 % increase on the 
down-skin and up-skin surfaces, respectively. Both SP1 and SP2 treatments led to substantial morphologic modification of the surfaces 
by removing the irregularities (Fig. 21d). SP2 was more effective in modifying the surface and making it more homogeneous. However, 
the process slightly increased the roughness on smooth notched surfaces due to the formation of dimples in the regions where the high- 
energy shots impacted. Shot peening, overall, was beneficial for the inclined surfaces in terms of roughness reduction (Fig. 21e). 
Compared to the as-built condition, the up-skins Sa exhibited a decrease of 36 % after both SP1 and SP2; the down-skins Sa decreased by 
44 % after SP1 while after SP2 was still comparable to the as-built case.

Rovetta et al. [194] examined the effects of anodization and etching on the surface topography of L-PBF AlSi10Mg specimens 
manufactured in 0◦ and 45◦ orientations. The anodization procedure was conducted at a constant voltage of 60 V for 20 min while the 
etching was performed in Kroll reagent for 10 min at room temperature. The SEM observations (see Fig. 21f) in the as-built condition 
evidenced a homogeneous distribution of partially melted particles in the 0◦ orientation, while the 45◦ specimens presented in-
homogeneities caused by particle clusters. Surface modification induced by anodization was not noticeable at 0◦, while it produced 
cracks on the particles and increased the clusters in number and size at 45◦. The etching treatment, instead, led to the detachment of 
particles and clusters, disregarding the building orientation. The outcomes regarding roughness values for 0◦ and 45◦ orientations are 
recalled in Fig. 21g and Fig. 21h, respectively. Consequently, the results indicate the significance of the post-treatment choice rather 
than the inclination of the specimen.

Finally, magnetic abrasive finishing was utilized as a polishing technique on L-PBF 316L stainless steel specimens. These specimens 
were inclined at seven different angles ranging from vertical (90◦) to horizontal (0◦) [195]. G50 steel grit was used as the abrasive, and 
the finishing process was carried out using vibrations at a frequency of 28.8 Hz and an amplitude of 20 mm. In the as-built condition, 
there were higher percentages of balling and unmolten particles in vertically oriented parts. These defects could be mostly removed 
after a 75 min treatment, although the effects varied based on the specific building orientation; in 30◦, 45◦, and 60◦ specimens, that is, 
in some cases, few particles were left in the valleys (Fig. 21i). In terms of the surface profile, the peaks were levelled, while the valleys 
remained in the 15◦ and 75◦ specimens. Fig. 21j shows the variations in roughness according to the inclinations at 15-minute intervals 
during the polishing process. The surface roughness Ra increased with the angle until 60◦ and then decreased due to a reduction in 
unmolten particles. For all the building orientations, the progressive removal of the surface imperfections gradually reduced rough-
ness. Despite the material removal rate being independent of time, surface roughness improvement decreased progressively and 
plateaued after 60 min of polishing. The specimens showed an average Ra decrease of 56 %, with vertically built specimens experi-
encing a maximum decrease of about 76 % due to the presence of easily detachable particles.

7.5. Effects of post-treatments on hardness and tensile behaviour of inclined features

Microstructural modification may induce significant variations in the part’s mechanical properties. Hence, the following section 
examines how various post-treatments affect the tensile and hardness of the material.

In the experiment by Ren et al.[189], also detailed in Section 7.3, the effects of LT, HIP, and HT treatments were investigated on the 
tensile behaviour of Ti6Al4V L-PBF specimens. Fig. 22a-c shows the obtained trends for tensile and static strength and the elongation in 
the as-built and in the three post-treated conditions analysed. In the as-built specimen, these parameters are highly dependent on the 
inclination since it varies the entity of residual stresses and the internal porosities. The tensile and static strength in as-built conditions 
reach a maximum at 45◦, then decrease, reaching its minimum at 90◦. As-built sample made at 90◦ (AB-90◦) was the most critical 
condition because of the higher residual stresses and numerous sensitive areas for crack initiations. As the angle increased from 0◦ to 
45◦, the elongation decreased, exhibiting the lowest range at 45◦. However, as the angle continued to increase from 45◦ to 90◦, the 
elongation started to increase again. This trend can be attributed to the variations in density; the inclined specimens present higher 
porosity, which results in lower elongation. In the LT specimens, building orientation has a less but still significant impact on the 
results compared to the as-built specimen. As the temperature during heat treatments increases, a coarser microstructure is formed, 
which leads to improved elongation, but decreased strength. Notably, in the cases of HIP and HT, the mechanical properties remain 
unaffected by the building orientation. The results indicate that in the HIP specimens, pore closure had a positive impact on the 
elongation, which was the highest among all the studied conditions.

The two heat treatments of stress relief (SR) (ASTM F2924 class 1) and HIP (ASTM F2924 class 2) were also applied to a series of L- 
PBF diamond cell-like lattice Ti6Al4V structures considering 5 different orientations of the unit cell [104]. This design strategy resulted 
in different strut orientations, influencing ductility and density, that were reported to be most critical in the case of horizontal struts 
having the highest level of porosity. The effect of heat treatments was found to be independent of the build orientation. SR resulted in 

L-PBF AlSi10Mg lattice structures in various conditions of as-manufactured (t), annealed (u), and solution heat treated (v) [192]. L-PBF AlSi10Mg 
struts in the as-built condition, a finer microstructure is present in zone A, whereas a coarsened one is in zone B (w). The strut, after T6 heat 
treatment, is featured by homogeneous microstructure (x) [102].
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Fig. 21. (a) Surface topography measurements of L-PBF 316L stainless steel specimens in as-built and shot blasted conditions, in 0◦, 3◦, 15◦, and 30◦

inclinations with the extracted area measuring 0.5 × 0.5 mm2; (b) Sa and Sdr measurements in as-built and shot blasted conditions in various 
building inclinations [193]. (d) Surface topography of L-PBF AlSi10Mg notched specimens on the up-skin, smooth, and down-skin surfaces of the 
notch, in as-built, and shot peened (SP1 and SP2) conditions; (e) Surface roughness trends in as-built, SP1, and SP2 conditions as a function of build 
inclination [25]. (f) SEM micrographs of L-PBF AlSi10Mg specimens’ surface inclined at 0◦ and 45◦, in as-built, anodized, and chemically etched 
conditions; (g) Comparison of surface roughness in the as-built, anodized, and chemically etched condition in 0◦ inclined specimens; (h) Comparison 
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stronger structures, while HIP enhanced the formation of lamellar α + β microstructure, leading to a reduction in strength and an 
increase in ductility (contrary to the trends reported in [172]). The SR specimens were slightly stronger, yet more brittle (Fig. 22d-f). 
By properly orienting the cell and building direction avoiding the horizontal struts, reducing porosity, and choosing post-processing 
techniques, a positive impact can be made on the complex lattice structure.

L-PBF was used to fabricate AlSi10Mg specimens with 7 different inclinations (ranging from horizontal 0◦ to vertical 90◦ with a 15◦

increasing angle from the horizontal configuration) by Hovig et al. [196]. Several conditions were considered: as-built, SR (300 ◦C, 2 h) 
and air-cooled, and T6 heat-treated. During the processing phase, a set was pre-heated at 200 ◦C. Upon comparison of the as-built 
specimens fabricated at room temperature and with pre-heated plate, a 40 % reduction in residual stresses was observed due to a 
decrease in thermal gradient in the pre-heated case. Additionally, the tensile behaviour of the as-built, pre-heated, and SR specimens 
did not differ significantly. Therefore, the SR phase can be considered unnecessary when pre-heating is performed. Elastic modulus was 
not affected by the building orientation in the studied conditions, although the data were scattered (Fig. 22g). Reportedly, YS and UTS 
did not seem to be affected by the building angle; T6 treated specimen’s Ys and UTS exhibited a decrease at 15◦ followed by an in-
crease, with the maximum value reached at 75◦ (Fig. 22h, j). The elongation increased from 0◦ to 90◦, both in as-built and SR con-
ditions, whereas, the average elongation doubled after T6 treatment; however, the ductility improvement that was derived from the 
recrystallization of the microstructure, was accompanied by a 10 % reduction in YS and UTS (Fig. 22i). Hovig et al. [197] also adopted 
the same building orientations as [196] and analysed the mechanical properties for L-PBF 18Ni300 maraging steel specimens. The 
specimens were machined to eliminate the contribution of surface roughness derived from the building process, and then solution 
treated (815 ◦C, 1 h) followed by aging (500 ◦C, 5 h), denoted as SA P + A, and direct aging (500 ◦C, 5 h), denoted as DA. Fig. 22k-n 
depicts the trends of the mechanical properties for the two different post-treatments, compared with the forged bar aged at 482 ◦C 
standards (Metallic Materials Properties Development and Standardization (MMPDS-11)), shown in dashed lines. The average values 
for elastic modulus were slightly below the reference, and only the DA specimen was found affected by the building orientation. The 
specimen at a 60◦ angle had the highest stiffness, with an 8 % increase in elastic modulus compared to the lowest at a 90◦ angle. The 
values of YS and UTS were coherent with the literature findings and independent of the build angle. Finally, the elongation at fracture 
reached its minimum value at 15◦ and 90◦ orientations in SA.

On the other hand, the variations of tensile properties investigated by Sangid et al. [191], as detailed in Section 7.5, highlighted the 
existence of anisotropy, especially in the as-built condition. The tensile test, performed by monotonic loading of the specimens at 2.3 % 
strain followed by unloading to zero, evidenced a decrease of 37 % in YS from horizontal to vertical orientation. After the heat 
treatment (homogenizing, solution treating and aging), the anisotropy was reportedly reduced, and the specimens were considerably 
strain-hardened (Fig. 22o). EBSD analysis of heat treated specimens in Fig. 22p showed a preferential slip in the maximum shear stress 
direction (45◦) and a more localized strain in vertical rather than horizontally oriented specimens.

Zhang et al. [195] investigated L-PBF Cr-Cu-Zr specimens produced in the horizontal and vertical orientations. The ageing 
treatments were performed at different temperatures (350 ◦C, 400 ◦C, 450 ◦C, 500 ◦C) and soaking times (0, 5, 15, 30, 45, 60, 90, 120, 
240, 360, 480, and 600 min). The aged specimens exhibited higher strength than the as-built series with anisotropic mechanical 
properties. Also, the vertical specimens were shown to have a better performance. The optimal ageing temperature and time to 
enhance the tensile properties and hardness were found to be 500 ◦C and 30 min (Fig. 22q, r). Besides, it was noticed that increasing the 
duration of the treatment would lower the hardness. It can be noticed in Fig. 22u, v that the vertically built part had higher penetration 
resistance than the horizontal one.

Vickers hardness trends for horizontally and vertically oriented heat-treated specimens were also measured in the study by 
Ghorbanpour et al. [124] (also detailed in Section 7.3) IN718 L-PBF specimens were built in horizontal and vertical direction and a set 
was also functionally graded in terms of process parameters; specifically the hardness comparison considers mainly the sides processed 
with different power levels (i.e., P = 250 W and P = 950 W). In the horizontal configuration, the 250 W side was in contact with the 
baseplate, so it was subjected to more thermal cycles, featuring a higher hardness with respect to the 950 W, although the hardness 
decreased along the height of the part. Accordingly, the transition from 250 W to 950 W, which in vertical parts occurred orthogonal to 
the build direction, implied that the two sides were subjected to the same number of thermal cycles. As a result, they exhibited similar 
hardness. In both the functionally graded and non-graded parts, the hardness was comparable within the heat-treated specimens but 
higher than in the as-built case (Fig. 22s, t).

7.6. Effects of post-treatments on fatigue behaviour of inclined features

Fatigue behaviour is known to be affected by the synergic effects of several parameters related to the bulk and superficial state of 
the part produced; these can be in turn modulated through suitable post-processing techniques. This section briefly reviews the data 
available on the effect of post-treatments that have been applied to inclined AM specimens.

Fatigue properties of EBM Ti6Al4V specimens produced at 0◦, 45◦, and 90◦ orientations were analysed and compared with the data 
from their respective machined counterparts [108]. Then, HIP treatment (920 ◦C, 100 MPa, 2 h) was performed on the 90◦ specimen. 
The results indicated fatigue strength improvement (see Fig. 23a) after machining compared to the as-built series. Additionally, the 
building orientation was found to have an impact only on the microstructure, with better outcomes observed in the horizontal 

of surface roughness in the as-built, anodized and chemically etched condition in 45◦ inclined specimens [194]. (i) SEM images of L-PBF stainless 
steel 316L specimens built at various building inclinations, in as-built and polished with magnetic abrasive finishing conditions; (j) Ra measured as a 
function of the building inclination to monitor magnetic abrasive finishing effects at 15 min intervals [195].
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Fig. 22. (a) Tensile strength, (b) static strength, and (c) elongation of L-PBF Ti6Al4V specimens, oriented at 0◦, 30◦, 45◦,60◦ and 90◦, in different 
states of as-built, LT, HIP, and HT (d, h) [189]. (d) Stress–strain curves, with images of the specimens after compression test (e) yield stress, and (f) 
strain at fracture of L-PBF diamond cell-like lattice Ti6Al4V structures fabricated at 5 different orientations of the unit cell, in as-built, SR-ed or HIP- 
ed conditions [104]. Mechanical properties of L-PBF AlSi10Mg specimens produced with different orientations ranging from 0◦ to 90◦ with 15◦

intervals, in as-built, SR and T6 conditions: (g) Elastic modulus, (h) YS, (i) Elongation at break, (j) UTS [196]. Mechanical properties of L-PBF 
18Ni300 maraging steel specimens produced with different orientations ranging from 0◦ to 90◦ with 15◦ intervals, in SA + A, and DA condition, 
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configuration. To evidence the major role of surface condition rather than the internal defects, it was confirmed that the HIP treatment, 
which eliminated internal porosities, did not affect the specimen’s fatigue life.

Fatigue analysis of inclined Ti6Al4V L-PBF specimens after LT, HIP, and HT treatments was experimented by Ren et al. [189]
(Section 7.5). In Fig. 23b, the variation of the fatigue cycles according to the building orientation in the as-built and LT cases can be 
observed, while no effect was noticed in the HIP and HT cases. The trends correspond to those of the static strength described in Section 
7.5. It was reported that the fatigue behaviour was mainly affected by the size and location of pores and the extent of residual stresses, 
while in the near pore-free HIP and HT cases, the crack initiation was linked to plastic slip (Fig. 23c).

Afkhami et al. [198] obtained comparable fatigue behaviour for L-PBF 316L specimens and the conventional specimens when 

compared with forged bar as the reference counterpart: (k) Elastic modulus, (l) YS, (m) elongation at break, and (n) UTS [197]. (o) Stress–strain 
curves and (p) EBSD strain maps of L-PBF IN718 specimens manufactured in vertical and horizontal orientation, in as-built and heat treated 
(homogenizing, solution treated and aging) conditions. The white arrows indicate the loading direction [191]. Vickers hardness of L-PBF IN718 
specimens with functionally graded structures in as-built, HT, HT + HIP conditions, built along (s) vertical, and (t) horizontal direction [124]. 
Compressive stresses (q, r) and Vickers hardness (u, v) of L-PBF Cr-Cu-Zr specimens produced in vertical and horizontal directions, respec-
tively [195].

Fig. 23. (a) Number of cycles to failure for EBM Ti6Al4V specimens, produced in 0◦, 45◦ and 90◦ as-built, 0◦ and 90◦ machined and 90◦ HIP 
conditions [108]. (b) The fatigue life of L-PBF Ti6Al4V specimens oriented at 0◦, 30◦, 45◦,60◦, and 90◦ in different states of as-built, LT, HIP, HT. (c) 
Crack initiation sites in as-built and HT specimens for 30◦ and 90◦ orientations [189]. (d) Number of cycles to failure for L-PBF 316L specimens in 
horizontal orientation (machined), and in vertical orientation (as-built, machined, and HFMI treated states) [198]. The fatigue life of L-PBF mar-
aging steel specimens in as-built, heat treated, machined, and heat treated + machined conditions, in horizontal (e) and vertical (f) orientations 
[199]. Fatigue crack propagation diagrams of L-PBF Inconel 625 specimens produced in orthogonal and vertical directions in SR (g, i) and HIP (h, j) 
conditions when the crack propagates parallel or orthogonal to the building plate, respectively [174]. Fatigue crack growth curves in L-PBF 
Inconel718 specimens in (k) as-built, (l) HT, (m) HIP + HT conditions, and (n) IPF maps in HIP + HT condition [124].
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proper post-processing was applied. The specimens were produced in horizontal orientations followed by machining, with the vertical 
orientation specimens being categorized into as-built, machined, and high-frequency mechanical impact treated (HFMI) (Fig. 23d). 
Reducing surface roughness improved fatigue strength by removing major stress concentration sites. In the vertical orientation, the 
machined specimens showed 85 % increase in fatigue limit, while the HFMI specimens showed a 90 % increase compared to the as- 
built series. On the other hand, the horizontal specimens showed an improvement of 15 % compared to the vertical orientation. The 
dependency on the build orientation and the applied post-treatment were more evident in the low-stress amplitude, in which the notch 
effect was predominant.

In another work, the fatigue behaviour of L-PBF maraging steel specimens fabricated in vertical and horizontal orientations was 
examined in as-built, heat-treated (aging, 490 ◦C, 6 h), machined, or heat treated + machined conditions [199]. All three post- 
processes improved the fatigue life compared to the as-built condition, with the greatest increase observed for the vertical speci-
mens. Interestingly, the effect of orientation was not significant in the parts subjected to both post-processing techniques (Fig. 23e, f).

Also, Poulin et al. [174] studied the effect of build orientation on L-PBF Inconel 625 notched specimens built with 4 different 
orientations: horizontal, inclined at 45◦, vertical with the notch parallel to the building orientation, and vertical with the notch 
orthogonal to the building orientation. Half of the specimens were post-treated with stress-relieving heat treatment (870 ◦C, 1 h), with 
the other half undergoing HIP treatment (1120 ◦C, 100 MPa, 4 h).

On the inclined surfaces, staircase effects were noticeable, and a high density of partially melted powder particles was observed, 
particularly on the downward-facing surfaces. The high anisotropy derived from the build orientation could not be reduced in the SR 
specimens, whereas HIP eliminated the anisotropy for all series and led to a significant pore closure. The fatigue crack propagation 
diagrams in all three building directions, with c parallel to the build plane, are compared in SR and HIP conditions in Fig. 23g and h, 
respectively. It was reported that only SR treatment showed a dependency on the building orientation in the near-threshold region, 
although, in the Paris regime, the orientation was not significant in both SR and HIP specimens. In Fig. 23i,j when comparing the 
diagrams of crack propagating parallel to the building plate versus orthogonal direction, it was found that L-PBF parts showed results 
similar to those of wrought alloy. However, in the case of HIP series, the results were slightly lower for the cracks propagating 
orthogonally to the building plate as compared to the vertically propagating cracks. Additionally, crack propagation is investigated in 
another study on IN718 L-PBF parts in which a set of specimens was functionally graded, i.e., different sides of the specimens featured 
different process parameters, both in vertical and horizontal direction. A set was left as-built, another was heat treated (HT) (ho-
mogenisation, solution treating and double aging) and the last underwent both the HT and HIP. The crack propagation in as-built 
specimens (Section 7.3) (Fig. 23k), indicated higher ΔKth when the power level was 250 W due to the presence of finer grains 
compared to the level 950 W, so more grain boundaries impeded the crack propagation [124]. The coarser grains from HT parts, 
however, could bear the slip damage more efficiently. It explained the higher ΔKth value obtained for HT parts compared with the as- 
built state, along with the precipitation of strengthening phases.

In Fig. 23l it is evident that the wrought material still performed better, thanks to its equiaxed fine grains. In HT P + HIP, the grain 
size and the number of precipitates increased, while the porosities were reduced, with all cases experiencing an increase in ΔKth 
(Fig. 23m); the maximum value was reported for the 950 W horizontal specimen. The microstructure in HIP P + HT is shown in 
Fig. 23n, where the upper image refers to the 250 W side, in which random, fine grains were distinguished, while the bottom image 
refers to the 950 W side, having coarser grains and moderate 〈001〉 orientation, consistent with the wrought material. It is reported 
that the cracks in the L-PBF parts propagated from right to left primarily through trans-granular paths, while in wrought parts they 
propagated through a combination of intergranular and trans-granular cracking. This study evidenced that the proper post-processing 
may enhance the fatigue behaviour of L-PBF parts to a level higher than the wrought specimens.

8. Summary and future perspectives

Metal AM is an emerging technology which is diffusing in multiple sectors such as automotive, aerospace, and biomedical ap-
plications. It comprises a wide variety of techniques and among them, this review focuses mainly on PBF technologies, resorting to the 
selective melting of a powder bed to create an object in a layer-by-layer process. The quality and properties of a PBF metal parts depend 
on numerous factors, from powder properties, geometrical design, manufacturing technology and process parameters to post- 
treatments. Among these parameters, build orientation holds a crucial role in defining the superficial and mechanical properties of 
the produced parts.

Build orientation is found to be strictly linked with the thermal history of the AM part, affecting, in turn, a wide range of its 
physical, microstructural and mechanical attributes. The effect of build orientation on various properties has been experimentally 
investigated on several metal alloys using different AM techniques, where the same specimen is produced at different build orien-
tations and characterized in detail. Although there has been an increasing interest towards this topic, there are no available guidelines 
for design for AM on the choice of build orientation with respect to the desired performance of the object. Thus, the present work 
provides a comprehensive review of the effects of build orientation on all the major properties of AM metal parts. Here we critically 
discuss the significant influence of build orientation on all major characteristics like manufacturability, geometrical accuracy, surface 
roughness and morphology, porosity, microstructure, static and fatigue strength, fracture toughness, wear and corrosion behaviour, 
and its interplay with various post-treatments.

Regarding the manufacturability of metal parts, the focus has been mostly on L-PBF and EB-PBF techniques that have essentially 
different requisites for support structures during manufacturing. This topic has been mainly explored for thin structures such as lattice 
struts to evaluate the feasibility of realizing specimens at low build orientation without the need for support. A possible output of these 
investigations can be the creation of “manufacturability maps” to describe the quality of the printed parts. This surely needs a 
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collective effort but can be of great impact on boosting the design and manufacturing freedom provided by AM.
Remaining on the topic of design freedom, a cherished attribute of AM technologies, is highly restricted by the effect of build 

orientation on geometrical fidelity. The part geometry has proved to be significantly affected by build orientation. Many studies 
highlight that a lower build angle corresponds to a decrease in size accuracy and variation with respect to the nominal shape. This is 
mainly attributed to the fact that the down-skin areas with a low build angle are supported by powder with lower thermal conductivity 
compared to the bulk material, which leads to lower heat dissipation and, consequently, a larger melt pool that eventually can 
compromise geometrical accuracy. This observation has been confirmed for various specimen types including bulk and lattice ge-
ometries. L-PBF specimens demonstrated a higher dimensional accuracy compared to the EB-PBF ones, which is coherent with the use 
of powders with lower particle size distribution for L-PBF. The apparent effect of orientation on geometrical accuracy can be a crucial 
matter to be mindful of, especially when discussing structural applications of AM materials.

From design for AM and post-processing point of view, the need for material removal and the associated limitations define the 
boundaries for achieving the desired surface quality without sacrificing part functionality. This paper indicates that researchers might 
explore alternative post-treatment methods or developing design strategies that minimize the need for extensive support, their removal 
and post-treatment altogether.

From this review, it also emerged that build orientation plays a major role in determining the surface roughness of the specimens. 
As a general trend in L-PBF, it is verified that roughness increases with the inclination angle and typically the down-skin surfaces show 
a higher roughness and more defects compared to the up-skin. It is worth noting that an opposite trend is reported in the case of EB-PBF 
specimens: the higher the inclination the lower the roughness. Many studies also showed the influence of feature sizes with a focus on 
strut size in lattice structures; the results indicated that the feature size tends to increase the up-skin roughness, while it does not affect 
the down-skin surface quality. Such dependency of roughness on build orientation implies considerable inhomogeneity of surface 
quality in parts of intricate geometries, where the individual part can be an integration of several surfaces with varying inclinations 
with respect to the build direction, letting alone the need for supports during manufacturing the removal of which will further 
deteriorate the surface quality.

Interestingly, regarding the effect of building orientation on porosity, the available results are largely contradicting, and the degree 
of porosity also appears to be significantly influenced by the material used, showing a notable material dependency in certain in-
stances. Some studies report higher porosity in inclined specimens, while in others, vertical specimens show the highest porosity. 
Enigmatically, the complex thermal history is indicated as the cause of both the opposite trends. On inclined surfaces, particularly 
those featuring complex geometries such as notched geometries where the building orientation undergoes sudden changes, it may be 
challenging to ensure uniform heat distribution and some regions of the inclined surface may receive insufficient thermal energy. In 
most instances, AM parts with inclined surfaces commonly exhibit elevated porosity under the inclination due to several factors related 
to thermal history differences. These include issues like overheating and underheating, heat accumulation and residual stresses, melt 
pool instability, and inadequate energy density. Inconsistencies in the thermal history, driven by changes in geometry and building 
orientation, can lead to regions of the material being either overheated or underheated. Overheating may result in excessive evapo-
ration of volatile elements, creating volumetric defects specifically in the up-ward faces, while underheating may also cause insuffi-
cient material melting and deposition. In the context of inclined surfaces, heat accumulation becomes a notable concern. The 
cumulative heat from the laser or electron beam can impact the lower layers, coupled with rapid cooling or uneven heating, resulting in 
heightened thermal stresses. These stresses may induce warping, cracking, or incomplete fusion between layers, ultimately contrib-
uting to increased porosity. The melt pool dynamics on inclined surfaces can be less stable as well. Inconsistent thermal histories affect 
the stability of the melt pool during layer deposition. Factors such as energy reflection, heat dissipation, and temperature fluctuations 
can lead to irregular melt pool shapes, impacting the uniformity of material deposition and promoting porosity. In addition, insuf-
ficient energy density in the inclined regions may also lead to incomplete melting and fusion of powder particles, giving rise to the 
formation of pores in the final AM part. Overall, addressing these thermal history-related challenges is crucial for minimizing porosity 
and enhancing the quality of AM components.

Although in many cases the overall porosity is very low, the link between build orientation, thermal history, and porosity is highly 
relevant, and its interplay with other process parameters should be further investigated.

Microstructure as a key property of a metal part that highly affects its mechanical properties, is extremely dependent on the 
manufacturing process. In PBF technologies, grains tend to be elongated along the build direction due to the development of thermal 
gradients. Moreover, grains tend to be coarser on the down-skin areas, which stay at a higher temperature for longer times, while finer 
grains are observed on the up-skin. This also brings notable anisotropy in the microstructural features that in turn will affect the 
performance of the part in various in-service conditions.

In the case of mechanical properties, the building orientation is reported to significantly impact the resulting static and fatigue 
strength. However, also in this case, the existing research yield conflicting results. While certain studies posit higher static strength in 
vertical building orientation compared to and horizontally built specimens, others suggest highest strength obtained at an inclination 
of 45◦, or, alternatively, report no noticeable correlation between building orientation and static strength. Notably, the number of 
studies that have investigated the impact of building orientation on failure mechanism, plateau stress, and reaction forces is limited 
and restricted to specific materials and processing parameters.

On the other hand, a consensus exists regarding the effect of building orientation on fatigue performance mainly but not limited to 
its interplay with the presence of surface and internal defects, undesired tensile residual stresses, and microstructural inhomogeneity. 
Remarkably, the variety of surface features affect the fatigue performance in different ways. It is demonstrated that defects with a 
notch-like geometry are especially detrimental to fatigue performance mainly when loaded in a particular direction. These defects are 
essentially caused due to the inherent nature of the process, such as the staircase effect that can generate preferentially aligned lack of 
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fusion defects. It could be the reason why, for the majority of the cases reported in the literature, vertically built specimens exhibit the 
lowest fatigue strength. Additionally, it is proven that down-skin surfaces are more harmful than up-skin surfaces due to their lower 
geometrical accuracy and higher surface roughness, especially in L-PBF, where supporting structures are frequently needed. The 
surface irregularities on down-skin surfaces have been proved to act as local micro-notches and, in some cases, even mask the criticality 
of geometrical notches, in a way that fracture planes are displaced in correspondence of the local micro-notches rather than occurring 
at the geometrical notch root.

Fracture toughness is also demonstrated to be intrinsically anisotropic in PBF parts. Apart from microstructural inhomogeneity, this 
observation is why certain orientations favour the propagation of cracks along weak zones such as melt-pool boundaries. Conse-
quently, specimens that are loaded orthogonally to the build plane have shown the lowest toughness usually exhibiting more brittle 
fracture behaviour.

A limited number of studies have explored the effects of build orientation on other properties such as wear and corrosion resistance. 
In most cases analysed, microstructure and hardness were reported to play major roles on these properties for AM metallic materials. 
Since build orientation influences both microstructure and hardness, this result is expected to be also extensible to wear and corrosion 
behaviour. For instance, finer-grain microstructures that result in higher hardness (due to the Hall-Petch effect) are presumed to 
contribute to enhanced wear resistance. In this sense, some studies have reported lower wear resistance in the case of vertically built 
specimens due to the presence of large columnar grains. Also, regarding corrosion, finer microstructures are supposed to be more 
effective to grow a passive layer. yet, there is not a general agreement about the direct relation between build orientation and the 
resulting wear and corrosion behavior, and no clear tendency was highlighted in the literature. Nevertheless, the results support the 
idea that, at large, these properties are lower in AM materials with respect to their conventional counterparts.

To remedy the noticeable inhomogeneity in terms of geometrical accuracy, surface roughness and morphology, residual stress 
distribution and microstructural features caused by build orientation in AM parts, the literature gives large relevance to post- 
treatments. In this regard many new or classic (but AM-customized) post-processing techniques have been suggested in the litera-
ture. Many treatments focus on addressing surface issues, but other issues like bulk porosity, tensile residual stresses, and micro-
structural anisotropy may be partially remediated by the application of proper bulk treatments (like heat treatment). Indeed, 
oftentimes, hybrid post-treatments that bring in the opportunity to interfere with both surface and the bulk material (e.g., heat 
treatment followed by severe plastic deformation-based surface treatment) have exhibited significant potential to obtain desirable 
performance for the AM part. Considering more complex geometries, surface access and reachability is still a significant limitation. The 
data reported confirms that new post-treatment tools or techniques are needed to offer access to the hard-to-reach areas within 
intricate parts.

Even though the need for post-processing treatments to advance the performance of AM parts is already well-established, there is 
still a large gap to be bridged before we can have a clear roadmap of post-treatment selection for desired performance. Besides the 
costs, the intrinsic characteristics of the post-treatments should be compatible with the size and geometrical details as well as material 
properties of the AM parts to ensure optimized results.

The literature study underscores the inherent complexity when evaluating the influential parameters that impact the manifestation 
of build orientation’s effects. The scatter of the literature data and the high extent of contradicting trends point out the significant 
dependency of the results on material, technology and process parameters. It is evident that variations in these parameters can sub-
stantially influence the data. This necessitates the urgent requirement for systematic studies that can effectively scrutinize the role of 
these defining parameters. Employing extensive Design of Experiments (DOEs) in conjunction with validated numerical studies could 
serve as a promising approach to comprehensively assess the interplay between different process parameters. Considering the complex 
physical basis, investigating the intricate process-parameter-properties linkage requires adopting a multi-fidelity approach and 
leveraging data-driven methods.

Although the present study focuses on the orientation during the building phase, the choice of post-treatment was also briefly 
addressed, as it can significantly influence the quality of the final product. Adopting the most favorable orientation, such as minimizing 
supports or using horizontal struts for higher geometrical precision, combined with the appropriate post-treatments, can help reduce 
the performance gap between traditional and AM processes. This approach has the potential to enhance the competitiveness of additive 
parts in the market by achieving “complexity freedom” and, when designed and implemented correctly, offering improved mechanical 
properties.

Despite the extensive data available in the literature, the variety of specimen types, dimensions, materials, and technologies makes 
it challenging to draw solid, generalizable conclusions on the actual effect of build orientation. This variability underscores the need 
for design guidelines specifically for AM, with particular attention to the impact of build orientation, enabling more informed decisions 
in the design, optimization, and fabrication phases. Incorporating the building direction into a fatigue optimization algorithm could 
further refine these processes. Moreover, the results highlight the defining role of defects and the interaction between surface and sub- 
surface defects. Future research challenges include understanding the synergistic effect of sub-surface defects and surface irregularities 
on the fatigue strength of AM components, particularly for those with as-built surfaces and thin cross-sections. Addressing these 
challenges will facilitate the successful exploitation of AM technologies across various sectors, including structural applications that 
demand high geometrical and performance fidelity.

The available data clearly demonstrate that the physical limitations in PBF technologies with build orientation act as the 
boundaries that define the frontier of what’s achievable in terms of surface quality, microstructure, as-built performance. For instance, 
the stair-stepping effect and melt pool dynamics set a fundamental limit on how smooth a surface can be in PBF. Researchers can 
improve the process (finer layers, better process control and monitoring) but cannot eliminate the inherent issues. The frontier lies in 
better understanding the physical basis to be able to modulate it towards desired characteristics, pushing these limitations to achieve 
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parts with minimal need to post-treatments. On the other hand, anisotropy due to build orientation presents a trade-off. In the reported 
data, it is shown that researchers can optimize build orientation for desired properties in specific directions (e.g., strength), but 
achieving perfectly isotropic material might not be physically possible. The frontier lies in developing techniques that beside mini-
mizing anisotropy manage to engineer it and eventually leverage it for specific functionalities based on target working condition.

The current body of knowledge available on the effect of build orientation and inclined features on various properties of metal AM 
material, highlights the necessity of feeding this information and trends into the AM chain to enhance the quality of the builds 
considering the geometrical, local and global inclinations. All phases including the DfAM, manufacturing and post-processing steps can 
highly benefit from these data (especially where clearly established trends are identified) to tackle the challenges associated with 
inhomogeneity, surface and bulk defects, etc.; even partially addressing these issues in the design and manufacturing phases, can 
reduce the need for post-processing and thus limited effort will be required to develop and/or customize adapt post-processing 
techniques to bridge the remaining performance gaps.

Based on the current information, the AM community may explore various research questions to fully address and control the effect 
of build orientation in AM, including (i) the primary causations and fundamental physical laws governing the significant sensitivity of 
AM component properties (such as roughness, porosity, hardness, and microstructure) to build orientation, (ii) the potential to 
leverage thermal history and cooling rate locally to gain greater control over build characteristics and correlate AM process parameters 
with orientation-affected material characteristics to facilitate the design process, (iii) the feasibility of adopting machine learning 
algorithms and detecting appropriate data extraction methods to predict and optimize build strategies, such as variable layer thickness 
and local scan patterns, to achieve specific microstructural and mechanical properties based on build orientation, and (iv) the potential 
venues to utilize the real-time process control instruments during PBF to obtain correlations between the impact of design and 
manufacturing parameters and features associated with build orientation. This list, which can be expanded, sheds light on urgent 
inquiries that significantly impact the current comprehension of how orientation defines the performance of AM parts. By answering 
these questions and bringing this information early enough into the AM field, we can develop a more informed manufacturing, 
exploiting these results towards more efficient components with enhanced performance and longer lifetimes. This information can be 
used also as an efficient tool for customization of the products leveraging the role of inclination in locally modulating the (micro-
structural, physical and mechanical) properties to better address case-by-case target applications.
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[153] Podgornik B, Šinko M, Godec M. Dependence of the wear resistance of additive-manufactured maraging steel on the build direction and heat treatment. Addit 
Manuf 2021;46. https://doi.org/10.1016/j.addma.2021.102123.

I. Aiza et al.                                                                                                                                                                                                             Progress in Materials Science 147 (2025) 101357 

49 

https://doi.org/10.1016/j.matdes.2017.11.021
https://doi.org/10.1016/j.actamat.2013.04.036
https://doi.org/10.1016/j.mtla.2019.100359
https://doi.org/10.1016/j.addma.2022.103080
https://doi.org/10.1016/j.addma.2020.101425
https://doi.org/10.1016/j.matdes.2016.01.095
https://doi.org/10.1016/j.jmrt.2022.06.096
https://doi.org/10.1016/j.jmatprotec.2022.117573
https://doi.org/10.1016/j.jmatprotec.2022.117573
https://doi.org/10.1016/j.addma.2020.101404
https://doi.org/10.1016/j.matchar.2018.04.040
https://doi.org/10.3390/jmmp2040069
https://www.sciencedirect.com/science/article/pii/S2214785317323350
https://doi.org/10.1016/J.MATDES.2020.108642
https://doi.org/10.1016/J.ADDMA.2018.08.017
https://doi.org/10.1016/j.addma.2020.101403
https://doi.org/10.1016/j.msea.2019.138740
https://doi.org/10.1016/j.msea.2019.138740
https://doi.org/10.1016/j.msea.2022.142747
https://doi.org/10.1016/j.prostr.2020.02.032
https://doi.org/10.1016/j.ijfatigue.2021.106229
https://doi.org/10.1016/j.addma.2021.102292
https://doi.org/10.1016/j.ijfatigue.2020.105737
https://doi.org/10.1016/j.cirpj.2022.07.007
https://utw10945.utweb.utexas.edu/sites/default/files/2016/046-Shrestha.pdf
https://utw10945.utweb.utexas.edu/sites/default/files/2016/046-Shrestha.pdf
https://doi.org/10.1016/j.prostr.2021.12.021
https://doi.org/10.1016/j.msea.2023.145397
https://doi.org/10.1016/j.msea.2021.141029
https://doi.org/10.1007/s12540-021-00995-8
https://doi.org/10.1016/j.ijfatigue.2023.108102
https://doi.org/10.1016/j.ijfatigue.2023.108102
https://doi.org/10.1016/j.matdes.2023.111975
https://doi.org/10.1016/j.msea.2019.138392
https://doi.org/10.1007/s10704-022-00631-5
https://doi.org/10.1016/j.ijmecsci.2021.106868
https://doi.org/10.1016/j.engfracmech.2022.108697
https://doi.org/10.1016/j.msea.2022.143941
https://doi.org/10.1016/j.msea.2022.144356
https://doi.org/10.1016/j.matdes.2020.109076
https://doi.org/10.1016/j.addma.2021.102123


[154] Yang Y, Li X, Khonsari MM, Zhu Y, Yang H. On enhancing surface wear resistance via rotating grains during selective laser melting. Addit Manuf 2020;36. 
https://doi.org/10.1016/j.addma.2020.101583.

[155] Bahshwan M, Myant CW, Reddyhoff T, Pham M-S. The role of microstructure on wear mechanisms and anisotropy of additively manufactured 316L stainless 
steel in dry sliding. Mater Des 2020;196:109076. https://doi.org/10.1016/j.matdes.2020.109076.

[156] Kan WH, Chiu LNS, Lim CVS, Zhu Y, Tian Y, Jiang D, et al. A critical review on the effects of process-induced porosity on the mechanical properties of alloys 
fabricated by laser powder bed fusion. J Mater Sci 2022;57:9818–65. https://doi.org/10.1007/s10853-022-06990-7.

[157] Kan WH, Huang S, Man Z, Yang L, Huang A, Chang L, et al. Effect of T6 treatment on additively-manufactured AlSi10Mg sliding against ceramic and steel. 
Wear 2021;482–483:203961. https://doi.org/10.1016/j.wear.2021.203961.

[158] Zhou X, Xu D, Geng S, Fan Y, Yang C, Wang Q, et al. Microstructural evolution and corrosion behavior of Ti–6Al–4V alloy fabricated by laser metal deposition 
for dental applications. J Mater Res Technol 2021;14:1459–72. https://doi.org/10.1016/j.jmrt.2021.07.006.

[159] Zhou X, Xu D, Geng S, Fan Y, Liu M, Wang Q, et al. Mechanical properties, corrosion behavior and cytotoxicity of Ti-6Al-4V alloy fabricated by laser metal 
deposition. Mater Charact 2021;179. https://doi.org/10.1016/j.matchar.2021.111302.
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