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Abstract: Additive manufacturing of high strength Al alloys brings problems with hot cracking
during rapid solidification. One of the ways to solve this challenge is technology developed by
the Elementum 3D company. The way consists of inoculation by ceramic nanoparticles using
RAM technology. When applying the L-PBF method, a very fine equiaxed microstructure with
exceptional properties and without cracks is created. This paper offers the results and discussion of
the microstructure, surface roughness and fatigue life of the high-strength Al2024-RAM2 alloy made
from a gas atomized powder with an additive of 2 wt.% ceramic nanoparticles on the base of Ti. The
specimens for fatigue tests were produced in different orientations relative to the building platform
and left in the as-built conditions with different surface quality (roughness). The specimens were T6
heat-treated. The treatment caused a coarsening of a part of the fine grains. After T6 heat treatment,
the hardness increased significantly, which occurred by precipitation hardening. Fatigue tests of
specimens with different build orientation were performed in plane bending and the experimentally
determined fatigue life was discussed in terms of surface roughness and material microstructure.

Keywords: Al2024-RAM2; L-PBF; fatigue properties; microstructure; additive manufacturing; heat
treatment

1. Introduction

Additive manufacturing (AM) technologies generate three-dimensional components
layer by layer from 3D CAD models. These technologies allow the production of objects
with complex geometries that would be impossible to create using traditional methods
such casting, machining, or forming [1,2]. In contrast to conventional manufacturing tech-
nologies, AM adds material and melts it layer by layer using an energy source. This process
provides designers with the freedom to create complex components while significantly
reducing material consumption during production [3]. However, the disadvantage of
this process is that the surface quality of the product is lower than that of conventionally
manufactured parts. It varies in different areas of the product and its finish, if possible due
to the complexity of the part, adds significantly to the product price [4]. The most widely
used additive technology is Laser Powder Bed Fusion (L-PBF). It is based on a targeted
laser beam which produces a small melt pool (typically 40 to 100 µm) and scanning mirrors
which direct the beam to the metal powder layer [5,6]. The L-PBF workflow’s standard
processing speed ranges from 1 to 20 cm3h−1, depending on the design of the part, layer
thickness, material used, and the power of the energy source [7].

Several issues arise when using the L-PBF method for component production, which
have negative impacts on the entire component quality. One of the important issues is
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the stair-stepping effect. Stair-stepping develops on component surfaces which have an
angle other than 0◦ or 90◦ relative to the building platform [8]. The lower the angle to the
platform and the wider the layer thickness, the more pronounced this effect becomes. This
effect has a negative impact on the surface quality and can strongly influence the fatigue
strength [9]. The appropriate choice of scanning strategy and modification of the part’s
position on the building platform in the chamber is one of the ways to improve the surface
quality [10]. The sections of the component that are tilted downward towards the building
platform are referred to as “down-skin” and may require reduced energy input to prevent
excessive penetration into the powder bed and deterioration of surface quality. The final
layer deposited is referred to as “up-skin,” and it may leave visible traces of laser scanning
on the surface [11].

In addition to the stair-stepping effect, during the powder melting process other effects
can appear, e.g., the balling effect, which also influences the surface quality, or residual
stresses, which also influence the component geometry and the fatigue strength.

The L-PBF process leads to the production of materials with complex microstructures
similar to those produced by welding. On the other hand, the L-PBF process is different
from welding because the material is melted layer by layer with a specific depth and width,
and a high cooling rate. Multiple layers of material are simultaneously melted and fused
during each pass of the heat source, resulting in the formation of a thermally affected zone
below and around the last molten region, referred to as the “melt pool” [12].

L-PBF technology is suitable for manufacturing components from various alloys. Some
are more suitable for this technology, while others create specific problems. Aluminum
alloys are easily produced by conventional processes, but numerous studies have revealed
critical issues when they are processed by L-PBF technology. One of the difficult challenges
in processing aluminum powders is the requirement for increased laser energy due to their
high reflectivity and thermal conductivity. Additionally, a thin oxide film on the powder
particles makes them more difficult to process [13]. Eutectic Al-Si alloys (AlSi10Mg, AlSi12,
A357, and A356) are the most widely used commercial aluminum alloys. The silicon content
of these alloys determines their properties, primarily because it helps prevent cracking
during solidification. The cracking mechanism is related to the solidification rate [14]. Due
to the high susceptibility to cracking during solidification, most high-strength aluminum
alloys in the 2xxx, 6xxx, and 7xxx series are difficult to process using L-PBF technology
Many of these alloys solidify into dendritic structures. These structures often become
a consequence of higher solidification ranges of temperatures, where primary phases
solidify first in a dendritic structure and the remaining melt fills the spaces between the
dendrites [15]. Aluminum has a high coefficient of thermal expansion and contracts during
solidification and cooling [16]. The formation of a primary dendrite is common, with
the areas between the dendrites left empty for the remaining melt in the system to fill.
The solidified grains begin to contract as the material temperature decreases, and the
solidifying secondary phases are unable to fill the voids [17,18]. When the metal cools and
internal stresses from solid particles overcome the strength of grain boundaries, resulting
in cracking at the grain boundaries, incomplete fusion creates porosity resembling “zipper-
like” structures. This is referred to as hot cracking, which is a type of cracking that happens
during solidification. During hot cracking, the material substantially loses its mechanical
properties [19]. Another issue with these alloys is the presence of alloying elements such
as Zn, Mg, and Li, which can evaporate during the manufacturing process [20]. For these
reasons, the industry is very interested in developing high-strength aluminum alloys that
are specifically designed for L-PBF technology.

The solution to hot cracking in high-strength aluminum alloys involves the use of
inoculants as heterogeneous nucleation sites. Inoculants are typically in the form of second-
phase particles that solidify creating a fine dispersion of heterogeneous nucleation sites while
most of the material remains in the melt. These well-dispersed nucleation sites support the
formation of a fine-grained structure and reduce or eliminate hot cracking [21,22].
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The best result in preventing hot cracking is given by reactive additive manufacturing
(RAM) technology, which uses exothermic chemical reactions to synthesize second-phase
materials during additive manufacturing processes. This technology can be used to produce
several different inoculants, but it is exceptionally suitable for manufacturing metal matrix
composites (MMCs) reinforced with ceramic. Ceramic particles serve as heterogeneous
nucleation sites, allowing previously unweldable or “unprintable” alloys such as Al2024,
Al6061, and Al7050 to be processed by AM techniques [23,24]. The chemical energy
released during the RAM process speeds up processing by lowering the amount of laser
or other supplied energy required. Additionally, ceramic nanoparticles with high melting
temperatures can be formed from particles with lower melting temperatures, allowing
for more energy-efficient production. The nucleation particles also improve properties by
precipitating or dispersing strong ceramic reinforcements that block dislocation motion.
Inoculation additionally results in an equiaxed grain morphology, which leads to more
isotropic mechanical properties [25]. Equiaxed fine grains reduce the influence of building
orientation on part properties and performance during printing. The cost of components
is a critical issue in the industry, especially for mass production. RAM components are
typically more expensive than non-composite alloys due to the higher cost of material
production and component manufacturing techniques. At present, there is still a need for
further research in this area because this methodology has a strong potential.

The aim of this article is to characterize the microstructure of the Al2024-RAM2 alloy
produced by the L-PBF method in the as-build state and the state after heat treatment using
the T6 regime. The most important research goal was to determine the fatigue life of plain
specimens after T6 heat treatment and to discuss the influence of surface roughness in
the as-built state (without any surface post-treatment) on the fatigue crack initiation and
fatigue life.

2. Materials and Methods
2.1. Material and L-PBF Fabrication

The material investigated in this study is a high-strength aluminum alloy Al2024-
RAM2 with Metal Matrix Composites (MMCs) with an addition of 2 wt.% ceramic nanopar-
ticles prepared by Elementum 3D [23]. These nanoparticles were added to the material
using RAM technology and they are acting as inoculants and enabling the processing of
the material using PBF technologies. The Elementum 3D company patented an innovative
reactive additive manufacturing (RAM) technology [21] to introduce new commercial alu-
minum alloys and high-performance MMCs for use with existing additive manufacturing
equipment. RAM utilizes exothermic chemical reactions to synthesize product materials in
situ during the additive fusion process.

The SPECTRO MAXx analyzer determined the chemical composition of the fatigue
specimens (Table 1) produced from the Al2024-RAM2 powder material.

Table 1. Chemical composition of the Al2024-RAM2 alloy.

Elements [wt.%] Si Fe Cu Mn Mg Zn Ti Al

Al2024–RAM2 0.12 0.1 3.68 0.57 1.47 0.02 2.43 balance

The fatigue specimens were prepared by the company BEAM-IT (Fornovo di Taro, Italy)
using an SLM® 280HL (SLM Solution Group AG, Lübeck, Germany) system. This system uses
two parallel 400 W Yb-fiber laser units with chamber dimensions of 280 × 280 × 320 mm3,
with a maximum laser power of 323 W, and a layer thickness of 60 µm. The selective laser
melting process took place in a protective argon atmosphere on a pre-heated building
platform up to 200 ◦C.

After fabrication, all specimens were heat-treated in a vacuum furnace using T6 heat
treatment as follows: solution annealing at 500 ◦C for 5 h, then vacuum cooling to room
temperature under argon atmosphere, followed by 24 h artificial aging at 160 ◦C. This heat
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treatment reduces the residual stresses caused by the manufacturing process to a negligible
level and at the same time improves the mechanical properties by precipitation hardening.
The samples were removed from the platform after heat treatment.

The microstructure was investigated using a Zeiss Axio Observer Z1M light micro-
scope (LM) and a STEM Tescan LYRA 3 XMU FEG/SEMxFIB with an EBSD detector and
an EDS analyzer. Specimens for metallographic analysis were prepared by standard metal-
lographic procedures, which included sampling (longitudinal sections of miniature fatigue
specimens) and specimens’ preparation, grinding, and polishing, and they were etched by
Keller for 10 s followed by 10 s by Weck.

The hardness of material was determined using Vickers hardness measurements on
polished specimens before and after heat treatment with a Zwick/Roel ZHµ HD. The
Vickers microhardness HV0.2 and HV0.01 was measured on the polished surface of the
fatigue test specimens.

2.2. Fatigue Testing

Four sets of miniature specimens (i.e., 22 mm in length, 5 × 5 mm2 minimum cross
section, and lateral semi-circular notch 2 mm in radius) with different build orientations
with respect to the building platform (Figure 1a) were manufactured. These specimens
were tested with as-built surface. One set of specimens was modified by grinding (size
of SiC metallographic grinding paper 180) of the loaded surface. The advantage of the
miniature specimens designed by Nicoletto [26,27] is the reduction in material consumption
and production costs. The results of the determination of fatigue life are comparable when
classical round specimens are used. The method of plane cyclic loading of miniature speci-
mens is shown in Figure 1b. Testing of the flat specimen surface allows the determination
of fatigue life. The stressed surface of specimens is located opposite to the notch (red area
in the middle of the flat part opposite to the notch, Figure 1b). This is the area where fatigue
cracks initiate under cyclic plane bending with a stress ratio R = 0. Fatigue testing was
performed on a modified Schenk–Erlinger electromechanical fatigue testing machine RB
H01—3D44X (Figure 1c), operating at a frequency of 25 Hz in fixed rotation-control mode
according to ISO 22407:2021(en) [28].
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2.3. Surface Roughness

Surface roughness affects fatigue life. The quality of the surface of AM components
depends on the orientation of the samples relative to the building platform. The standard
parameters of linear roughness Ra (average arithmetic deviation of the analyzed profile) and
Rz (the largest height of profile unevenness) were measured using a contact profilometer
according to the ISO4287 standard [29]. The procedure using a Gaussian filter on a sample
length of 2.5 mm along the longitudinal axis was applied. The SAMATools SA6210 touch
roughness meter with a diamond tip with a radius of 5 µm, a sensing tip angle of 90◦, and
a measuring force of 4 mN with a measurement accuracy of ±10% and a standard sliding
unit with a range of 17.5 mm, was used. The set measured length on the flat surface was
12.5 mm with a measuring speed of 0.5 mm s−1. Three measurements were performed on
each sample and the average was taken as the reference value.

3. Results and Discussion
3.1. Microstructure

No hot cracks were detected in the microstructure of the high-strength alloy Al2024-
RAM2 with the addition of 2 wt.% ceramic nanoparticles processed by RAM in the basic
state (without heat treatment). The microstructure on vertical planes analyzed on a light
microscope showed the characteristic fish-scale morphology (Figure 2a) typical of alloys
prepared by the L-PBF method. The texture at low magnification is characterized by melt
pool patterns created by the laser beam transitions. The width of melt pools is 150 to
250 µm. At higher magnification, it can be seen that the microstructure consists of ultra-fine
equiaxed α-Al phase grains (Figure 2b). The microstructure and the grain orientation as
observed by EBSD are shown in Figure 2c. The size of the fine grains is 1 to 2 µm and the
grains are randomly oriented (Figure 2c). Globular titanium microparticles were detected
in the microstructure, (Figure 2a,b).
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Figure 2. Microstructure of basic material: (a) structure of melt pools, (b) fine-grained structure formed
by equiaxed grains of the α-Al phase, and globular Ti microparticles, LM, and (c) EBSD map, SEM.
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The microstructure and the element distribution imaged by STEM-EDS analyzer
are presented in Figure 3. Along the fine grain boundaries, a network of segregated
intermetallic phases Al2Cu and Al2CuMg (Figure 3b,c) is clearly seen. Figure 3d confirms
the presence of Ti nanoparticles.

Metals 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

 

Figure 2. Microstructure of basic material: (a) structure of melt pools, (b) fine-grained structure 

formed by equiaxed grains of the α-Al phase, and globular Ti microparticles, LM, and (c) EBSD 

map, SEM. 

The microstructure and the element distribution imaged by STEM-EDS analyzer are 

presented in Figure 3. Along the fine grain boundaries, a network of segregated interme-

tallic phases Al2Cu and Al2CuMg (Figure 3b,c) is clearly seen. Figure 3d confirms the pres-

ence of Ti nanoparticles. 

 

Figure 3. Microstructure details of basic material: (a) ultra-fine grains, (b,c) distribution of main 

alloying elements Cu and Mg, and (d) distribution of Ti nanoparticles. STEM-EDS analyzer. 

Observation of the microstructure of the high-strength alloy Al2024-RAM2 prepared 

by L-PBF from the powder delivered by the company Elementum 3D [30] with an additive 

of 2 wt.% Ti nanoparticles confirmed that the addition of Ti nanoparticles and the appli-

cation of the RAM process lead to the formation of an ultra-fine-grained structure without 

hot cracks. Similar results concerning the grain refinement during additive manufacturing 

Figure 3. Microstructure details of basic material: (a) ultra-fine grains, (b,c) distribution of main
alloying elements Cu and Mg, and (d) distribution of Ti nanoparticles. STEM-EDS analyzer.

Observation of the microstructure of the high-strength alloy Al2024-RAM2 prepared by
L-PBF from the powder delivered by the company Elementum 3D [30] with an additive of
2 wt.% Ti nanoparticles confirmed that the addition of Ti nanoparticles and the application
of the RAM process lead to the formation of an ultra-fine-grained structure without hot
cracks. Similar results concerning the grain refinement during additive manufacturing of
high-strength Al alloys without RAM process were published in papers [31–34] in which
the authors have focused their attention on the influence of the addition of nanoparticles
based on elements that refine the grains and found that the resulting structure is free of
cracks. On the other hand, the structure of the high-strength A6061-RAM2 alloy prepared
by L-PBF was analyzed in [35], but in this case, the occurrence of microcracks was detected.

After the T6 heat treatment, as shown in the observations made in this study, a
pronounced change of the microstructure appeared. In some areas, the fine grains remained
unchanged, whereas in other regions the grains became much larger. These changes were
first shown by optical microscopy (Figure 4a,b), and then confirmed by EBSD analysis
(Figure 4c). The average size of the coarse grains is in the range of 100 to 250 µm, which is
two orders of magnitude larger than the size of the fine grains (Figure 4). Tan [31] states
that the T6 heat treatment, which is standardly used for the conventionally produced
wrought alloy 2024, is probably not optimal for additive manufactured alloys. During the
homogenization of the solid α-Al solution, coarsening of the grains occurs during solution
processing, depending on the temperature and the holding time. The orientation of large
and very fine grains is random, as can be seen from Figure 4c. Globular Ti microparticles
also remained present in the microstructure after T6 heat treatment (Figure 4b).

The STEM analysis of the Al2024-RAM2 microstructure after T6 treatment (Figures 5 and 6)
confirmed the presence of Cu- and Mg-rich precipitates forming the Al2CuMg phase or the
main strengthening phase θ-Al2Cu. Precipitates and phases that have a strengthening effect
have been identified in both coarse-grained and fine-grained structures. Another group
of phases occurring in the Al2024-RAM2 alloy after T6 are insoluble phases, formed by
elements such as Fe, Mn, or Si, which have low solubility in Mg-alloyed aluminum. These
elements tend to form dispersoids, whose main influence lies in increasing resistance to
recrystallization and prevention of grain coarsening [31]. These dispersoids precipitate in
the form of fine Al20Cu2Mn3 phases located inside the α-Al grains (Figure 6a,f). Diffusion
of a certain amount of Mn into the particles of the Al12Fe3Si phase resulted in additional
dispersoid forming the Al12(Fe, Mn)3Si phase (Figure 6f–h). The occurrence of these phases
was followed in detail and described in a publication by Wang [33].
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3.2. Hardness

The results of the determination of microhardness of the material in the state after
and before the T6 heat treatment confirmed the effect of precipitation strengthening. The
average value of microhardness in the basic state, 119 HV0.2, increased to 146 HV0.2 after T6
treatment. The strengthening is related to the formation of Al2Cu and Al2CuMg precipitates
during hardening. The influence of different heat treatment parameters was not examined
in this study, though Chen [32] found that the hardness increases with the increasing time of
artificial age hardening 5, 10, and 15 h, and depends on the solution annealing temperature.
The parameters of heat treatment in this study were taken according to the suggestion of
the Elementum 3D company, as described above in Materials and Methods.
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Since there are coarse and fine grains in the microstructure after the T6 treatment, the
microhardness was measured in both regions. The resulting values in both types of grains
were approximately the same, and the results are shown in Table 2. The determination of
microhardness of Ti microparticles confirmed the significantly higher hardness compared
to the hardness of the α-Al matrix (Table 2).

Table 2. Microhardness HV0.01.

Measurement Coarse Grain Fine Grain Ti Particles

1 157 144 666
2 147 156 652
3 150 148 652
4 145 150 624

Average value 150 ± 6 150 ± 5 648 ± 10

3.3. Surface Roughness

The surface quality of the specimens used for the determination of fatigue life in
relation to the build orientation is shown in Figure 7. The surface roughness corresponding
to the as-built conditions and the profile of the plane-loaded surfaces (above the notch)
on the longitudinal section shows large differences. Light microscopy observation reveals
that the A- orientation has the lowest fragmentation of the surface profile. The surface is
formed by the last building layer which has a relatively low surface roughness with the
least occurrence of sharp notch defects. The surface profile of the 45- oriented specimens
shows large unevenness with sharp notches caused by the stair-stepping effect. The
profile roughness of samples with orientation B and C is located between the A- and
45- orientations. The specimen surfaces were examined after fatigue tests and the initiation
sites of fatigue cracks are documented in Figure 7b.
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Figure 7. (a) Metallographic profiles of loaded surfaces for specimen orientations of A-, B, C, and 45-,
and (b) details with sites where fatigue cracks were observed.

The roughness of the cyclically loaded surface of the products, which cannot be
reduced by finishing due to the complexity of the manufactured product, is the most
important factor for fatigue life. The influence of the orientation of the samples for fatigue
tests with respect to the building direction was investigated and reported in papers [36,37].
These studies have demonstrated and quantified the effect of orientation on fatigue life.

The average values of the surface roughness of specimens with different orientations
are summarized in Table 3. For comparison purposes and to obtain basic values for
material characterization from the point of view of fatigue life, one set of specimens with
A- orientation was surface-treated by grinding. The values of surface roughness these
specimens denoted as A- 180SP are lower than the values corresponding to the surface A-;
see Table 3.

Table 3. The average surface roughness for different building orientations.

Orientation Ra [µm] Rz [µm]

A- 2.1 5.8
B 12.3 34.8
C 12 34.2

45- 17.6 49.8
A- 180SP 0.6 1.6
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3.4. Fatigue Life

The experimental results of the determination of the fatigue life of specimens with
as-built surface and after T6 heat treatment for the A-, B, C, and 45- orientations are shown
in Figure 8. The unbroken specimens after application of 2 × 106 cycles are denoted by
arrows. The solid lines represent the power-law plot through the points corresponding to
the broken specimens. Surprisingly, the effect of orientation is not strong.
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Based on the results of the measurement of hardness, which is nearly the same in
the fine-grained and coarse-grained regions, and the fact that the observation of the mi-
crostructure by optical microscopy and by SEM did not reveal any hot cracks, it can be
concluded that the most important factor influencing fatigue life is surface quality. Fatigue
life decreases with surface quality. From the trend of the S-N curves defined by solid
lines, the fatigue limit based on the number of cycles of 2 × 106 and expressed in terms
of maximum stress σmax for the specimens of type A- is 118 MPa (Ra = 2.1 µm), and this
value is the highest. The specimens with orientation C with a fatigue limit of 115 MPa
(Ra = 12 µm) exhibit the same fatigue limit as those with orientation B (Ra = 12.3 µm). The
specimens with 45- orientation have a fatigue limit of 109 MPa (Ra = 17.6 µm), which is the
lowest one.

The comparison of relative positions of full lines in Figure 8 clearly proves the effect
of the specimen orientation and surface quality on fatigue life. As the surface roughness
increases, fatigue life decreases, but this effect is not significant, especially when compared
to the observations published in [36]. In the mentioned publications, a more significant
influence of the building orientation on fatigue life was demonstrated.

Fatigue life, especially in the high cycle region, is determined mainly by the crack
nucleation stage. The measurement of the surface roughness shows lowest values for the A-
surfaces. According to the observation of the surface profiles (Figure 7), it is obvious that
the fatigue cracks initiate at surface defects in the form of deep notches. Their frequency
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and their depth, as shown by fractographic observations, increase with increasing overall
surface roughness, expressed by Ra and Rz values; see Table 3. This fact explains the
observed effect of roughness on fatigue life.

The experimentally determined S-N data for ground material A- 180SP are shown
together with data for the A- orientation in Figure 9. From the comparison, it is obvious
that the lowering of the roughness through surface treatment significantly increases fatigue
life. This effect increases with decreasing σmax. The fatigue limit based on 2 × 106 cycles is
200 MPa, compared to 118 MPa for the A- orientation with an as-built surface.
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Figure 9. Comparison of S-N curves with different roughness of specimens.

To the knowledge of the authors of this paper, the S-N curve of the Al2024-RAM2
alloy after T6 treatment has not yet been published in the literature. The only data available
can be obtained from the Elementum 3D company basic information on the fatigue life
of samples produced using the L-PBF EOS M290 [38]. These S-N data were obtained on
standard test samples with a machined and polished surface after T6 heat treatment in
accordance with the ASTM E466 standard [39]. The comparison of these data with the S-N
curves obtained in this study on miniature samples is shown in Figure 9. It is clear that
the fatigue limit is in both cases comparable and equals about 200 MPa, even though in
our case the loading was performed in plane bending and in the second case in rotating
bending. The results obtained confirm the fact that the surface roughness plays a significant
role in determining the fatigue life of the Al2024-RAM2 alloy.

3.5. Fractography

Fracture surfaces of miniature specimens were analyzed with the aim to detect the
sites and details of initiation of fatigue cracks. The fracture surfaces with orientations A-,
B, C, and 45- under low magnification are shown in Figure 10. In the as-built specimens,
fatigue cracks were observed to initiate on the surface above the notch; see the red area in
Figure 11. In cases where multiple surface defects like notches or deep surface unevenness
were present, multiple crack initiation sites were detected, particularly in specimens with
orientation 45- (Figure 10), which exhibited the highest surface roughness. In specimens
with orientation A- (Figure 10), fatigue crack initiation usually occurred at the corner of the
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specimen where the synergy of the influence of some surface defect together with the stress
concentration due to the corner locally increased the stress amplitude. For specimens with
orientations B, C, and 45-, fatigue cracks initiated mainly from the flat surface.
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From the fractographic observation, it can be concluded that, in all cases, defects on the
surface play a decisive role in crack initiation. An example of a defect, which initiated the
fatigue crack, is shown in Figure 11. The defect consists of a deep (about 400 µm) and sharp
notch. The characteristic features of the fracture surfaces corresponding to the propagation of
long fatigue cracks in A-, B, C, and 45- specimens did not exhibit any fundamental differences.

The surface condition of the 3D-printed part does not have a great influence on its
strength characteristics, but it has a very strong influence on its fatigue properties. Surface
machining of geometrically complex components is expensive and often even impossible.
Therefore, it is essential to pay attention to the effect of surface quality on fatigue life. For
engineering practice, it is beneficial that the standard measured roughness is a parameter
that is relevant to fatigue life, which can be seen from the presented results; however, as
can be seen from fractographic observations of fatigue initiation sites on the surface, the
detailed geometry of surface irregularities and their stress concentration effect are critical.
In 3D printing, care must be taken to set the process parameters such that surface defects
are generated with the least possible stress concentration effect at each build orientation.

4. Conclusions

The microstructure, surface roughness related to the build orientation, and fatigue
strength of the high-strength aluminum alloy Al2024-RAM2 produced by L-PBF was
investigated. The material was analyzed in the as-built state and after T6 heat treatment.
The main results are the following:

• The powder alloy Al2024-RAM2 with the addition of 2 wt.% ceramic nanoparticles
based on Ti enables the preparation of material by the L-PBF method with a crack-free
microstructure. The microstructure consists of ultra-fine equiaxed grains of the α-Al
phase with random orientation.

• T6 heat treatment results in a microstructure consisting of areas of coarsened grains
and areas of ultra-fine equiaxed grains of α-Al phase with random orientation. A
STEM analysis confirmed the presence of precipitates of θ-Al2Cu and Al2CuMg phases.
T6 processing increases the hardness, which the same in both areas (HV0.01 = 150).

• The roughness of the as-built surface depends on the orientation of the specimens to
the building platform. The roughness increases from orientation A- (the lowest value,
Ra = 2.1 µm), to a higher value for orientation B and C (Ra = 12 µm), to the highest
value for orientation 45- (Ra = 17.6 µm).

• Fatigue life depends on the build orientation of specimens. The differences in fatigue
life expressed in terms of S-N curves between the individual orientations are not
significant. The specimens with orientation A- with the lowest roughness showed the
highest fatigue strength σmax = 118 MPa (for fatigue life at 2 × 106 cycles and cyclic
loading with R = 0). Fatigue life for a given σmax decreases with increasing surface
roughness. Specimens with grounded surface (Ra = 0.6 µm) exhibit a fatigue strength
σmax of about 200 MPa at 2 × 106 cycles.

• From the fractographic observation it can be concluded that deep notches on the
surface, the occurrence of which is in relation to the linear roughens Ra, play a decisive
role in crack initiation and thus in fatigue life.
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