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Abstract

Knowing and managing the fatigue performance of Ti6Al4V alloy when produced using Electron Beam — Powder Bed Fusion
(EB-PBF) is essential due to its extensive use in demanding aerospace and medical applications. The main goal of this study is to
systematically evaluate how beam current and scan speed affect the tensile strength and fatigue behaviour of Ti-6Al-4V produced
by EB-PBF. To isolate their impacts, the machine was operated in manual mode with constant parameter settings, in contrast to
standard EB-PBF operations.

The findings unequivocally showed that the different process parameters and the resulting microstructure and fatigue properties
were directly correlated. Denser materials with lower porosity were produced by higher energy densities, which were attained by
particular beam current and scan speed combinations. This greatly improved the specimens' mechanical characteristics and
fatigue performance. These conclusions lay the basis for future optimisation, potentially leveraging artificial intelligence to
estimate and attain desired material characteristics under stress while minimising manufacturing defects.
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1. Introduction

Additive Manufacturing (AM) has rapidly gained its position as a pivotal technique within advanced
manufacturing. This manufacturing process allows engineers to produce parts directly from their digital model,
regardless of how intricate their geometry might be, as stated by Frazier (2014) and Borrelli et al. (2024). Within the
vast options of AM methods, the Powder Bed Fusion (PBF) family is truly important. These techniques, which rely
on a high-energy source to strategically melt layers of fine metallic powders, are widely adopted for fabricating
premium, fit-for-purpose components. The Electron Beam — Powder Bed Fusion (EB-PBF) process gained specific
attention for this work. In fact, it has the unique capability to process reactive alloys at high temperatures in a
vacuum environment. According to Murr et al. (2012) and Korner (2016), this characteristic yields parts that boast
minimal contamination and substantially lower residual stresses than those produced via equivalent laser-based
methods.

Without doubt, the Ti6Al4V alloy represents an important candidate for EB-PBF application. Thanks to its
combination of superior specific strength, excellent resistance to corrosion, and intrinsic biocompatibility, it can be
adopted in several demanding sectors: aerospace, defence, and biomedical implantation, as referred by Bellini et al.
(2024b) and Cantaboni et al. (2024). The combination of design possibilities offered by EB-PBF and the robust
characteristics of Ti6Al4V embodies a natural evolution towards producing advanced structural parts like patient-
specific orthopaedic solutions and complex aeronautical components (Bellini et al. (2023), Epasto et al. (2019)).
Fatigue life is frequently the single most influential design constraint in these fields, given the potential for truly
catastrophic consequences should a structural failure occur.

The mechanical performance of parts fabricated via EB-PBF is inextricably linked to the specific thermal history
the material undergoes during the layer-by-layer build-up. As Kobryn and Semiatin (2001) found, the process
involves rapid, localised electron-beam heating followed by cooling into the already solidified substrate, yielding
steep thermal gradients and rapid, non-equilibrium solidification kinetics. It is this dynamic process that ultimately
governs the resulting material microstructure and dictates where and how process-induced flaws might appear. In
Ti6Al4V, the EB-PBF cycle typically generates a distinctive structure dominated by columnar prior-f3 grains. These
grains grow epitaxially, spanning across numerous layers, and are aligned primarily with the direction of heat
extraction, that coincides with the build axis (Z-axis), as stated by Al-Bermani et al. (2010) and Tan et al. (2015).
Subsequently, during the cooling phase, a finer a+f lamellar structure, often referred to as Widmanstétten or basket-
weave, forms within these prior-f grains, as described by Gong et al. (2014) and Schillaci et al. (2025). This
hierarchical, highly-textured microstructure is fundamentally unlike the more equiaxed grains found in traditionally
cast or forged Ti6Al4V, a difference which consequently imposes a marked mechanical anisotropy, as asserted by
Rafi et al. (2013) and Bellini et al. (2024a).

The process parameters influence the mechanical behaviour of EB-PBF processed alloys. Fleishel et al. (2023)
produced samples of Ti6Al4V by changing the focus offset, a parameter controlling the energy concentration. In this
manner, they were able to obtain defects like lack of fusion. They found an unexpected increase in the fatigue life
due to the particular microstructure given by the lower focus offset. Similar research was carried out by Ran et al.
(2020), who found that the speed factor affected the density and the yield strength of the processed titanium alloy.
Silvestri et al. (2020) produced titanium specimens through EB-PBF by varying line offset, beam current, and scan
speed while maintaining constant energy density. They discovered that, despite the energy density was the same, the
attained properties varied, due to the interaction between the material electrons and those of the beam.

Therefore, the leading scope of this study is to methodically investigate the influence of the manufacturing
parameters on the fatigue behaviour of Ti6Al4V specimens manufactured via EB-PBF. To detect this effect, plates
were fabricated by varying the beam current and the beam speed. From these plates, Compact Tension (CT)
specimens were machined to evaluate fatigue properties. The study was completed by a detailed scanning electron
microscopy (SEM) analysis of the fracture surfaces to identify crack initiation and propagation mechanisms and
correlate them with the observed fatigue performance.
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2. Materials and methods

As far as the specimen is concerned, the Compact Tension type was chosen, according to the ASTM E647
standard. It presented a thickness of 8 mm and an almost square profile with a height of 50 mm and a width of 48
mm. The notch was 2,5 mm wide and its tip was located at 8 mm from the line between the centres of the holes for
the loading pins. The titanium powder used in the present research activity was made of the Ti6Al4V alloy, a
material commonly used in the aeronautical industry. The powder was provided by the manufacturer of the printing
machine, so it had high quality. The particles showed a high sphericity, which is very important for this kind of
process since this characteristic improves the flowability.

Concerning the process parameters, four different sets were generated by changing the beam current and the beam
speed, as reported in Table 1. The other parameters, that are the hatch distance, the focus offset, the layer thickness,
and the beam voltage were kept at a constant value. In this manner, different values of energy densities were
obtained. In particular, the first set, the A, provided the highest energy, and this was necessary to obtain fully dense
parts, without defects, while for the other sets the energy was lower, introducing different quantities of defects.
Indeed, even if the parameters of the B and C sets were quite different, for instance, the C beam current was twice
that of B, but the energy densities were quite similar because the beam speed compensated for the current difference.

Table 1. Manufacturing process parameters.
Set s(mm/s) I(mA) h(mm) FO (mA) t(mm) v(kV) VED (J/mm3)

A 4530 15 39,74

B 6000 8 16,00
0,1 3 0,05 60

C 10000 15 18,00

D 9600 8 10,00

Specimens were manufactured by electron-beam powder bed fusion (PBF-EB) using an Arcam A2X system.. The
printing steps are the typical ones of the EB-PBF process: after creating the geometry of the specimens, they were
arranged in the working space and sliced through the Arcam Build Processor software. Subsequently, the machine
was prepared for the manufacturing run: the powder hoppers were filled and the process parameters were set. Then,
the vacuum was drawn in the manufacturing chamber, the electron beam was calibrated, and the manufacturing
chamber was preheated. As the imposed temperature was reached, the specimens were built according to the typical
sequence of a powder bed additive manufacturing process. At the end of the process, the chamber was cooled down
and the specimens were extracted from the unmelted powder and cleaned. Finally, the holes for loading pins and the
notch were added to the specimen through machining. One of the produced specimens is presented in Fig. 1.

Fig. 1. CT specimen for fatigue crack propagation test.
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Fatigue crack growth tests were performed using a computer-controlled servohydraulic testing machine. For the
experimental tests, a load ratio of 0.1 was employed. The other experimental conditions were a loading frequency of
30 Hz, a sinusoidal waveform and room temperature environment. To accurately evaluate the crack length, a
compliance method was implemented. This technique uses the relationship between the specimen deformation and
the length of the crack. The procedure involved using a double cantilever mouth gage to precisely measure the crack
opening displacement (COD), that was correlated to the actual crack length using established calibration equations.
For validation, the crack length measurements from the compliance method were checked using a standard optical
method.

3. Results

In this paragraph, Paris' curves for the tested material are described. The graph, reported in Fig. 2, plots the
fatigue crack growth rate da/dN as a function of the stress intensity factor range AK on a log-log scale. The
specimen D, in green, was the worst performer, with its curve positioned to the left and above the others, while the
specimens A, B, and C, represented in blue, red, and yellow, respectively, performed significantly better than D. In
fact, their curves were shifted noticeably to the right, indicating superior resistance to crack growth. The specimen A
appeared to offer the best performance, even if the difference with B and C was not so high. It must be remembered
that, in the standard Paris plot, a curve positioned lower and to the right indicates superior material performance,
since a higher driving force AK is needed for the crack to grow at the same rate.
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Fig. 2. Fatigue crack propagation curves for the tested specimens.

To better explain the fatigue crack growth behaviour, SEM images of the fracture surfaces of the broken
specimens were obtained and are presented in Fig. 3. The micrographs relevant to the A and B specimens displayed
relatively uniform and flat fracture surfaces, that are characteristic of a trans-granular fracture mode. The absence of
significant defects like pores or unmelted powder indicates that process parameters used for fabricating A and B
specimens, achieved high material density and effective metallurgical bonding. This type of surface is expected
from a high-quality additively manufactured part undergoing stable fatigue crack growth. The surface of the C
specimen appears rougher and more topographically complex than A and B. Moreover, a lack of fusion defect can
be observed on the left of the image, as denoted by the very smooth surface of that zone. The fracture surface of the
D specimen is dominated by large, spherical and semi-sintered particles, and large smooth areas. These are
unambiguous indicators of lack-of-fusion (LoF) porosity. LoF defects occur when the energy input during the EB-
PBF process is insufficient to fully melt the metal powder particles, leaving voids in the final part. The LoFs are
widely regarded as the most detrimental type of defect for fatigue life. Due to their size and often sharp geometry,
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they act as dangerous stress concentrators, effectively behaving as large pre-existing cracks. This allows for very
rapid crack propagation, since the fracture has not propagated through a continuous material but has primarily
followed this network of pre-existing voids, which requires significantly less energy.

Fig. 3. Fracture surface of the tested specimens.

4. Conclusions

This study systematically investigated the influence of Electron Beam — Powder Bed Fusion (EB-PBF) process
parameters on the fatigue crack growth (FCG) behaviour of Ti6Al4V. In particular, beam current and beam speed
were investigated. The Paris curves generated from the Compact Tension (CT) specimens provided a clear
demarcation of material performance, allowing for direct correlation between manufacturing inputs and final
mechanical response.

The FCG analysis revealed a significant dependence on the selected parameters. Specimen D performed worst in
fatigue crack growth: its Paris curve is displaced upward and leftward, consistent with reduced resistance to
propagation. Conversely, specimens A, B, and C demonstrated superior fatigue performance, requiring a
substantially higher stress intensity factor range to achieve the same crack growth rate.

Detailed Scanning Electron Microscopy (SEM) analysis of the fracture surfaces provided the critical evidence
needed to explain these performance disparities. The fracture surfaces of the high-performing specimens, A and B,
were characteristically uniform and flat, consistent with a stable, trans-granular fracture mode in a high-density
material. The absence of significant defects confirmed that parameters A and B ensured effective metallurgical
bonding and high material quality. On the contrary, the fracture surface of the worst-performing specimen (D) was
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dominated by large, spherical semi-sintered particles and extensive smooth areas, hallmarks of Lack-of-Fusion
(LoF) porosity. The LoFs defects were the cause of the poor fatigue behaviour of specimen D.
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