
Vol.:(0123456789)1 3

Progress in Additive Manufacturing (2023) 8:459–475 
https://doi.org/10.1007/s40964-022-00338-y

FULL RESEARCH ARTICLE

Electron beam powder bed fusion manufacturing 
of a Ti‑5Al‑5Mo‑5V‑3Cr alloy: a microstructure and mechanical 
properties’ correlation study

Julius Hendl1,2   · Axel Marquardt1,2 · Christoph Leyens1,2

Received: 28 October 2021 / Accepted: 15 August 2022 / Published online: 7 October 2022 
© The Author(s) 2022

Abstract
Electron beam powder bed fusion (EB-PBF) is a powder-bed fusion additive manufacturing process, which is suitable for 
fabricating high-performance parts for a wide range of industrial applications, such as medical and aerospace. Due to its 
deep curing capabilities, the metastable β-alloy Ti-5Al-5Mo-5V-3Cr (Ti-5553) is currently mostly used in the landing gear of 
airplanes. However, its great mechanical properties make it also attractive for small, complex, and load-bearing components. 
In this study, nine melting parameter sets, combining different scanning speeds and beam currents, were used in the EB-PBF 
ARCAM A2X system. Furthermore, the correlation between the microstructure and the mechanical properties was investi-
gated and analyzed by applying µ-focus computer tomography and microscopic methods (optical, SEM/EDS). A significant 
influence of the different melting parameters on the microstructure as well as on the mechanical performance was found. In 
a subsequent step, three melting parameters were selected and the specimens were heat-treated (BASCA, STA) for further 
investigation. The experimental results of this work indicate that Ti-5553 parts can be manufactured successfully with high 
quality (ρ > 99.60%), and post-processing heat-treatments can be used to modify the microstructure in such a way that the 
parts are suitable for a large variety of possible applications.

Keywords  Additive manufacturing · Electron beam powder bed fusion · Titanium alloys · Process–structure–property 
relationship · Defect characteristics · Non-destructive evaluation

1  Introduction

Today's fast-moving industry is a tremendous demand for 
new lightweight materials and novel design capabilities. 
To meet this need, it is essential to use new manufacturing 
technologies, such as Electron Beam Powder Bed Fusion 
(EB-PBF). New materials are especially needed in the aer-
ospace industry to obtain a better strength-to-weight ratio 
[1]. Ti-5Al-5Mo-5V-3Cr (wt.-%) (Ti-5553) with a density 
of 4.67 g/cm3 [2] exhibits excellent mechanical properties, 
such as high strength, good ductility, and excellent fatigue 
characteristics. These can be varied easily through different 

heat-treatment processes. Ti-5553 was developed from the 
Russian VT 22 (Ti-5Al-5Mo-5V-1Cr-1Fe) alloy. In the next 
few years, it is in expected to replace the currently most used 
near beta titanium alloy Ti-10V-2Fe-3Al (Ti-1023), due to 
its enhanced mechanical performance and workability [2]. 
The mechanical properties of Ti-5553 are mainly depend-
ent on the microstructure, consisting of a bcc β-matrix and 
hcp α precipitations. It has been shown that for Ti-5553, 
the coherency at the interfaces between the α and β phases 
is increased [3] compared to conventional α/β-alloys (e.g., 
Ti-6Al-4V, [4–6]). Thus, it can be expected that the activa-
tion energy needed to precipitate α is reduced, due to the 
reduction of misfit coherency strains at the nucleation sites 
along these interfaces. As a result of this reduction very fine 
α can be precipitated [3, 7]. The shape, size, and distribution 
of the α precipitations can strongly influence the mechani-
cal properties [8]. Depending on the nucleation time, these 
have to be differentiated into primary (αp, forming under 
isothermal heat-treatment below the Tβ or during slow cool-
ing from above the Tβ) and secondary α (αs, forming by 
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aging at lower temperatures) precipitations [9]. By using 
different heat-treatments, the microstructure of Ti-5553 can 
be tailored. Depending on the precipitation fractions, the 
yield strength (YS) and the ultimate tensile strength (UTS) 
can be almost as large as 1300 MPa [10] and 1500 MPa 
[11], respectively. In comparison, the obtainable mechanical 
properties of the most commonly used α/β Ti-6Al4V alloy 
are much lower (YS of 1100 MPa and UTS of 1200 MPa) 
[12]. The ductility of the Ti-5553 alloy mainly depends on 
the combination of the size and distribution of β-grains and 
αp precipitations. Decreasing the β-grain size in combination 
with obtaining larger α precipitations improves ductility and 
thus fatigue properties [12]. Due to its good deep harden-
ing properties (up to 150 mm) and castability [13], Ti-5553 
is used for large structural parts of airplane landing gear 
modules (e.g., parts of the Boeing Dreamliner 787) [13]. 
However, owing to the poor machinability of the alloy [14] 
as well as limitations in the freedom of the design in conven-
tional manufacturing processes (e.g., casting, forging, and 
milling) [15], the manufacturing of complex parts is very 
challenging, if not impossible, and often not cost-efficient. 
To open the market for complex-shaped and load-bearing 
parts built out of Ti-5553, alternative manufacturing routes 
have to be utilized. Since the mid-1980s, additive manu-
facturing (AM) processes have been used to build printed 
components [16] by adding layers of materials to each other 
and creating a permanent bond between them. Thus, many 
previously existing design limitations can be overcome [17, 
18], and using technologies like topology optimization, 
further significant improvements can be achieved [19]. 
Other advantages of AM include the ability to produce pro-
totypes or small batches with high resource efficiency and 
without the need for additional tooling; thus, it becomes 
more costly as well as time-efficient [20–22]. EB-PBF is a 
modern, powder-bed fusion, AM process route with great 
potential. The scanning speed, as well as the energy den-
sity of an EB-PBF process, is higher than for other powder 
bed processes, such as Laser Powder Bed Fusion (L-PBF). 
This results in increased build rates when using EB-PBF 
compared to L-PBF. Due to its layer-by-layer process, metal 
components with unique geometry and microstructure can 
be easily manufactured. For this process, a sliced 3D-CAD 
model is transmitted into the machine, and the electron beam 
melts the powder sequentially. To direct the electron beam 
precisely, the process takes place under a vacuum. Another 
upside of the vacuum is that reactive metals such as titanium 
and their alloys [23] can be processed without the risk of 
oxygen contamination. Research has shown that under these 
conditions, contamination by oxygen and nitrogen is very 
low and has no effect on the mechanical properties [24]. One 
problem with the application of additively manufactured 
parts is the process-related defects, such as lack of fusion, 
gas porosity, unmelted powder, swelling, or cracks. Defects 

can occur if the melting parameter is not optimized or pow-
der is not properly distributed on the build platform [1]. Both 
the morphological properties (size, shape, and distribution) 
and the quantity of defects can influence the mechanical 
behavior dramatically [25, 26]. A study by Liu et al. [27] has 
shown that for static mechanical properties defects have only 
a minor to almost no impact. In comparison, defects have 
a great influence on fatigue properties, and these defects, 
especially irregularly shaped defects, act as crack nuclei and 
reduce life expectancy [28, 29]. Further disadvantages of 
the AM process, in general, are the high investment cost of 
machinery and the high maintenance required, the poor sur-
face quality, and the thermally introduced stresses [20–22]. 
Ti-5553 has been manufactured additively with the L-PBF 
process as well as using direct energy deposition processes 
(details of these processes will not be discussed further in 
this work) [30, 31]. For L-PBF, the achieved relative den-
sity was measured by Zopp et al. [32] to be in the range of 
97.92 to 99.97% and by Schwab et al. [33] from 99.00 to 
99.50%. When working without a heated stage, the as-built 
microstructure using L-PBF shows a very large grain size 
and a pure β-microstructure [33]. When substrate heating is 
used an additional very fine α-phase (needles with less than 
500 nm in length) can be seen [34]. L-PBF as built Ti-5553 
samples with a pure β-microstructure shows an elongation 
at break of 14% and a UTS of 800 MPa [33]. Ti-1023 [35, 
36] and Ti-1Al-8V-5Fe (Ti-185) [37] are other metastable 
β-titanium alloys that are currently under research and have 
been additively manufactured using the L-PBF process [38]. 
Liu and Qui show in their work [35, 36] that samples with a 
relative density of > 99.50% can be reached. Due to the large 
cooling rate during L-PBF, the obtained microstructure of 
the samples prepared with high- or low-laser power shows a 
β-matrix and a very fine athermal ω-phase, respectively. The 
presence of a ω-phase reduces the mechanical strength dra-
matically [12]. In addition, nanoscale α precipitates could be 
detected in the microstructure during the vertical buildup of 
the low-energy density samples [36]. These various micro-
structures lead to a range of different mechanical properties, 
with a UTS up to 939 MPa and an almost 14% elongation 
at break for samples with an α free microstructure. When α 
precipitation occurred, there was a significant reduction of 
the elongation at break to less than2% in the test specimens 
[35, 36]. The microstructure of L-PBF manufactured Ti-185 
always showed a/β-matrix as well as α and ω precipitations 
[37]. During the heat treatment above 500 °C, it was found 
that the ω-phase often transforms into the β-phase [3].

The combination of the design freedom, the enhanced 
mechanical strength, and the high elongation properties of 
the EB-PBF manufactured Ti-5553 parts, make this alloy 
very interesting for small, complex, and load-bearing parts. 
This study shows the dependence of the density, and micro-
structure on different process parameter sets of EB-PBF 
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manufactured Ti-5553 alloy. Consequently, a stable process 
window for the manufacture of a Ti-5553 alloy using the 
EB-PBF process was found and different melting param-
eters (varying the line energy) were tested. Methods such 
as optical and selective electron microscopy, X-ray diffrac-
tion (XRD), tensile and hardness tests, and extensive µ-focus 
computed tomography (µ-CT) studies were used to evaluate 
relative density, microstructure, and mechanical properties. 
To tailor the mechanical properties of Ti-5553 alloy with 
subsequent heat treatment for the application, three suitable 
melting parameters were selected based on its unique micro-
structure, mechanical properties, and distribution and struc-
ture of defects. By varying the heat-treatment parameters, 
the different microstructural constituents can be adjusted 
selectively, and thus, tailored mechanical properties can be 
produced.

2 � Materials and methods

2.1 � Powder

The powder used for the EB-PBF process is produced by gas 
atomization. Due to the advantageous particle-size distri-
bution, the Plasma Inert Gas Atomisation–PIGA method is 
often used to produce such powders [39]. The melted mate-
rial is fed through a nozzle and diffused by a stream of argon. 
The process results in a highly spherical and pure powder 
[40] which has excellent characteristics for the EB-PBF pro-
cess see Fig. 1. To ensure optimum built results (regarding 
density, etc.), the internal porosity of the powder should be 
as low as possible, as shown in Fig. 2. To reduce the sinter-
ing activity of the powder and to achieve good flowability, 
a coarse powder is preferred in the EB-PBF process [39]. 

Therefore, the powder used in this study had a powder par-
ticle-size distribution from 45 to 150 µm (d50 = 71.46 µm, 
O2 = 900 ppm).

2.2 � The EB‑PBF process

The machine utilized in this study was an ARCAM A2X 
with a maximum beam power of 3000 W and a beam tran-
sition speed of up to 8000 mm/s. An EB-PBF production 
run always consists of the same procedure: lowering of the 
build platform-application of the powder–preheating–melt-
ing–reheating. After the powder has been evenly distributed 
onto the starting plate, a preheating step with a defocused 
electron beam is mandatory to slightly sinter the powder 
[41]. To keep the desired process temperature almost con-
stant during the manufacturing process, intermediate reheat-
ing has to be introduced after each build cycle. Otherwise, 
there would be a risk that the pre-sintering of the powder 
particles would be insufficient, and the so-called smoke 
effect would occur. Investigations have shown that process-
aborting smoke effects are evident at temperatures below 
550 °C and swelling occurs above 720 °C. Therefore, a pre-
heating temperature of 660 °C ± 12 °C was used. Figure 3 
shows the temperature–time cycle of the process temperature 
measured under the starting plate as well as the column tem-
perature during the production run. To ensure proper bond-
ing between the starting plate and the powder, the powder 
under the start plate was lightly sintered for 20 min. As a 
consequence, a small temperature drop can be seen at the 
beginning of the process.

When working under vacuum conditions (10–3–10–5 mbar) 
and at high temperatures, alloying elements with high partial 
pressures are likely to evaporate [24] when melted with a 
focused electron beam. The specimens manufactured for this 

Fig. 1   Powder morphology of as-received PIGA atomized Ti-5553 
powder, SEM

Fig. 2   Inner porosity of as-received PIGA atomized Ti-5553 powder, 
optical microscope
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study had a cylindrical geometry (h = 100 mm, Ø = 10 mm). 
To understand the correlation between the used melting 
parameters and the resulting, microstructure, porosity, and 
mechanical properties, different parameter combinations 
were investigated in this work. Thus, using a constant accel-
erating voltage (U = 60 kV) and varying the scanning speed 
(vs) and/or the beam current (IB) samples with different line 
energies (EL), see Eq. (1), were manufactured. The used 
manufacturing parameters are shown in Table 1

2.3 � Analytic methods

Density analyses were performed using several methods, 
such as hydrostatic pressure (Archimedes principle), optical 
measurement, and µ-CT with an ff35 from YXLON Inter-
national GmbH, which has a resolution of about 6.5 µm/
voxel. Optical measurements were performed with a Nikon 
Optiphot, where 5 images per sample were examined and 
porosity determined using an ImageJ® script. The relative 
density (ρrel.) can be calculated, see Eq. (2), by subtracting 
the porosity (ρorosity) from 100%

The microstructure was investigated on specimens cut out 
of EB-PBF manufactured cylinders. To analyze the micro-
structure specimens underwent an additional process of 
grinding and polishing. The preparation route consisted of 

(1)EL = U ×
IB

vs

.

(2)�rel. = 100% − �porosity.

four grinding stages (P240 to P2500) and one final polishing 
stage. For this latter step 100 ml oxide polishing suspension, 
OPS was mixed with 2 ml each of ammonia and hydrogen 
peroxide, and the specimens were polished for 11 min to 
remove the remaining Beilby layer.

To identify the phases after the EB-PBF process, the 
samples were analyzed by XRD, using a Bruker D8 Dis-
cover X-ray diffractometer and applying Cu-Kα radiation. 
A Goebel mirror with a 0.5 mm round aperture and 0.5 mm 
collimator was used on the primary side. On the secondary 
side, a VANTEC 500 area detector was used. Measurements 
were carried out using coupled θ–2θ scans. For phase iden-
tification Match! 3 from Crystal Impact GbR along with the 
crystallography open database (COD) was used.

To study and evaluate the achieved microstructure after 
each processing step, SEM pictures were recorded using a 
Zeiss DSM 982 Gemini. The SEM pictures were analyzed 
to measure the αp fraction, by utilizing the ImageJ® trainable 
waka script. To measure the composition using energy-dis-
persive spectroscopy (EDS), a Thermo Scientific UltraDry 
mounted on a Zeiss DSM 950 was used. The electron back-
scattered diffraction (EBSD) was carried out using a Nor-
dlysNano EBSD detector, mounted on a Jeol JIB-4610F 
(SEM), and the Aztec data acquisition software.

To perform the study of static mechanical properties, the 
cylindrical specimens were machined to the target geom-
etry using a milling cutter, see Fig. 4. The tensile test was 
made on a Zwick 1474, according to DIN EN ISO 6892-1 
[42], using a steady elongation rate of 0.55 mm/min. For 
each parameter set, three individual specimens were tensile 
tested. A KB 250BVZ equipped with a Vickers tip was used 

Fig. 3   Temperature–time diagram during the EB-PBF process, where the thermocouple is located under the build platform

Table 1   Manufacturing 
parameters and used EL (J/m) 
for each parameter set (P)

l. low, m. medium, h. high

Beam current 5 mA 10 mA 15 mA

Scanning speed
 4000 mm/s (parameter sets 1–3, l. EL) 75 J/m—P1 150 J/m—P2 225 J/m—P3
 1500 mm/s (parameter sets 4–6, m. EL) 200 J/m—P4 400 J/m—P5 600 J/m—P6
 500 mm/s (parameter sets 7–9, h. EL) 600 J/m—P7 1200 J/m—P8 1800 J/m—P9



463Progress in Additive Manufacturing (2023) 8:459–475	

1 3

to quantify the hardness (HV10) according to DIN EN ISO 
6507-1 [43]. Therefore, five hardness measurements were 
performed and analyzed on one specimen for each tested 
parameter set.

2.4 � Heat‑treatment regime

Heat treatments for metastable β-titanium alloys often fol-
low a similar cycle. To dissolve the as-built microstructure, 
usually, solution treatment is followed by quenching and 
subsequently an aging process. Depending on the treatment 
procedure (time and temperatures), different microstructures 
and therefore mechanical properties can be achieved. In this 
work, three different heat treatments were investigated. All 
heat-treatments were made under an argon gas flow atmos-
phere (Ar 5.0) to prevent any oxygen pick up of the samples. 
After each aging step, the samples were furnace cooled to 
room temperature.

The solution-treated and aged (STA) heat treatment is 
used for parts with high-strength requirements. Specimens 
are solution-treated at 790  °C for 1 h (beneath Tβ), air 
quenched to room temperature, and aged at low tempera-
tures (500 °C, 1 h). To maximize the fatigue and fracture 
toughness in combination with high strength [44], different 
approaches were investigated. Therefore, the specimens were 
beta annealed and slow cooled and aged (BASCA) at higher 
temperatures compared to the STA regime. In this work, two 
slightly different BASCA regimes were investigated. The 
BASCA I regime combines a solution treatment at 870 °C 
for 1 h, air quenching to room temperature, and then aging 
(570 °C, 8 h). In comparison, the annealing temperature 
and time were higher and longer for the BASCA II regime 
(890 °C, 1.5 h). Furthermore, the specimens were furnace 
cooled from the annealing temperature to the aging tem-
perature of 600 °C at 2 K/min and were held there for 8 h.

3 � Results

3.1 � Density

In this study, all specimens show a relative density higher 
than 99.00%, varying between 99.34% and 99.89%. The 
analysis of the µ-CT data, see Fig. 5, shows a homogene-
ous distribution of defects all over the sample volume.

In Table 2, correlations between the used parameter 
sets and the resulting defects are summarized. Further-
more, differences between the average defect count, defect 
size, and the density of the specimens manufactured with 
different melting parameter sets are shown. When using 
a low EL (75–225 J/m), the highest average density was 
achieved. While, a moderate EL (400–600 J/m) leads to 
the lowest (average) densities.

Fig. 4   Tensile test specimen 
geometry following DIN EN 
ISO 6892 [42]

Fig. 5   3D reconstructed volume with visualized internal defects of an 
EB-PBF manufactured Ti-5553 alloy using an EL of 150 J/m (P2)
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3.2 � As‑built mechanical properties 
and microstructure

In Table 3, the αp fraction of the as-built samples, and thus, 
the resulting mechanical properties are summarized. The 
samples manufactured with the lowest EL show the high-
est mechanical strength but the lowest elongation at break. 
The use of higher EL leads to better elongation at break (P8 
shows an almost 100% higher elongation at break than P2) 
and slightly lower strength. The resulting graphs of the ten-
sile tests are summarized in Fig. 9.

Two fracture surfaces of as-built specimens after tensile 
testing are shown in Fig. 6. The respective constrictions can 
be correlated with the elongations at break. Specimens that 
break at lower elongation (P2) cannot deform as much and 
therefore show less constriction as specimens with a higher 
elongation at break (P6).

To exclude any enrichment or depletion of alloying ele-
ments during the manufacturing process (as discussed in 

Sect. 2.2), the samples were analyzed for their chemical 
composition using EDS measurements. Each EDS meas-
urement showed a composition that was inside the bounda-
ries of the ASTM standard. This proves that no aluminum 
evaporation has occurred during the manufacturing process.

XRD was used to identify the phases after the manufac-
turing process, see Fig. 7. The peaks could be assigned to 
the α-phase [45] and the β-phase [46]. The distribution of 
crystal orientation shown in Fig. 8 does not indicate a strong 
build related orientation. Every specimen, regardless of the 
used parameter set, shows the same phases that differ in their 
proportions: a large-grained β-titanium-matrix, large lamel-
lar αp, and fine, mostly acicular αs precipitations.

3.3 � Heat treatment

Heat treatments are used to influence the microstructure 
and thus adjust the mechanical properties. As shown in 
Sect. 2.3, three different heat treatments were performed 

Table 2   Dependence of the 
average density and defect 
characteristics on EL of EB-PBF 
manufactured Ti-5553 alloy

Parameter sets 1–3 Parameter sets 4–6 Parameter sets 7–9

Avr. defects count 115,952 ± 4673 228,202 ± 69,259 163,744 ± 16,148
Avr. defects size in µm 94.4 ± 0.7 90.5 ± 3.4 85.9 ± 1.1
Avr. density in % 99.85 ± 0.03 99.66 ± 0.12 99.77 ± 0.04

Table 3   Dependence of the αp fraction and resulting mechanical properties on EL when using a constant beam current but different scanning 
speed during EB-PBF of a Ti-5553 alloy

αp in % YS in MPa UTS in MPa El. at break in% HV10

P2 (150 J/m) 28.5 ± 1.3 948 ± 19 1016 ± 4 4.9 ± 2.2 312 ± 12
P6 (600 J/m) 32.4 ± 2.9 822 ± 3 849 ± 4 12.1 ± 1.9 311 ± 5
P8 (1200 J/m) 34.4 ± 2.4 893 ± 3 944 ± 3 9.9 ± 3.5 308 ± 6

Fig. 6   Fracture surface of an as built EB-PBF manufactured Ti-5553 alloy using an EL of a 150 J/m (P2) and b 600 J/m (P6)
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on the EB-PBF manufactured specimens. A summary of 
the mechanical properties after heat treatment is shown in 
Table 4. Heat treatments were performed for specimens of P2 

(EL = 150 J/m), P6 (EL = 600 J/m), and P9 (EL = 1800 J/m), 
but due to their most promising combination of microstruc-
ture, mechanical properties, and density, only the results for 
P6 are presented and discussed in this work (Fig. 9). 

Compared to the initial state, the use of the STA treat-
ment step improves the mechanical strength and reduces 
elongation at break. Due to the high temperatures and long 
hold times during BASCA I and BASCA II heat treat-
ments, there is a significant growth of precipitates, which 
strongly affects the mechanical properties. It is thus pos-
sible to set either a high strength, at an acceptable elonga-
tion at break, or an acceptable strength for a much larger 
elongation at break. Using the BASCA I heat treatment, 
an increase in strength of almost 80% can be achieved. 

Fig. 7   XRD pattern showing 
peaks for the α and β-phase of 
an as built EB-PBF manufac-
tured Ti-5553 alloy using an EL 
of 600 J/m (P6)

Fig. 8   a EBSD picture IPF Z and b direction map, of an as-built EB-PBF manufactured Ti-5553 alloy using an EL of 600 J/m (P6)

Table 4   Mechanical properties of an as-built and heat-treated EB-
PBF manufactured Ti-5553 alloy using an EL of 600 J/m (P6)

Heat treatment YS in MPa UTS in MPa El. at break in %

As built 822 ± 3 849 ± 4 12.1 ± 1.9
STA 1360 ± 14 1460 ± 21 4.2 ± 1.3
BASCA I 1429 ± 29 1504 ± 21 4.5 ± 0.4
BASCA II 888 ± 15 971 ± 13 22.1 ± 1.0
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Alternatively, if the BASCA II regime is used, the strength 
is only slightly increased, but the maximum elongation at 
break increases by 80%. The results of every tested speci-
men are summarized in Fig. 10.

The fracture surface of the STA specimen is presented 
in Fig. 11a. A constriction cannot be seen and is in line 
with the low elongation at break, see Fig. 11b. The frac-
ture surface shows different fracture patterns throughout 
the fracture surface. In the area of crack nucleation, an 
intercrystalline fracture due to the smooth surface can be 
detected, see Fig. 11c. The fracture surface toward the 
middle of the specimen shows a more transcrystalline frac-
ture. The characteristic honeycomb pattern is to be seen 
in Fig. 11d.

The fracture surface of the BASCA I heat-treated speci-
men is comparable to the fracture surface of the STA heat-
treated specimens. A change in the morphology of the 
fracture surface can be seen in the heat-treated BASCA 
II specimens; see Fig. 12a. The side view of the fracture 
surface in Fig. 12b displays a strong constriction of the 
specimen under tensile force. The typical honeycomb 
pattern of transcrystalline fracture occurs over the full 
fracture surface, see Fig. 12c. In addition, Fig. 12d shows 
delamination as well as increased honeycomb size in the 
honeycomb pattern.

4 � Discussion

4.1 � Density

The inherent and, in the worst case, sharp-edged defects in 
additively manufactured components reduce the load-bear-
ing cross-section of load-bearing parts and can act as crack 
nucleation sites. Therefore, the density and some specific 
characteristics, like the size and shape of pores and defects, 
are good indicators of the quality and the overall perfor-
mance of manufactured parts [28]. Two different types of 
defects can be found in AM structures: (almost) spherical 
and/or irregularly shaped defects. The observed spherical 
defects are usually fairly small and filled with gas originating 
from either the gas atomization process or vaporization dur-
ing the melting process (keyhole), see Fig. 13. The presence 
of large irregular-shaped defects, indicating either delamina-
tion, lack of fusion defects, or not fully melted powder, see 
Fig. 13, can lead to a critical failure of the part [26]. Unlike 
gas-filled defects (due to the gas trapped inside), irregularly 
shaped defects can mostly be eliminated using a hot isostatic 
pressure heat treatment [1].

The data obtained by the µ-CT show a strong correla-
tion between EL and the resulting density. The average 
density, shown in Table 2, is mainly influenced by the 
defect quantity and the corresponding size distribution. 
Since small defects are mainly irrelevant for the static 
mechanical behavior [27], the fraction-over-size ratio of 
defects is very important for the evaluation of the influ-
ence of defects. The results in Table 2 show that using a 
low EL, specimens have the lowest absolute defect count, 
but the highest average defect size. This can be explained 
by the significantly smaller total number of defects, which 
means that the few large defects are likely to have a higher 
impact, compared to the case when there is a higher abso-
lute pore count. Another explanation could be that due 
to the low EL the electron beam does not supply enough 
energy. Consequently, the powder of the respective layer 
is not melted properly and good layer bonding cannot be 
achieved. Gong et al. [47] documented this phenomenon 

Fig. 9   Stress strain graph of as built EB-PBF manufactured Ti 5553 
alloy using different EL

Fig. 10   Stress strain graph of heat-treated EB-PBF manufactured 
Ti-5553 alloy using an EL of 600 J/m (P6)
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for the L-PBF process where the defects increased with 
decreasing melting energy and became more irregularly 
shaped.

The fraction of 0–62 µm defects decreases, when using 
higher EL, see Fig. 14a. For the small defect fraction 
(0–62 µm), a minimum of these fractions for specimens 
manufactured with an EL of 400 and 600 J/m (see Table 1) 
can be seen (the P4 is more comparable to the P1–3 due 
to its low EL). These small defects are mainly spherical 
and most likely gas-filled. These are formed mainly via 
keyhole mechanisms [48]. When comparing the fraction 
of defects from 62 to 102 µm, a low EL leads to the small-
est fraction (≈ 35%). For larger EL, the fraction rises to 
nearly 50%. The rest of the different defect ranges always 
show a comparable pattern. Specimens manufactured 
with low EL have the highest fraction, which decreases 
toward higher EL. As a result of the energy dependence 
of the defect size distribution, it can be concluded that the 
scanning speed and thus the energy introduced into the 

powder have a strong influence on the defect size distri-
bution. About 70% of the defects are smaller than 100 µm 
and 95% are smaller than 150 µm.

The µ-CT data were used to validate each defect 
regarding size and distribution, see Fig. 14b. The sphe-
ricity describes the shape of defects, where if it has a 
value of one the pore is perfectly round, typically these 
would be gas-filled defects. However, they compose only 
a minor part of all defects and as discussed above have 
only a minor impact on the static mechanical properties 
[27], but are likely to have an impact when performing 
cyclic fatigue testing [29]. The majority of the defects are 
irregular-shaped and have a size between 60 and 150 µm. 
Generally, defects reduce the load-bearing cross-section, 
and therefore, the material fails at lower stress levels. 
When determining the static mechanical properties, the 
defects play a minor role compared to the influence of the 
microstructure. However, this relationship only applies 
as long as a critical defect size and defect density are not 

(a) (b)

(c) (d)
intercrystalline facture

transcrystalline fracture

delamination

Fig. 11   a Fracture surface; b: side view of the fracture surface; c 
intercrystalline fracture area on the edge of the fracture surface; d 
transcrystalline fracture area toward the middle of the fracture surface 

o of an STA heat-treated EB-PBF manufactured Ti-5553 alloy using 
an EL of 600 J/m (P6)
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exceeded [49]. In this study, the specimens with the high-
est defects count (see Table 2) showed the lowest YS and 
UTS (see Table 3) of all tested specimens.

4.2 � As‑built mechanical properties 
and microstructure

The resulting as-built microstructure depends mainly on 
the energy introduced into the powder bed and thus on 
the temperature prevailing in the individual process steps. 
The energy that needs to be expended for the diffusion of 
aluminum is significantly lower for grain boundary diffu-
sion compared to volume diffusion [50]. Aluminum is a 
strong α-stabilizer [12], and therefore, αp is precipitated 
along the grain boundaries first, see Fig. 15a. The work of 
Schwab et al. [34] shows that the strong β-stabilizing alloy-
ing elements Mo, V, and Cr, due to their low solubility in 
α-titanium [51], diffuse from the precipitations into the 
β-matrix. Thus, the surrounding β-matrix is enriched with 
these elements [52] and inside the α precipitations, a large 

supply of aluminum is present. During the production run 
of all used specimens, the temperature was above 500 °C, 
see Fig. 3, and a slow cooling occurred. Therefore, it can 
be assumed that no ω-phase is present in the microstructure 
[3]. Due to the high temperature inside the building cham-
ber, α precipitations can grow into large lamellar needles as 
the EB-PBF process progresses. Compared to αp precipita-
tions, αs precipitations require lower temperatures to form 
and grow nuclei. With every additional added powder layer 
in the production run, the energy conducted downwards 
from the top layer decreases, and the temperature decreases 
slowly, see Fig. 3

If the local temperature drops permanently below roughly 
600 °C, αs start to precipitate [12], see Fig. 15a. These αs 
precipitations grow from different nucleation sites (Wid-
manschstätten) in every direction, and after long isothermal 
holding times, these start to rearrange into small triangles 
[46]. Jones et al. [46] suggest that each needle is on one 
{110} β-habit plane with an angle between them of 60°, 
see Fig. 15b. Due to the lower energy supply during the αs 

(a) (b)

(c) (d)
delamination

Fig. 12   a Fracture surface; b side view of the fracture surface; c tran-
scrystalline fracture area on the edge of the fracture surface; d tran-
scrystalline fracture area toward the middle of the fracture surface of 

a BASCA II heat-treated EB-PBF manufactured Ti-5553 alloy using 
an EL of 600 J/m (P6)
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precipitation, the needles stay very fine. Using EBSD, see 
Fig. 18, a combined α precipitation fraction of 43% was 
measured. In Table 3, the influence on microstructure and 
consequential mechanical properties can be seen due to the 
variation of beam parameters and hence EL. One main dis-
covery of this work is that by decreasing the scanning speed 
and increasing the EL into the powder bed, the αp fraction 
increases. Due to this higher energy density and, therefore, 
longer time at higher temperatures, the precipitation frac-
tion of αp is increased. Furthermore, these can grow further 

during the subsequent building process. Consequently, the 
fine αs fraction decreases, see Figs. 15, 16, and 17. This 
study has shown that above EL = 400 J/m, the αp fraction 
reaches a constant value of 35%. Since all specimens were 
manufactured in the same production run, the manufactur-
ing conditions were similar except for the beam parame-
ters used to melt the specimens. The results suggest that 
at EL above 400 J/m, the temperature control due to self-
cooling is constant for each specimen. Thus, no additional 
αp can be precipitated and a limit value of 35% for the αp 

Fig. 13   Typical defects of 
an additively manufactured 
EB-PBF Ti-5553 alloy using 
an EL of 600 J/m (P6), optical 
microscope

Fig. 14   a Dependence of the defect size distribution of EB-PBF manufactured Ti-5553 using all investigated EL from 75 to 1800 J/m, and b 
resulting defect size dependence on sphericity of an EB-PBF manufactured Ti-5553 using an EL of 150 J/m (P2)
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fraction can be achieved. By correlating the microstructure 
with the mechanical properties, the results indicate that the 
ratio of the small, acicular α precipitations, large lamellar 
precipitations, and β-matrix have a strong impact on the 
static mechanical properties of the specimens [9]. Fine αs 
precipitations increase, compared to larger precipitations, 
the number of interfaces between them and the surround-
ing β-matrix. These interfaces act as dislocation barriers. 
Therefore, the strength of the material rises with an increas-
ing fraction of acicular αs precipitations. Li et al. [53] have 
shown that for high-strength Ti-alloys, αp has a direct influ-
ence on the achieved elongation at break and accompany-
ing ductility. A larger αp fraction leads, due to slipping and 
shearing processes in large precipitations, to significant 
enhancements of the elongations at break [9], see Table 3. 
Consequently, due to the lower fraction of αs precipitations 
for specimens melted with increased EL, the ultimate tensile 
strength is reduced (Figs. 9, 18). The decreased mechanical 
properties of specimens manufactured with P6 (600 J/m) can 
be explained by the substantial number of large defects, see 
Fig. 9a, and decreased average density, see Table 2. The 
fracture surfaces of the specimens manufactured with differ-
ent melting parameters show, depending on their respective 
microstructure, very different patterns, and appearances. As 
already mentioned, the specimen with a lower αp fraction 
exhibits higher mechanical strength but a lower elongation 
at break. This can be seen when comparing Fig. 7a, b. The 
specimens with the lower elongation at break (P2) show less 
constriction and overall deformation than the specimens 
with the higher elongation at break (P6).  

A comparison between the microstructures and mechani-
cal properties of manufactured parts using EB-PBF and 
L-PBF is very difficult due to the different process param-
eters. The temperatures and cooling rates prevailing in 
the processes and thus the different property-determining 

(a) (b)

fine αs

αP

Fig. 15   As-built microstructure consisting of a β-matrix, and coarse αp and fine αs precipitations of an EB-PBF manufactured Ti-5553 alloy 
using an EL of 150 J/m (P2), SEM, (b) is a higher magnification of (a)

Fig. 16   As-built microstructure consisting of a β-matrix, and coarse 
αp and fine αs precipitations of an EB-PBF manufactured Ti-5553 
alloy using an EL of 400 J/m (P5), SEM

Fig. 17   As-built microstructure consisting of a β-matrix, and coarse 
αp and fine αs precipitations of an EB-PBF manufactured Ti-5553 
alloy using an EL of 1200 J/m (P8), SEM
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microstructure development are very significantly influenced 
by the selected process parameters. The main difference is 
the high processing temperature during the EB-PBF process 
and the associated introduction of α precipitations. Schwab 
et al. [33] manufactured Ti-5553 using L-PBF and was able 
to achieve a single-phase (β-phase) microstructure. When 
they used an additional building platform heating α precipi-
tations were observed due to the higher temperature during 
the L-PBF process [34]. Liu and Qiu [35, 36] showed in their 
work that the microstructure results, due to the rapid cooling 
of L-PBF manufactured Ti-1023 samples, in a β-matrix with 
ω precipitations. When a higher energy density was used, α 
was additionally found next to the ω precipitations.

4.3 � Heat treatment

4.3.1 � Solution treated and aged‑STA

By solution treating the specimens underneath Tβ, the total 
energy supplied to the specimens is too low to completely 
dissolve the original microstructure. Under these conditions, 
there is a coarsening of the as-built microstructure. In addi-
tion, αP is further precipitated, see Fig. 19a. When quench-
ing to room-temperature diffusion and thus growing pro-
cesses are almost completely suppressed. The microstructure 
indicates that very fine αs are precipitated for a short period 
during the quenching process. At the aging temperature of 
500 °C, αs can further precipitate, but the short dwell time 
(60 min) does not result in nominal grain growth of these 
precipitated phase fraction, see Fig. 19a. As a result of the 
small size and homogenous distribution of αs in the β-matrix, 
a lot of dislocation barriers exist and, therefore, the mechani-
cal strength improves, see Table 4. The fracture surface, see 
Fig. 11, appears, due to the almost identical elongation at 
break, comparable with the as-built fracture surfaces, see 
Fig. 6b. Due to the small αP fraction and the very fine αs pre-
cipitations, the STA heat-treated specimens fail with a mixed 
fracture pattern and with no detectable constriction. The area 
in Fig. 11c shows residues of powder particles, which were 
not fully melted, thus creating a weak spot and forming the 
crack nucleation site. Delaminations, see Fig. 11d, often 
originate from lack of fusion defects and reduce the mechan-
ical properties. The measured static mechanical properties 
(YS = 1360 MPa; UTS = 1460 MPa) can be compared to the 
results of the conventionally produced and forged specimens 
from other research groups [10]. Sadeghpour et al. [9] have 
shown that higher temperatures and longer holding times 
for the solution as well as the aging step lead to decreased 

Fig. 18   EBSD phase fraction measurement of an EB-PBF manu-
factured Ti-5553 alloy using an EL of 600 J/m (P6), blue = β-Ti, and 
red = α-Ti

αP

αs

(a) (b)

Fig. 19   STA microstructure consisting of a β-matrix, and coarse αp and fine αs precipitations of heat-treated EB-PBF manufactured Ti-5553 
alloy using an EL of 600 J/m (P6), SEM; b is a higher magnification of (a)
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strength (YS = 1100 MPa; UTS = 1150 MPa) and increased 
elongation at break (ε = 10%).

4.3.2 � Beta annealed, slow cooled, and aged‑BASCA I

This solution treatment is carried out at 870 °C and hence 
above Tβ. The available total energy during the solution 
step is sufficient to enable the dissolution of the original 
microstructure. During quenching to room temperature very 
fine αp is precipitated, as discussed above, along the grain 
boundary, see Fig. 20a. When the temperature drops below 
600 °C, αs precipitate inside the β-grains. In a comparable 
manner to behavior during the aging step of the STA heat 
treatment, the precipitated phase fractions cannot grow 
further at the aging temperature of 570 °C. However, the 
temperature in combination with the long holding times 
is sufficient to arrange the needles into a triangular shape 
(compare to Sect. 3.2), see Fig. 20b. The precipitation size 
achieved using this heat treatment is very small. As a result, 
the YS could be increased by 70–1429 MPa compared to 
the STA treated specimens, see Table 4. Compared with the 
work of other research groups that have studied convention-
ally manufactured Ti-5553 alloys, the mechanical strength 
is improved in this work. Musi et al. [54] use slightly differ-
ent temperatures for the BASCA heat treatment, resulting in 
a different phase fraction and distribution of β-matrix and 
precipitations (αp + αs). Hence the YS (965 MPa), as well 
as the UTS (1103 MPa), is decreased, but the elongation at 
break is enhanced (6%) compared to this work.

4.3.3 � Beta annealed, slow cooled, and aged‑BASCA II

The increased solution treatment temperature (890 °C) and 
long holding times (90 min) ensure complete dissolution of 

the as-built microstructure during the annealing step. The 
controlled cooling (2 K/min) in the oven toward the aging 
temperature of 600 °C causes αp precipitation. In contrast 
to the STA and BASCA I heat treatments, the αs precipita-
tions are not only formed in the BASCA II heat treatment 
but also continue to grow under the process conditions due 
to the slightly elevated temperatures in the aging step. The 
long holding time results in a microstructure of large lamel-
lar precipitations, Fig. 21a, embedded in a coarse β-matrix, 
Fig. 21b. Other research groups show that next to the amount 
of β-phase in the matrix, the fractions of lamellar and acicular 
α precipitations are responsible for enhancing ductility [9, 
10]. Large αp and αs precipitations can be deformed by slip-
ping and shearing mechanisms [9]. Huang et al. [55] have 
shown that α precipitations with 5–10 µm can also deform 
via the twinning mechanism. Due to the larger fraction of 
lamellar α precipitations, a smaller number of dislocations 
can accumulate compared to cases for the STA or BASCA I 
heat treatments. Consequently, the comparative mechanical 
strength increases only slightly, see Table 4. Due to the bcc 
structure of the β-phase and the larger number of available 
deformation mechanisms, the elongation at break increases, 
and the deformability is enhanced [12]. This is also evident 
from the respective fracture surface. Comparing the surfaces 
of the STA specimen, Fig. 11, and the BASCA II specimen, 
Fig. 12, a significant difference in appearance can be seen. 
A severe constriction can be noticed, which is due to the 
much more ductile failure compared to the heat-treated STA 
or BASCA I specimens. Figure 12c, d shows a similar frac-
ture pattern over the entire fracture surface of the specimen.

αP

αs

(a) (b)

Fig. 20   BASCA I microstructure consisting of a β-matrix and very 
fine αp (just alongside the grain boundaries) as well as very fine αs 
precipitations in the heat-treated EB-PBF manufactured Ti-5553 alloy 

using an EL of 600  J/m (P6), SEM. b Higher magnification of the 
microstructure of (a)
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5 � Conclusions

The present work has demonstrated the potential for the 
manufacture of very high density (ρ > 99.6%) Ti-5553 parts 
using the EB-PBF process. The µ-CT data revealed that most 
of the defects (roughly 95%) are smaller than 150 µm and 
irregularly shaped. The achieved relative density is compa-
rable with those of other AM processes, like L-PBF.

By varying process parameters, nine different speci-
mens were manufactured. The microstructure of all speci-
mens showed coarse β-grains, large αp precipitations 
(precipitating below Tβ but above 600 °C), and fine αs 
precipitations (precipitating below 600 °C) acting as the 
strengthening phase. The presence of the ω-phase can be 
excluded due to the high temperatures throughout the EB-
PBF process as well as the slow cooling rate after the pro-
duction run. The αp-phase reached an as-built volume frac-
tion of up to 35%, and therefore, it can strongly influence 
the mechanical behavior. When correlating the mechanical 
strength with the defect structure and microstructure for 
the as-built specimens, it was seen that a higher αp fraction 
resulted in increased elongations at break due to more slip 
and shear processes. The very fine αs precipitations act as 
dislocation barriers, and therefore, a high αs fraction leads 
to high mechanical strength and decreased elongations at 
break. In conclusion, it can be suggested that for highly 
dense specimens, the tailored microstructure, especially 
the ratio between αp and αs, has a major influence on the 
static mechanical properties. However, the relative density 
and the respective defect structure must be considered. A 
high number of (very large) defects will cause there to be 
a multitude of crack nucleation sites (especially regard-
ing fatigue properties) and these can therefore reduce the 
mechanical strength. In general, a high relative density 
and a low number of defects should be desired if a good 

mechanical strength of additively manufactured parts is 
sought after.

By applying different heat treatments, the mechanical 
properties can be tailored for different applications. Uti-
lizing the STA and BASCA I heat-treatment cycles allows 
Ti-5553 specimens with high mechanical strength and ade-
quate elongation at break to be produced. The very fine and 
numerous αs precipitations are responsible for the excellent 
mechanical strength. The BASCA II heat treatment favors 
the formation of microstructure components, which enable 
a high ductility of the Ti-5553 specimens. The microstruc-
ture, with its large lamellar α precipitations as well as the 
large β-phase matrix, provides a high elongation at break 
and a, compared to the as-built samples, slightly improved 
mechanical strength. The results of this work indicate that 
the EB-PBF-manufactured Ti-5553 alloy can be used for a 
wide range of applications. By varying the heat-treatment 
cycle, the microstructure and, therefore, the static mechani-
cal properties can be adjusted to allow very high mechani-
cal strengths of UTS (1500 MPa) and sufficient elongation 
at break (4%) or excellent elongations at break (22%) with 
sufficient UTS (920 MPa). To minimize the occurrence of 
lack of fusion defects, post-heat treatment with hot isostatic 
pressing could be considered. This can lead to a further 
improvement of the mechanical properties.
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