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Abstract
The laser-based powder bed fusion of metals (PBF-LB/M) offers a variety of advantages over conventional processing tech-
niques and the possibility to recycle and reuse powder increases its sustainability. However, the process and resulting part 
properties are influenced by a variety of factors including powder recycling grade and residual oxygen content of the process 
atmosphere. Especially in terms of reactive materials like Ti-6Al-4V, oxidation during processing and recycling determines 
process stability and reproducibility. This work therefore focusses on the influence of the conventionally varied processing 
parameters as well as atmosphere residual oxygen content process and powder recycling on the microstructure and mechani-
cal properties. For this purpose, the design of experiments approach is used and by evaluation of regression models, effect 
sizes and interactions are given. Additionally, two different etching techniques were employed to reveal different aspects 
of the microstructure. While no significant influence of powder recycling and residual oxygen on the microstructure could 
be observed, they both significantly influence the mechanical properties. A maximum hardness of 470 HV0.1, a maximum 
ultimate tensile strength of 1252.3 MPa, and a maximum elongation at break of 17.8 % were obtained. The results demon-
strate the importance of the processing atmosphere’s residual oxygen content and of taking into account the changing powder 
characteristics during recycling as well as its effect on the part properties.

Keywords Additive manufacturing · Laser-based powder bed fusion · Ti-6Al-4V · Design of experiments · Mechanical 
properties · Microstructure

1 Introduction

The additive manufacturing (AM) technique laser-based 
powder bed fusion of metals (PBF-LB/M according to DIN 
EN ISO/ASTM 52900, formerly known as selective laser 
melting) experienced increasing interest over the last years 
due to the ability of manufacturing net-shaped metal parts 
with intricate geometries directly from CAD (computer-
aided design) models [1–3]. This is especially advanta-
geous for lightweight parts in the aerospace industry [4, 

5] or patient-specific individual implants [6, 7]. For these 
applications, also the most frequently used titanium alloy 
Ti-6Al-4V (Ti – 6 wt% Al – 4 wt% V) is of particular inter-
est owing to its high specific strength, low density, biocom-
patibility, and corrosion resistance [8, 9]. Due to the high 
cooling rates of  103–108 K/s present in the PBF-LB process 
[10–12], this �+� alloy forms a non-equilibrium, fine mar-
tensitic microstructure in the as-built condition. Thereby, 
the �/�’-laths are formed in prior �-grains. The cooling rate 
and thus the microstructure depend on the volume energy 
density EV (Eq. 1) applied in the process.

The volume energy density is a frequently used metric 
in parameter studies in PBF-LB [14–17] and contains the 
main processing parameters laser power P, scanning speed 
v, hatch spacing h, and layer thickness t. Nevertheless, the 
single underlying parameters and their interaction effects 

(1)E
V
=

P

v ⋅ h ⋅ t
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need to be understood since they affect the melt pool and 
therefore the resulting microstructure in various ways. Addi-
tionally, as a prerequisite for the formation of martensite, 
the martensite start temperature  (MS) needs to be lower than 
the build temperature. It depends on the initial microstruc-
ture, chemical composition, and composition homogeneity 
as well as on the presence of impurity elements [18, 19]. 
Therefore, the type of powder and its recycling grade as well 
as the oxygen content present in the process atmosphere are 
also likely to have an impact on the resulting microstructure. 
In various studies, it could be shown that powder recycling 
leads to changes in powder properties. These are caused by 
heat influences and oxidation during processing leading to 
a changed chemical composition, as well as spattering and 
sintering resulting in larger particles [20–24]. For example, 
an increased oxygen content could be seen in recycled pow-
der [25–28]. Moreover, Carrion et al. investigated the effect 
of powder reuse on the microstructure for a fixed parameter 
setting but no significant influence could be detected [26]. 
The altered chemical composition together with the resulting 
microstructure also determines the mechanical properties of 
the built parts. When recycled powder was used instead of 
virgin powder, a slight increase in Vickers hardness and an 
increase in tensile strength were observed in some studies 
[27, 29, 30]. Other recent investigations, however, could not 
show any significant effects on the mechanical properties 
[25, 26, 31–33]. A possible explanation for these discrepan-
cies lies in the different chemical compositions of the pow-
der materials used, different degrees of recycling, and gener-
ally different process settings. It emerges from this that the 
influence of the powder properties and their changes through 
reuse cannot yet be clearly described and therefore require 
further investigations. In order to be able to describe effects 
and potential interactions, it is important to carry out inves-
tigations for several parameter combinations in accordance 
with the design of experiments (DoE) approach. This has 
only been insufficiently considered in previous studies on 
powder recycling.Besides the oxygen already present within 
the processed material, the process atmosphere and its resid-
ual oxygen content are essential parameters that influence 
process stability and part quality. Titanium and its alloys are 
known for their high reactivity and the high temperatures 
present during laser-based additive manufacturing further 
facilitate reactions especially with oxygen during process-
ing. Therefore, atmospheric protection must be provided at 
temperatures over 700 K [8]. Conventionally, the PBF-LB 
process is conducted under argon shielding gas atmosphere. 
Yet, residual oxygen contents of around 1000 ppm, which 
are still present in most machines [34, 35], are sufficient 
to cause critical oxidations of the processed material since 
the prevailing oxygen partial pressure is several orders of 
magnitude above the equilibrium oxygen partial pressure 
as thermodynamically analyzed by Lee et al. [34]. Small 

oxidized particles that were affected by the heat diffusing 
from the melt pool cannot be removed during recycling and 
can have negative effects on the part properties [36]. While 
Denti et al. could not observe any sensible oxidation of the 
built parts [29], a study by Dietrich et al. shows different 
results. With increasing residual oxygen content within the 
processing atmosphere, an increasing oxygen content within 
the built parts and an increase in tensile strength could be 
observed that the authors attributed to the interstitial effects 
of oxygen like the impediment of dislocation movement 
[35]. Furthermore, an earlier work of the authors revealed a 
significant influence of the residual oxygen content and pow-
der recycling on the roughness and reproducibility [37]. This 
demonstrates that the residual oxygen content and powder 
recycling should be considered determining factors for the 
mechanical properties in PBF-LB/M.

Based on the aforementioned findings, this work focusses 
on the influence of different processing parameters, includ-
ing powder reuse and residual oxygen content, on micro-
structure and mechanical properties. The experiments are 
planned and statistically evaluated according to the DoE 
approach. This leads to broader insights and comparability 
of the parameter influences and their interaction effects.

2  Materials and methods

2.1  Experimental materials

In this study, gas atomized Ti-6Al-4V grade 23 powder sup-
plied by Heraeus Additive Manufacturing GmbH was used. 
The powder had a specified particle size of 15–53 µm and 
according to the manufacturer’s data sheet the size distribu-
tion of the virgin powder exhibits the D-values 22 µm (D10), 
38 µm (D50), and 54 µm (D90), measured by air-dispersed 
laser diffraction according to DIN ISO 13320. These values 
are the respective percentiles of the cumulative particle size 
distribution (PSD). To investigate the effect of powder recy-
cling, not only virgin powder was used but also powder that 
was sieved (mesh size of 63 µm) and reused multiple times. 
In the employed machine, the powder circulates constantly 
and is sieved every time before it is supplied in the build 
chamber. Hence, an exact number of reusing cycles cannot 
be given.

2.2  Experimental equipment

The experiments were carried out on the industrial machine 
Lasertec 12 SLM by DMG MORI ADDITIVE GmbH 
(Bielefeld, Germany). This machine is equipped with a 
400-W ytterbium fiber laser (single mode, continuous 
wave, wavelength 1070 nm) supplying a high-quality laser 
beam  (M2 = 1.05). Experiments were conducted with the 
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minimum spot diameter of 35 µm. To prevent oxidation, 
the machine is flooded with argon. The oxygen content can 
be set to a specific concentration range that is maintained 
during processing. If the oxygen content is too high, it is 
reduced by additional purging with argon. A too low oxygen 
content is mitigated by leakages of the machine without fur-
ther intervention. To investigate the influence of the residual 
oxygen content of the processing atmosphere, two differ-
ent ranges of oxygen concentrations were implemented, 
1150 ppm ± 150 ppm and 2150 ppm ± 150 ppm. Thereby, 
the oxygen content was monitored by a zirconium dioxide 
oxygen sensor integrated into the machine.

2.3  Experimental design

For microstructure and hardness investigations, cubes with a 
side length of 5 mm were built. Tensile test specimens were 
built in accordance with DIN EN ISO 6892-1:2020-06. They 
were built with a slightly larger diameter compared to the 
final geometry and were subsequently machined by turn-
ing to eliminate the influence of the rough as-built surface. 
Test shape B was chosen as a specimen geometry with the 
parameters given in Table 1.

Table 2 gives an overview over the factors and the lev-
els on which they were varied. The main parameters laser 
power, scanning speed, and hatch spacing were varied on 
five levels each that were chosen based on literature [10, 
38–40], the machine manufacturer’s recommendations, and 
the authors’ experience in this field. For the powder con-
dition, the residual oxygen content and the layer thickness 
were the only two levels realized, since for every level a new 
build job is necessary.

The levels of the three main parameters were selected 
based on the DoE approach and according to a circum-
scribed central composite design (CCD). This design 
consists of 8 cube points, 6 star points, and one center 
point leading to a total of 15 parameter combinations. 

The applied technique enables the determination of the 
effects of the varied parameters (factors) on the target 
sizes (responses), their significance, and possible interac-
tion effects between them. For generation, evaluation, and 
analysis of the experimental design and data, the statis-
tics software JMP® 15 (SAS Institute Inc.) was used. A 
significance level of 5 % and equidistant factor levels ( � 
= 2, see Table 2) were chosen. Under the condition that 
there were no significant associated higher order effects, 
all not significant terms (p-value >0.05) were excluded. 
Herewith, the principle of strong effect heredity should be 
followed. The mathematical regression model was fitted 
using the least squares method. For the cubic specimens, 
except for the center point, which was repeated 6 times 
per build job, every experimental point was realized 3 
times per build job, which led to a total number of 48 
specimens for each build job. The tensile test specimens 
were manufactured 3 times for each parameter combina-
tion including the center point leading to 45 specimens 
per build job. By varying oxygen content, powder condi-
tion, and layer thickness only on two levels, a total num-
ber of 8 build jobs was conducted for cubic specimens. 
For building the tensile test specimens, only the lower 
residual oxygen content was used and layer thickness 
and powder condition were varied according to Table 2. 
This led to 4 conducted build jobs with tensile test speci-
mens. A cross-hatching strategy with a rotation angle of 
67° between adjacent layers was applied to realize iso-
tropic properties in horizontal direction. The infill was 
scanned before the contour and with the same parameters. 
All specimens were built on Ti-6Al-4V build plates with 
3-mm support structures. The tensile test specimens were 
built upright, so that the build direction was parallel to 
the testing direction. No preheating of the built plate was 
applied and the parameter combinations were assigned 
randomly to the specimen numbers. This way, the influ-
ence of recoating direction and shielding gas flow could 
be minimized. Figure 1 shows the applied build layouts. 
The same numbers stand for the same parameter combina-
tions in both jobs. Since there were only three center point 
specimens for the tensile tests, three numbers are missing 
in this build layout.

Table 1  Tensile test shape B 
according to DIN EN ISO 6892-
1:2020-06

d0 L0 Lc Lt

5 mm 25 mm 28 mm 80 mm

Table 2  Levels of the varied 
processing parameters

* only varied for cubic specimens; **setting for tensile test specimens

Parameter Levels

Laser power (W) 115 145 175 205 235
Scanning speed (mm/s) 600 800 1000 1200 1400
Hatch spacing ( �m) 40 60 80 100 120
Layer thickness ( �m) 30 50
Residual oxygen content (ppm)* 1150 ±  150** 2150 ± 150
Powder condition Virgin Recycled
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2.4  Methods for analysis

Both types of powder were analyzed using scanning electron  
microscopy (SEM, Quanta 400 FEG, FEI Company). Based 
on the SEM images, the particle morphology was exam-
ined and the PSD was estimated using the open-source soft-
ware ImageJ (http:// rsb. info. nih. gov/ ij/). For analysis of the 
chemical composition, energy-dispersive X-ray spectroscopy 
(EDX) measurements were conducted for both powders. The 
EDX is integrated into the SEM and the analysis was done 
with the software EDAX Genesis by AMETEK GmbH.  
Samples of both powders were cold embedded in epoxy resin 
(Technovit Epox, Kulzer GmbH, Hanau, Germany), ground, 
and polished (Tegramin, Struers ApS, Ballerup, Denmark). 
The powder cross-sections were first etched using Kroll’s 
reagent. After microscopic analysis, the cross-sections were 
polished to remove the etched surface. Afterwards, they were 
etched again using ammonium bifluoride (ABF) etching,  
also known as Weck color etching, that is commonly used 
to make areas with high interstitial oxygen content, such 
as the �-case, appear bright compared to the remainder of 
the specimen material. After this etching, the cross-sections 
were again analyzed using light microscopy. Therefore, the 
light microscopy functionality of the laser scanning confocal 
microscope VK-X1000 by Keyence was used. By using dif-
ferent etching methods on the same specimens, it is possible 
to detect different microstructural features. After processing 
and removal from the build platform, all cubic specimens 
were cold embedded, ground, and polished parallel to the 
build direction (BD), using the same procedure as for the 

powder samples. Both etching methods were applied to the 
cross-sections of the cubic specimens. Selected specimens 
were further examined using X-ray diffraction (XRD, D8 
Discover by Bruker with Co K � radiation) and EDX. After 
the analysis of the cross-sections, 5 Vickers hardness meas-
urements (INNOVATEST NEXUS 4000 testing machine, 
HV0.1) with an indentation time of 10 s were conducted for 
each specimen. The indentations were placed on a line with 
a distance of 500 µm between each other, starting with a dis-
tance of 500 µm to the side surface and ending in the center 
of the cross-section to be able to detect differences between 
different specimen areas. The tensile tests were performed 
according to DIN EN ISO 6892-1:2020-06 with a crosshead 
speed of 0.42 mm/min equivalent to an initial strain rate  
of 2.5⋅10-4s-1. They were conducted at room temperature 
using a MTS Landmark 100 kN and a MTS axial extensom-
eter with a gauge length of 25 mm. The fracture surface of 
selected tensile test specimens was analyzed using SEM.

3  Results

3.1  Powder analysis

The SEM images (Fig. 2) revealed mainly spherical particles 
for both types of powder. The virgin powder shows a signifi-
cantly higher proportion of fine particles and satellites. For 
the recycled powder, no satellites could be seen on the SEM 
images and the particles were of a similar size. Furthermore, 

Fig. 1  Build layouts for cubic and tensile test specimens with direction of gas flow and recoater movement
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the surface appeared smoother than the one of the virgin 
powder particles.

The analysis of the particle size distribution revealed the 
D-values given in Fig. 3. The PSD of the recycled powder 
was slightly narrower than the one of the virgin powder and 
the percentiles (D-values) were shifted towards higher val-
ues. Additionally, differences between the PSD given by the 
powder manufacturer for the virgin powder and the PSD 
calculated in this work could be seen. The values given by 
the manufacturer were significantly higher.

EDX measurements of the chemical composition allow 
qualitative comparisons between different material sam-
ples. As shown in Table 3, the recycled powder exhibits 
a higher oxygen content than the virgin powder, while the 
contents of the alloying elements aluminum and vanadium 
are comparable.

The etched powder cross-sections (Fig. 4) did not show 
any significant differences of the microstructure independ-
ent of the used etching method. The etching with Kroll’s 
reagent showed a fine martensitic microstructure within the 
particles. After etching with ABF, the majority of particles 

appeared in a dark brown with irregular lighter regions. 
However, a few particles had a different appearance with 
a light zone surrounding the darker core. As shown in the 
image of recycled powder with ABF etching (Fig. 4, lower 
right), in this light zone a lamellar structure, which becomes 
coarser towards the surface, could be observed for some par-
ticles with this appearance.

3.2  Microstructure

The applied two different etching techniques, Kroll’s reagent 
and ABF etching, provided additional information on dif-
ferent microstructural features. The classical etching with 
Kroll’s reagent makes the elongated prior �-grains and the 
contained martensite laths visible (Fig. 5). In the center 
of the specimens, the growth of these grains was mainly 
parallel to the build direction (BD) while near the surface 
the growth was rather undirected. The martensitic laths are 
clearly visible within the prior �-grains with inclination 
angles of about 45°  or –45°  towards the build direction for 
the center section of the specimen. Near the side surface, 
also larger inclination angles were present at some locations. 
ABF etching, on the other hand, enables the observation of 
the layered structure (Fig. 6). At some points (red arrows, 
Fig. 6), the grain boundaries of the prior �-grains can be 
recognized since they appear slightly lighter. The visible lay-
ers were larger than the applied layer thickness and mainly 
varied between 50 and 100 µm.

Variations of the microstructure could be observed for 
varying parameter settings. Figures 7, 8, and 9 juxtapose 
the two etching results for different cross-sections with 
increasing laser power, scanning speed, and hatch spacing, 
respectively. For low laser power (145 W) and high scanning 
speed (1200 mm/s), a fine-grained structure with thin prior 
�-grains can be seen. Furthermore, the ABF etching gen-
erates a relatively homogeneous brown and bluish appear-
ance of the cross-section. The grain width increases with 
increasing laser power and decreasing scanning speed up to 
a point where a high amount of gaseous pores is generated 
(rightmost cross-section in Fig. 7, leftmost cross-section in 
Fig. 8). For specimens with a high amount of porosity, a 
less directed growth of the prior �-grains could be observed. 
Regarding the influence of the hatch spacing, a significant 
decrease of the width of prior �-grains could be seen for 

Fig. 2  SEM image of Ti-6Al-4V powder: (a) virgin powder, (b) recy-
cled powder

Fig. 3  Particle size distribution of virgin and recycled powder

Table 3  EDX measurements of virgin and recycled powder

Element Virgin Recycled

Oxygen (wt%) 5.01 7.38
Aluminum (wt%) 4.30 4.16
Vanadium (wt%) 3.21 3.19
Titanium (wt%) 87.49 85.27
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increasing hatch spacing. At a large hatch spacing (100 µm), 
the grains were thinner and shorter. Here the ABF etching 
also generated a homogeneous brown and bluish appearance. 
With increasing volume energy density, i.e., increasing laser 
power and decreasing scanning speed and hatch spacing, 
the layered structure exposed by the ABF etching becomes 
clearer. It should be emphasized that the top melted layer 
and regions near the side surfaces are much darker than the 
rest of the cross-sections. Additionally, alternating lighter 
and darker horizontal lines are visible. The depth of the 
dark, top layer and the size of the dark regions at the sides 
increase with increasing volume energy density. They reach 
depths of up to several hundred micrometers. While the 
main processing parameters that were varied according to 
the CCD experimental design all had a significant influence 
on the microstructure, no influence could be observed for 
the applied variations of layer thickness, powder condition, 

and residual oxygen content within the investigated range. 
Consequently, the figures only display the results for the vir-
gin powder and low residual oxygen content for simplicity.

To further explore the layered structure exposed by the 
ABF etching and identify differences between the differ-
ently colored zones, XRD and EDX were employed for three 
specimens that were built with different volume energy den-
sities (28.75 J/mm3, 58.75 J/mm3, and 85.42 J/mm3). The 
selected specimens were manufactured using virgin pow-
der, 50 µm layer thickness and 2150 ± 150 ppm residual 
oxygen content. For the specimen with EV = 28.75 J/mm3, 
no distinct dark top layer was visible. Therefore, only the 
center of this specimen was analyzed. For the other two 
specimens both, the dark top layer and the center of the 
specimen were analyzed. The XRD traces (Fig. 10) of all 
specimens showed the same peaks corresponding to hexago-
nal distorted �/�’-phase. Only for the center of the specimen 

Fig. 4  Cross-sections of virgin 
and recycled powder, etched 
with Kroll’s reagent and ABF

Fig. 5  Center and surface 
of cross-section etched with 
Kroll’s reagent (center point 
parameter combination, t = 30 
� m, virgin powder, 1150 ± 150 
ppm residual oxygen content)
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with EV = 85.42 J/mm3 (yellow trace), an additional small 
peak at approximately 46°  indicates the presence of a very 
small amount of cubic �-phase. Furthermore, the peaks of 
the sample manufactured with a volume energy density of 
58.75 J/mm3 are more sharp and with a higher intensity than 
the peaks for the other samples.

For the lowest energy density (28.75 J/mm3), a signif-
icantly higher oxygen content could be seen in the EDX 
measurements (Table 4) compared to the higher energy 
densities. This is counterintuitive and can be explained by 
inaccuracies in the EDX measurements. Additionally, a 
difference of the elemental composition between the dark 
top layer and the lighter center of the specimen could be 
observed. This difference is stronger for the medium energy 
density of 58.75  J/mm3 and negligible for the highest 
energy density of 85.42 J/mm3. This shows that contrary 
to expectations, the bright zones are not richer in oxygen 
than the dark zones. Therefore, the striped appearance of the 

cross-sections etched with ABF is caused by other micro-
structural features that will be addressed in the discussion.

3.3  Hardness

Hardness tests were conducted for all specimens and for dif-
ferent locations on each cross-section. A minimum mean 
hardness of 305.4 HV and a minimum hardness of a sin-
gle measurement of 99 HV were measured. The maximum 
mean hardness was 436.4 HV and the maximum hardness 
of a single measurement was 470 HV. The conducted sta-
tistical analysis revealed different influences of the varied 
parameters. The most influential factor concerning the mean 
hardness was the residual oxygen content followed by hatch 
spacing, powder condition, and laser power (Table 5).

An increase of hardness could be observed with increas-
ing oxygen content, with the use of virgin powder, decreas-
ing hatch spacing and increasing laser power. The other 

Fig. 6  Center and surface 
of cross-section etched with 
ABF (center point param-
eter combination, t = 30 � m, 
virgin powder, 1150 ± 150 ppm 
residual oxygen content), �
-grain-boundaries indicated by 
red arrows

Fig. 7  Cross-sections etched 
with Kroll’s reagent and ABF 
(v = 1000 mm/s, h = 80 � m, t 
= 30 � m, virgin powder, 1150 
± 150 ppm residual oxygen 
content)

The International Journal of Advanced Manufacturing Technology (2022) 121:3685–3701 3691
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Fig. 8  Cross-sections etched 
with Kroll’s reagent and ABF 
(P = 175 W, h = 80 � m, t = 30 
� m, virgin powder, 1150 ± 150 
ppm residual oxygen content)

Fig. 9  Cross-sections etched 
with Kroll’s reagent and ABF 
(P = 175 W, v = 1000 mm/s, t 
= 30 � m, virgin powder, 1150 
± 150 ppm residual oxygen 
content)

The International Journal of Advanced Manufacturing Technology (2022) 121:3685–37013692
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varied parameters scanning speed and layer thickness also 
had a significant but smaller influence. The hardness tended 
to increase with decreasing scanning speed and increasing 
layer thickness. Figure 11 shows a boxplot graph of the mean 
hardness in dependence of the four most influential param-
eters. Table 5 displays the parameter estimates for the fit-
ted model of the mean hardness together with the standard 
errors, the t-values, and the p-values. The goodness-of-fit 
for this model is given by r2 = 0.53. Besides the differences 
regarding the ranking of parameter influences between the 
hardness at the surface and the one in the center, there is also 
a difference in the measured hardness value. The hardness is 
lower near the surface.

3.4  Tensile properties

Within the tensile tests, a mean elastic modulus of 108 GPa 
was obtained. The maximum ultimate tensile strength 
(UTS) was 1252.3 MPa (P = 205 W, v = 1200 mm/s, h = 
100 µm, t = 50 µm, recycled powder) and the minimum 
was 703.3 MPa (P = 145 W, v = 800 mm/s, h = 60 µm, t = 
50 µm, virgin powder). A maximum elongation at break � of 
17.8 % (P = 175 W, v = 1000 mm/s, h = 80 µm, t = 30 µm, 
virgin powder) and a minimum of 0.8 % (P = 175 W, v = 
1000 mm/s, h = 40 µm, t = 50 µm, virgin powder) were 
observed. Regarding the analysis of effect sizes and signifi-
cances, the ultimate tensile strength was most influenced 

by the laser power, followed by hatch spacing and the inter-
action effect of laser power and scanning speed (Table 6). 
The powder condition also had a significant influence and 
recycled powder led to a higher UTS (Table 6). For the 
maximum elongation in contrast, the powder did not show 
a significant influence. Here, the laser power was again the 
most influential factor followed by the scanning speed and 
the interaction effect of these two factors (Table 7). Since 
the residual oxygen content was not varied for the tensile 
test specimens, no statements on this influence can be made. 
The effects of the three parameters that were varied accord-
ing to the CCD experimental plan are displayed by the con-
tour plots in Fig. 12. It can be seen that the UTS increased 
with increasing laser power and increasing hatch spacing, 
also demonstrated by the signs of the estimates in Table 6. 
The scanning speed showed a comparably small, anti- 
proportional effect. Similarly, an increase of the elongation is  
achieved by increasing the laser power and hatch spacing 
as well as decreasing the scanning speed (Fig. 12; Table 7). 
Consequently, the UTS correlates with the elongation at 
break. Brittle specimens with low elongation also tended to 
fail at comparably low strength. The goodness-of-fit for the 
regression models is given by r2 = 0.74 and r2 = 0.71 for the 
UTS and the elongation, respectively.

Selected tensile test specimens were also investigated 
after failure using SEM. Figure 13 exemplarily displays the 
SEM images of brittle (a) and ductile (b) fractured surfaces. 
The brittle fractured surface shows unmelted particles and 
smooth areas. In contrast, the ductile fractured surface shows 
a typical dimple structure and visible necking.

4  Discussion

This research focused on the effects of powder recycling and 
processing atmosphere as well as the conventionally varied 
processing parameters laser power, scanning speed, hatch 
spacing, and layer thickness on the microstructure, hardness, 
and tensile properties. A discussion of the obtained results 

Fig. 10  XRD traces of speci-
mens manufactured with dif-
ferent volume energy densities; 
the traces have been arranged 
vertically for clarity; black 
arrow indicates the peak of 
cubic �-phase

Table 4  EDX measurement: elemental composition of specimens 
manufactured with different volume energy densities EV

EV (J/mm3) Location Ti (wt.%) Al (wt.%) V (wt.%) O (wt.%)

28.75 Center 85.88 4.78 3.00 6.34
58.75 Center 88.07 5.12 2.76 4.05
58.75 Surface 87.24 5.04 2.88 4.84
85.42 Center 87.50 4.78 2.94 4.78
85.42 Surface 87.56 4.72 2.87 4.84
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is given in the following subsections. As for all parameter 
studies, it should be noted that the reproducibility of the 
results is strongly coupled to the material, equipment, and 
especially the PBF-LB/M machine system used. Variations 
in powder properties, laser parameters, or build layouts 
can lead to different results and parameter effects. Future 
work will therefore address the transferability of the results 
between different powders and equipment as well as include 
confirmatory tests.

4.1  Powder analysis

The powder analysis of the virgin and recycled powder 
showed differences between the PSD given by the powder 
manufacturer and the PSD obtained by analysis of SEM 
images. This can be attributed to the different analysis 

methods, different powder samples, and different sizes of 
these samples. Satellite particles that were counted as indi-
vidual particles in the image analysis might not have been 
counted using the air dispersed laser diffraction method. 
Since for that method the sample size is larger, the meas-
urement via diffraction is assumed to be more accurate. Nev-
ertheless, the method using SEM image analysis enables an 
efficient way of qualitatively comparing different powders. 
The increase of average particle size and narrowing of the 
PSD that could be observed was also described in the litera-
ture [25, 27, 41]. There are several assumed explanations 
for this coarsening behavior. During processing, spattering 
takes place and particle agglomerates as well as melt drop-
lets are formed that can exhibit irregular shapes and larger 
sizes than the processed powder particles [25, 42, 43]. Other 
possible reasons could be the size segregation during the 

Table 5  Parameter estimates of the regression model for the mean hardness

Term Estimate Std. error t-value p-value

Intercept 382.1946 2.2423 170.44 < 0.0001
Residual oxygen content [0.13–0.14] –5.4078 0.5335 –10.14 < 0.0001
Hatch spacing –4.6464 0.5335 –8.71 < 0.0001
Powder condition [virgin] 4.6349 0.5335 8.69 < 0.0001
Laser power 3.2526 0.5335 6.10 < 0.0001
Scanning speed –2.4536 0.5335 –4.60 < 0.0001
Scanning speed ⋅ Hatch spacing –2.4490 0.7545 –3.25 0.0013
Residual oxygen content [0.13–0.14] ⋅ Powder condition [virgin] 2.3401 0.5335 4.39 < 0.0001
Laser power ⋅ Hatch spacing 2.3323 0.7545 3.09 0.0021
Laser power ⋅ Scanning speed 1.9344 0.7545 2.56 0.0107
Laser  power2 –1.2722 0.4356 –2.92 0.0037
Residual oxygen content [0.13–0.14] ⋅ Hatch spacing 1.2026 0.5335 2.25 0.0248
Residual oxygen content [0.13–0.14] ⋅ (Layer thickness–40 �m) 0.2826 0.0533 5.30 < 0.0001
Layer thickness 0.1827 0.0533 3.42 0.0007
Powder condition [virgin] ⋅ (Layer thickness–40 �m) –0.1292 0.0533 –2.42 0.0159

Fig. 11  Boxplot of the mean 
hardness in dependence of 
residual oxygen content, powder 
condition, and hatch spacing
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recoating process or the entrainment of smaller particles by 
the gas flow [25, 44]. Due to cyclic reheating of the powder 
around the process zone, oxidation is enhanced which leads 
to a higher oxygen content in recycled powder. This oxygen 
contamination at high temperatures is known to cause the so-
called �-case, an oxygen-rich layer with stabilized �-phase 
[9, 45]. By ABF etching, this zone can be made visible for 
Ti-6Al-4V and some of the powder particles from both pow-
der conditions showed a light outer zone after etching. This 
indicates that some of the particles experienced a different 
thermal history resulting in higher oxygen contamination 
of their surface layer than others. For the recycled powder, 
these could be particles that were entrained by the gas flow 
towards the processing zone and which where heated up 
during interaction with the laser beam. On the other hand, 

particles with this appearance were also detected for virgin 
powder indicating that even during powder manufactur-
ing particles experience different thermal histories. How-
ever, the etching with Kroll’s reagent revealed comparable 
martensitic microstructures for both types of powder that 
can be explained by the rapid solidification during powder 
manufacturing.

4.2  Microstructure

Rapid solidification also takes place during manufacturing of 
the bulk specimens. It leads to non-equilibrium solidification 
with the phase transformation liquid → � → � + �/� ’. The 
�-grains grow parallel to the local conductive heat transfer 
and in opposite direction of the heat flow, thus towards the 

a)

b)

Fig. 12  Contour plot of ultimate tensile strength (a) and elongation (b) depending on the factors scanning speed, laser power, and hatch spacing; 
the colors indicate the response values from low (red) to high (green); maximum and minimum values are marked
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melt pool [17]. Metastable acicular �’-martensite forms in 
the prior �-grains by a diffusionless, shear-type transforma-
tion for cooling rates above  103 K/s [46, 47]. The martensite 
needles are oriented about 40°  to the building direction  
(BD) [48] due to the Burgers relation between �/�’-phase 
and �-phase [49] given in Eqs. (2) and (3).

As elucidated by Yang et al. there are four different hier-
archical forms of martensite in Ti-6Al-4V manufactured 
by PBF-LB/M. This hierarchical structure is caused by the 
cyclic reheating and remelting and some structures can grow 
over several heating cycles while they limit the growth of 

(2)(110)� ↔ (0001)�

(3)⟨11̄1⟩𝛽 ↔ ⟨112̄0⟩𝛼

smaller structures that form during later cycles [11]. It was 
also found that the martensite sizes can be influenced by 
variation of scanning speed and hatch spacing [11], which 
supports the results of this work. The cyclic reheating also 
leads to layerwise microstructure coarsening [3] that might 
lead to the striped appearance of the cross-sections after 
etching with ABF. Another possible reason for differences in 
the microstructural appearance in vertical direction are pre-
cipitations of intermetallic phases at the bottom of the melt 
pools as observed by Thijs et al. for increasing energy densi-
ties [17]. They also described grain refinement with increas-
ing scanning speed, which is consistent with the results 
obtained in this work. Our results are further supported by 
the observations of Kumar et al. and Cepeda-Jimémez et al. 
stating that a decreasing energy density leads to a decrease 
of grain width and length. Moreover, incomplete melting 

Table 6  Parameter estimates for 
ultimate tensile strength

Term Estimate Std. error t-value p-value

Intercept 1188.0318 18.2839 64.98 < 0.0001
Laser power 45.2968 4.0129 11.29 < 0.0001
Hatch spacing 38.2392 4.0584 9.42 < 0.0001
Laser power ⋅ scanning speed 32.9659 5.6749 5.81 < 0.0001
Laser  power2 –24.5831 3.6683 –6.70 < 0.0001
Scanning speed –23.6187 7.7995 –3.03 0.0029
Powder condition [virgin] –22.2151 4.1571 –5.34 < 0.0001
Powder condition [virgin] ⋅ hatch spacing 10.7347 4.0589 2.64 0.0090
Scanning  speed3 –8.7023 2.6752 3.25 0.0014
Powder condition [virgin] ⋅ laser power 8.3073 4.0128 2.07 0.0400
Laser power ⋅ (layer thickness—40 �m) 3.1780 0.4013 7.92 < 0.0001
Layer thickness –2.1805 0.4157 –5.25 < 0.0001
Powder condition [virgin] ⋅ (layer thickness—40 µm) –1.5876 0.4157 –3.82 0.0002
Scanning  speed2 –1.0776 3.6683 –0.29 0.7693
Hatch spacing ⋅ (Layer thickness—40 �m) 1.0117 0.4059 2.49 0.0137
Scanning speed ⋅ (Layer thickness—40 �m) –0.8646 0.4013 –2.15 0.0327

Table 7  Parameter estimates for 
elongation at break

Term Estimate Std. error t-value p-value

Intercept 21.2194 1.0344 20.51 < 0.0001
Laser power 2.2797 0.1912 11.92 < 0.0001
Scanning speed –1.6807 0.3676 –4.57 < 0.0001
Laser power ⋅ scanning speed 1.0000 0.2674 3.74 0.0003
Laser  power2 –0.9610 0.2295 –4.19 < 0.0001
Hatch  spacing2 –0.8472 0.2294 –3.69 0.0003
Laser power ⋅ hatch spacing –0.7958 0.2674 –2.98 0.0034
Scanning  speed2 –0.5992 0.2273 –2.64 0.0092
Hatch spacing 0.4927 0.1912 2.58 0.0108
Scanning  speed3 0.4160 0.1261 3.30 0.0012
Layer thickness –0.2583 0.0196 –13.15 < 0.0001
Laser power ⋅ (layer thickness—40 �m) 0.0671 0.0191 3.51 0.0006
Scanning speed ⋅ (layer thickness—40 �m) –0.0543 0.0189 –2.87 0.0046
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causes heterogeneous nucleation sites impeding columnar 
�-grain growth and therefore causes a fine and weakly tex-
tured microstructure [13, 50]. The observed different peak 
intensities of the XRD spectra can be explained by these dif-
ferences in microstructure texture as also described by Tseng 
et al. [51]. Samples with medium volume energy density 
(e.g., 58.75 J/mm3) and low porosity showed the strongest 
texture with vertically aligned prior �-grain and therefore 
the sharpest XRD peaks. Added to this, the present phases 
in the as-built state depend on the applied energy density. 
For a high volume energy density of 85.42 J/mm3, the XRD 
also indicated a small amount of the cubic phase besides the 
hexagonal phase, again with possible effects on the mechani-
cal performance. However, the light microscopic analysis of 
the etched specimens did not allow for a quantitative evalu-
ation of the different phases. Future research should there-
fore include further analysis methods like EBSD (electron 
backscatter diffraction).

4.3  Hardness

The obtained hardness values are comparable with those 
measured in other studies [13, 17, 52]. In general, additively 
manufactured parts exhibit higher hardness values in the as-
built state compared to conventionally manufactured parts. 

This is due to the formation of the hard and less ductile  
�’-martensite phase. Additionally, hardness correlates with 
residual stresses that are present in the as-built samples and 
can be reduced by subsequent heat treatments that lead to 
decomposition of the martensite [53]. As also observed by 
Thijs et al., a hardness decrease could be seen for increasing 
scanning speed and hatch spacing [17]. This can be attrib-
uted to the bigger surface over which the laser energy is dis-
persed for a higher hatch spacing and therefore the reduced 
penetrations depth and remelting of subsequent layers [52]. 
Scanning with higher speed leads to a lower energy density, 
thus higher surface tension and impaired wetting which lead 
to increased porosity and decreased hardness [52]. In con-
trast to laser power, scanning speed, and hatch spacing, the 
layer thickness had a weaker effect on the resulting hardness. 
The hardness tended to increase with increasing layer thick-
ness within the investigated range. This stands in contrast to 
studies with iron or steel powders, where an increasing layer 
thickness led to decreasing hardness due to higher poros-
ity [54–56]. However, the layer thickness was only varied 
on two levels in this work. Consequently, possible effects 
could not be studied in detail. Besides the processing param-
eters, the used powder and the residual oxygen content had 
a significant influence on the hardness with higher hardness 
for the use of virgin powder and for high residual oxygen 

Fig. 13  SEM images of frac-
tured surfaces of tensile test 
specimens; (a) brittle failure (P 
= 115 W, v = 1000 mm/s, h = 
80 � m, t = 30 µm, virgin pow-
der), (b) ductile failure (P = 205 
W, v = 1200 mm/s, h = 100 µm, 
t = 30 µm, virgin powder)

a)

b)
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content. A higher oxygen content in the processing atmos-
phere leads to an increased oxygen uptake of the melt pool. 
Other than for casted specimens, not only is the surface of a 
part exposed to a higher oxygen amount. Instead, every layer 
of the part is exposed to the processing atmosphere so that 
no �-case can develop. The interstitial oxygen atoms lead to 
a distortion and tension in the metal lattice and also stabilize 
the �-phase [45]. This leads to an increase of the hardness. 
However, near the side surface, the measured hardness was 
lower than that in the center of the specimens. This can be 
attributed to different cooling conditions. Near the surface 
that is surrounded by loose powder, the heat conduction is 
slower than that in the bulk material. Larger melt pools are 
formed near the surface and due to slower cooling, less mar-
tensite is formed which leads to a decreased hardness. The 
results concerning the powder condition stand in contrast to 
other studies. Liu et al. found that a narrower PSD leads to 
higher hardness while a wider PSD leads to a higher den-
sity [57], contradicting the relationship of relative density 
and hardness described before. Seyda et al. attributed the 
higher hardness of specimens made of recycled powder to 
the increased oxygen content [27]. Gorji et al. observed a 
higher hardness of recycled 316L powder compared to the 
virgin counterpart and attributed it to the higher porosity of 
the recycled powder that decreased its hardness [58]. In the 
present case of higher hardness of the specimens made of 
virgin powder, this is not a suitable explanation as the poros-
ity was not influenced by the type of powder that was used, 
as investigated in an earlier work [37]. Consequently, the 
relationship between the used powder and the resulting hard-
ness seems to be more complex and probably also depends 
on the alloy itself with its chemical composition and the 
grade of recycling as well as on the employed experimental 
equipment. Therefore, confirmatory experiments are needed.

4.4  Tensile properties

The obtained results for UTS and elongation agree well 
with literature values [3]. The tensile tests revealed a sig-
nificant influence of the powder condition on the UTS. 
Since the oxygen content of the recycled powder is higher, 
it is assumed that the built tensile test samples also contain 
a higher amount of oxygen. Oxygen is known not only 
to increase the UTS but also to cause embrittlement [59]. 
This is due to the impediment of dislocation movement 
by the oxygen atoms in the metal crystal lattice [60]. An 
increase in strength of approximately 100 MPa is to be 
expected for every 0.01 wt% of additional oxygen [61]. 
However, a significant influence on the elongation could 
not be observed in this study. Both measures increased 
with increasing laser power and hatch spacing as well as 
decreasing scanning speed. Partly, this can be explained by 

referring to the volume energy density EV. With increasing 
EV, lack of fusion defects that lead to brittle fracture behav-
ior are reduced. Additionally, a higher energy input leads 
to a decreased cooling rate. Consequently, small amounts 
of �-phase are able to form and can increase overall duc-
tility. An increasing hatch spacing, however, leads to a 
decreasing volume energy density. Here, the effect could 
be explained by the remelting of scan tracks at small hatch 
spacings. This leads to an increased oxygen pick-up and 
thus to a more brittle tensile behavior [62]. For further 
investigation of this correlation, the samples need to be 
analyzed regarding their oxygen content in future research 
work.

5  Conclusion

In this work, the influence of different processing param-
eters including residual oxygen content and powder recy-
cling on the microstructure and mechanical properties was 
evaluated. The findings can be concluded as follows:

– Powder recycling leads to a larger mean particle size 
due to the removal of small particles and satellites. 
Recycled powder has a higher oxygen content.

– The combination of different etching techniques can 
give additional information on microstructural features. 
While Kroll’s reagent etching highlights the grain 
structure, ABF etching brings out the layered structure 
that is attributed to cyclic reheating and coarsening. No 
significant influence of powder recycling and residual 
oxygen content on the microstructure was observed. In 
contrast, the microstructure strongly correlates with the 
applied volume energy density.

– The hardness was mostly influenced by the residual 
oxygen content in the processing atmosphere leading 
to a maximum mean hardness of 436.4 HV0.1. Correla-
tions of the hardness with the other processing param-
eters are linked to porosity as well as the cooling rate 
dependent microstructure.

– A maximum ultimate tensile strength of 1252.3 MPa 
and a maximum elongation of 17.8 % were obtained. 
While the factor with the strongest influence on the 
UTS was the used powder condition, the elongation 
was influenced the most by the layer thickness. Higher 
elongations can be achieved with a smaller layer thick-
ness. Additionally, a proportional correlation of UTS 
and elongation at break was observed.

The findings underline the importance to precisely con-
trol and minimize the residual oxygen content in the 
processing atmosphere as well as to take into account 
the changing powder characteristics during recycling. 
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Future investigations under oxygen-free atmosphere, 
central topic of the collaborative research center SFB 
1368, therefore promise innovative approaches and new 
insights. However, the adjustment of the conventionally 
varied processing parameters in PBF-LB is still key to 
obtain the desired, reproducible part properties. In gen-
eral, the results contribute to a better understanding of 
powder recycling effects and the influence of oxygen and 
thus to an increase in the sustainability and efficiency of 
the PBF-LB process.
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