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A B S T R A C T   

The effect of the residual oxygen concentration in the process atmosphere during laser-powder bed fusion 
(L-PBF) of Ti-6Al-4V was investigated, using an external oxygen monitoring system equipped with two types of 
oxygen sensors typically used in L-PBF hardware: a lambda probe and an electrochemical oxygen sensor. The 
recordings of the oxygen variations during L-PBF highlighted that the electrochemical sensor is more reliable 
than the lambda probe, whose signal showed a maximum deviation of about 700 ppm O2 after 7 h, attributed to 
its sensitivity to hydrogen present in the system. The study revealed that proper monitoring of the oxygen in the 
laboratory scale L-PBF system used is necessary to limit oxygen and nitrogen pick-ups by the built material. 
Concentrations as high as 2200 ppm O2 and 500 ppm N2 in the Ti-6Al-4V part built under standard conditions 
were measured, compared to maximum levels of 1800 ppm O2 and 250 ppm N2 with the external oxygen control. 
In addition, the findings underline the critical effect of the component design, such as the high aspect ratio 
columns or the lattice structures, on the heat accumulation in case of Ti-6Al-4V, leading to enhanced oxygen and 
nitrogen pick-up, as high as 600 ppm O2 and 150 ppm N2 difference between the bottom and top of the cylin
drical samples of 70 mm height used in this study. The determination of tensile properties of samples built at 
different heights put in evidence the detrimental effect of the oxygen increase with build height on the ductility, 
which decreased from 12% to below 6% between the bottom and top positions. This work highlights that the 
possible presence of impurities in the L-PBF atmosphere can have harmful impact on the properties of Ti-6Al-4V 
components, which can be mitigated adjusting the oxygen control system.   

1. Introduction 

The study of the process gas as a parameter of its own in the case of 
the laser-powder bed fusion (L-PBF) process has become a necessary step 
towards gaining a better understanding of the laser-powder-atmosphere 
interactions [1–4]. Since the early development of industrial L-PBF 
systems, the role of the gas was primarily limited to establishing a 
laminar flow allowing for the removal of projections from the laser path 
[5,6] and ensuring a relatively low oxygen level, not necessarily low 
enough to inhibit oxidation reactions promoted by the high heat inputs. 
Even though more sophisticated techniques have been developed to 
establish the process atmosphere [7], doing so is still mostly achieved by 
purging the closed process volume with inert gas, such as argon, until 
the oxygen level is significantly lowered. Other impurities, such as water 
vapour and nitrogen, are removed in the same manner, but their content 

is not directly measured and instead is related to the residual oxygen 
content. While most systems typically set this value to 1000 ppm of 
oxygen, some machines offer more freedom for the operator to select 
this setpoint. As this setpoint is reached upon purging, the inert gas is 
reused by a recirculation system via a pump. 

The importance of reaching and establishing this setpoint should be 
determined based on the sensitivity of the material processed, in which 
some materials exhibit higher sensitivity to residual oxygen, such as Ti- 
and Al- alloys [8], while others are more robust, such as 316 L stainless 
steel [9]. From the L-PBF processing point of view, this setpoint also 
depends on several aspects, including the machine tightness, its oxygen 
control system, the purity of the inert gas employed, the oxygen and 
water vapour contents present in the feedstock material, the humidity in 
the laboratory air, and so on. While for example, powder chemistry and 
laboratory air quality can be measured and monitored by the operator, 
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limited actions can be taken to cope with machine-related closed 
settings. 

Ti-6Al-4V is an alloy that has been processed by L-PBF since the early 
adoption of this technology, as it finds direct applications in various 
sectors, such as medical [10]. Due to the high affinity of Ti and Al for 
oxygen [11], it is sensitive to oxygen dissolution and embrittlement. The 
solubility of oxygen in α-Ti is important (33 at%) [12]. In addition to the 
stabilization of the α phase, oxygen can be responsible for solution 
strengthening of Ti-6Al-4V. The oxygen in solution typically introduces 
resistance to the dislocation motion, which is attributed to the interac
tion between the dislocations and the lattice strains around the solute 
atom [13,14]. This can be observed as an increase of 100 MPa in 
strength for each addition of 0.01 wt% of oxygen [15], which also 
critically affects the ductility. Therefore, critical applications such as 
aerospace have tougher requirements on oxygen contents. Furthermore, 
nitrogen has an important solubility in α-Ti and can strengthen it by 
solid solution or form nitrides such as TiN and Ti2N. This is sometimes 
intentionally introduced by nitridation to enhance the wear resistance of 
steels or titanium alloys. 

Some recent studies have highlighted that enhanced oxygen pick-up 
during L-PBF of Ti-6Al-4V, depending on the part design and laser 
scanning strategies involved, significantly affects its ductility. Barba 
et al. [15] demonstrated that thin Ti-6Al-4V samples are rich in oxygen, 
which was attributed to their high surface-to-volume ratio and enhanced 
diffusion of the residual oxygen present during the process and even
tually during the post-heat treatments. Velasco-Castro et al. [16] arti
ficially raised the oxygen levels of Ti-6Al-4V lattice structures by 
implementing a re-melting strategy. This also had a detrimental effect on 
the ductility of the struts, which experienced a ductile-to-brittle transi
tion with increasing laser passes, and the overall strength measured in 
compression decayed. In addition, Dietrich et al. [8] demonstrated that 
the fatigue life of horizontal Ti-6Al-4V samples decreased with the ox
ygen level increasing in the L-PBF process atmosphere. 

The principal aim of this study was to understand the influence of the 
oxygen level in the processing atmosphere, measured using specially 
developed control system, on the processing and properties of an alloy 
known to be sensitive to oxygen pick-up: Ti-6Al-4V. A small-size in
dustrial L-PBF machine was used to produce simple columns under 
normal condition, using machine monitoring system to control the ox
ygen level, and under the control of an external oxygen monitoring 
system. The goal was to highlight the possible effect of the exposition to 
impurities, such as oxygen and nitrogen, during L-PBF on the bulk and 
surface properties of the produced Ti-6Al-4V. 

2. Materials and methods 

Gas atomized Ti-6Al-4V Grade 23 powder from Heraeus (see chem
ical composition in Table 1) was used to produce parts by L-PBF using a 
TruPrint1000 machine from Trumpf GmbH, which is a laboratory scale 
system. The powder particle size distribution was measured using a 
CAMSIZER X2, and D10, D50, and D90 were 16, 25, 44 µm, respectively. 
Standard laser parameters using a 20 µm layer thickness developed by 
Trumpf GmbH for this machine model were employed to build the 
components studied in this work (under the license TruPrint_1000_
Spot30_Ti64_ELI-A_Surface_v2.0), without baseplate pre-heating (not 
possible for the hardware utilized). The TruPrint1000 uses a lambda 
probe to monitor the oxygen concentration in the process atmosphere. 
The sensor is placed at the end of the recirculation system just before the 

gas enters the building chamber again. 
High-quality technical argon was fed into the machine to generate a 

protective atmosphere: Argon 5.0, which contains less than 10 ppm 
impurities, such as H2O, O2, CnHm, or N2. The L-PBF machine generates 
the process conditions by flushing the build volume with the inert gas 
and therefore diluting the air present initially. During the build job, the 
inert atmosphere is recirculated to establish a laminar flow over the 
baseplate on which the components are printed. The oxygen concen
tration is measured at the top of the build chamber and within the 
recirculation system. An additional inert gas flow is used to counteract 
possible increases in oxygen if the level exceeds that specified by the 
operator of the machine. 

In the current study, an external monitoring system, the ADDvan
ceO2® precision (Linde GmbH), is employed to accurately measure 
possible variations in the residual oxygen level in the process atmo
sphere and take corrective actions, if necessary. This system has been 
introduced and described in previous works in detail [8,9,17,18]. It can 
be connected to different models of L-PBF machines and offers 
high-precision monitoring of the process atmosphere. Moreover, it is 
equipped with different sensors, among which are an electrochemical 
oxygen sensor, a lambda probe, and a dew point sensor. In this work, it 
was employed to measure the variation in residual oxygen during a 
standard printing build job. Therefore, the L-PBF machine was con
trolling the oxygen level during processing, and the external system was 
used only to measure the actual oxygen level close to the powder bed. 
This was then compared with a build job for which the external system 
was actively used to ensure a stable oxygen level. For both build jobs, the 
targeted oxygen content was set to 100 ppm O2. Therefore, this value 
was set on the L-PBF machine and later on the external monitoring 
system, as well. 

The build job conducted under these two conditions consisted of a 
round column 22 mm in diameter and 70 mm in height, placed at the 
centre of the round baseplate that is 100 mm in diameter for the Tru
Print1000. The two produced columns were characterized thoroughly 
based on their surface and bulk properties. The oxygen and nitrogen 
contents of the bulk along the column’s height were measured via 
combustion gas analysis using a LECO ONH836. To evaluate the 
chemical composition of the bulk material, the built columns were 
machined to a smaller diameter of 5 mm. These were further cracked 
into smaller pieces using pliers. The variation of Vickers hardness 
(HV10) along the height was measured using a DuraScan20 from 
EmcoTest on the polished cross-section of the columns. The values re
ported are averages taken on at least three measurements at a given 
position along the building direction. Sections of the columns located at 
their bottom (close to the baseplate), middle (half-height), and top (last 
layers) were cut using a diamond saw and extracted. These were 
embedded in conductive resin, ground, and finally polished with OP-S 
admixed with 30% hydrogen peroxide. Porosity was measured on 
these polished surfaces by light optical microscopy (LOM) using a Key
ence Series 6000. The polished cross-sections were etched using a Kroll 
solution (92 mL water, 6 mL nitric acid, 2 mL hydrofluoric acid) to 
reveal the microstructures along the building direction, which were 
documented by high-resolution scanning electron microscopy (HR SEM) 
using a LEO Gemini 1550. Moreover, HR SEM was conducted on the 
surfaces for the three different positions analysed in detail. X-ray 
diffraction (XRD) was conducted on the column’s bulk for phase analysis 
with a PANalytical X′Pert Pro diffractometer with a Cu Kα radiation 
operated at 45 kV and 40 mA in the 30–90º range. XRD was also per
formed on the surface for qualitative analysis only, and the results were 
analysed using the DIFFRAC.EVA software and the PDF-4+2019 
database. 

Surface chemical analysis of the surfaces of the columns was per
formed via X-ray photoelectron spectroscopy (XPS) using a PHI 5500 
system (Perkin Elmer, Waltham, Massachusetts, USA). The pressure in 
the analysis chamber was about 10− 9 mbar, and the analysed area was 
about 0.8 mm in diameter. The photoelectrons were generated by a 

Table 1 
Chemical composition of the used Ti-6Al-4V powder. The Al and V contents were 
specified by the powder supplier, and the N and O contents were measured by 
combustion gas analysis using a LECO ONH836.  

Al [wt%] V [wt%] O [ppm] N [ppm]  

6.21  3.97  1051  150  
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monochromatic Al Kα source. Energy calibration using Au 4f7/2 (84.0 
eV), Ag 3d5/2 (368.3 eV), and Cu 2p3/2 (932.7 eV) was conducted prior 
to the measurements. High resolution scans were recorded to cover the 
Ti2p, Al2p, V2p, O1s, N1s, and C1s photoelectron peaks, with a 23.5 eV 
pass energy with a step of 0.1 eV and nominal take-off angle of 45º. The 
software PHI Multipak was used for fitting the peaks. Depth profiling 
was performed by alternating ion etching and XPS analysis. This was 
performed using argon gas with a 4 kV accelerating voltage, and a 2.5 ×
2.5 mm2 area was rastered. This was calibrated on a flat oxidized 
tantalum foil. 

Finally, to investigate the influence of residual oxygen monitoring on 
the mechanical properties, 15 tensile samples were built (of 11 mm 
diameter, see Fig. 1) with and without external control of the L-PBF 
atmosphere. These were subsequently heat-treated for stress relief in 
vacuum at 800 ◦C for 2 h, machined according to DIN 50125 (with a 
gauge length of 30 mm and gauge diameter of 10 mm) [19], and tested 
following DIN EN ISO 6892-1 [20] in a certified laboratory (GWP, Dil
lingen, Saarland, Germany). The build job design allowed for obtaining 
mechanical properties in dependence on the height, and hence, samples 
representing five distances from the baseplate were studied. The results 
are presented with respect to the “Bottom” position corresponding to the 
lowest sample whose centre is positioned at 8 mm from the baseplate, 
the “Middle” position corresponding to the 3rd sample at a height of 35 
mm and the “Top” position corresponding to the uppermost sample, 
centre of which is located at a height of 63 mm. 

3. Results 

3.1. Process atmospheres 

The external oxygen monitoring system allows for operating the 
machine under a very stable oxygen concentration of 100 ppm O2 
measured and monitored using an electrochemical sensor. Fig. 2 dis
plays the variation of the residual oxygen in the process atmosphere 
when the L-PBF machine regulates the impurity level, recorded by a 
lambda probe and an electrochemical cell. Both curves display a sinu
soidal variation. This sinusoidal type of curve is likely the result of the 
oxygen closed looped control system of the L-PBF machine, which ad
justs the inert gas flow input with the lambda sensor input. The period of 
the sinusoidal, which informs about the loop delay, increases with time. 

The control system eventually appears to be unstable during the per
formed experiment as the signal amplitude increases. The observed 
oscillation is commonly referred to as a hunting instability, as the oxy
gen content oscillates around the desired setpoint [21]. The loop delay 
may also worsen by the longer response time of the lambda sensor after 
long periods of use [22]. 

At the beginning of the build job, the values recorded by the lambda 
sensor oscillate around 120 ppm O2, and at the end, these are closer to 
170 ppm O2. The starting point being above the targeted value of 
100 ppm might be related to the calibration of the sensor or be a result of 
the control system allowing the process to start, since the oxygen level is 
quite close to the target value. The hunting instability is recorded by the 
electrochemical sensor, as well; however, it records a much more 
important oxygen increase of about 700 ppm compared with 50 ppm 
recorded by the lambda probe. It is known that the electrochemical 
oxygen sensor does not exhibit cross-sensitivity for gas species such as 
H2 [23]. These differences are further addressed in the discussion sec
tion, but it should be kept in mind that the electrochemical sensor de
picts more accurately the actual oxygen variations during the build jobs. 

3.2. Bulk properties 

The virgin powder used to produce both columns contains approxi
mately 1051 ppm O2 and 150 ppm N2. Fig. 3(a) and (b) displays the 
variation in oxygen and nitrogen contents along the height of the col
umns and in their bulk, produced with the oxygen level controlled by the 
L-PBF machine and the external monitoring system. It is evident that the 
oxygen and nitrogen contents follow the same trend regardless of the 
oxygen monitoring technique. For all, the oxygen and nitrogen con
centrations increase with the built height. Oxygen and nitrogen are 
typically impurities whose concentration varies in a similar manner in 
the process atmosphere, since it is established by purging the process 
volume, performing a dilution of these elements. Generally, the ratio of 
nitrogen to oxygen in the air (of about 4:1) is conserved during the 
purge. Therefore, one can expect the residual nitrogen to be in the range 
of 400–3200 ppm. Still, the solubility of oxygen in α-Ti is greater than 
that of nitrogen, which is consistent with the higher oxygen content 
reported in the powder and the as-built parts. For the machine- 
controlled condition, the increase of oxygen and nitrogen in the as- 
built Ti-6Al-4V with the build height must be connected to the recor
ded increase of oxygen during the build job, as highlighted by the 
electrochemical sensor curve in Fig. 2. However, the material produced 
under the externally controlled oxygen level also exhibits an increase in 
oxygen and nitrogen content, though to a smaller extent. This suggests 
that the interstitials pick-up is not caused only by the purity of the 
process atmosphere in the levels studied. Moreover, it appears to be 

Fig. 1. Design of the build job performed to produce the tensile specimens. The 
stacking allowed to investigate five distances from the baseplate. From bottom 
to top, the samples have their centre at heights of 8, 22, 35, 49, and 63 mm. The 
support structures are presented in blue. 

Fig. 2. Oxygen level variations during the L-PBF fabrication of the columns 
under L-PBF machine-controlled oxygen level. 
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connected to the high aspect ratio of the produced columns. The heat 
input is mostly transmitted through the already-solidified material to
wards the baseplate, which is similar to a heat sink. The powder bed 
rather acts as an insulating medium. As more layers are deposited, 
higher heat accumulation takes place. Increased temperature of the 
material improves the solubility of trace elements due to the enhanced 
diffusion at increased temperatures and the higher driving force for 
diffusion. Indeed, 100 ppm of oxygen is orders of magnitude higher than 
the oxygen potential required to avoid the oxidation of Ti alloys [11]. 
The presence of higher oxygen contents measured in the produced col
umns compared with the used powder again confirms that even 
100 ppm of oxygen is far above the required oxygen level for Ti-alloys 
processing by L-PBF to fully avoid pick-up of trace elements. In the 
case of alloys with lower oxygen affinity, such as 316 L stainless steel, 
the nitrogen is typically fully transferred while the oxygen is lost [9]. 
Here, some nitrogen appears to be lost from the powder to the bulk for 
intermediate build height. For the column produced under stable re
sidual oxygen, it reaches comparable nitrogen levels only towards its top 
(see Fig. 3). In addition, for both build jobs, an increase of porosity of at 
least 0.1% (from about 99.9–99.8%) was measured from the bottom to 
the top of the columns. 

Fig. 4 displays the hardness HV10 of the bulk of the Ti-6Al-4V col
umns along their height. Both columns exhibit an increase of hardness 
towards the last deposited layers, which may be connected to the in
crease of oxygen and nitrogen seen in Fig. 3. As could be expected, this 
hardness increase is not as pronounced when the atmosphere is exter
nally controlled. 

Fig. 5 displays the microstructures observed in the bulk of the col
umn produced with 100 ppm residual oxygen. The corresponding 

microstructures for the second column are not displayed, since they 
exhibit similar features. The corresponding XRD spectra are displayed in  
Fig. 6. It appears that the microstructure observed at the top of the 
columns is characterized by the presence of β phase precipitates 
appearing with bright contrast between the α/α′lamellas (see Fig. 5(b)). 
In comparison, the microstructure at the bottom of the columns and up 
to heights of approximately 50 mm, offers less contrast (Fig. 5(a)), and 
the pattern of the α/α′fine lamellas can be slightly distinguished. This is 
the typically obtained as-built microstructure caused by the high cooling 
rates, while the observed precipitation of the β phase at the top of the 
column is generally obtained through the partial annealing in the α+β 
phase field, such as when performing stress-relieving heat treatment (e. 
g. at 600 ºC for 2 h) [17]. These microstructural observations can be 
connected to the α diffraction peak splitting observed in Fig. 6(b) and 
more clearly in Fig. 6(c) and (d). This peak splitting has already been 
demonstrated to be typical of a dual α+α′microstructure obtained by 
post-heat treatment [24–26]. It was explained that it is induced by the 
partial decomposition of the martensite through diffusion processes of 
Al and V. In addition, it is interesting to note that even though such 
important microstructural differences have not been reported before for 
a single component built by L-PBF, the effect of build height is already 
known to be a determinant for various AM processes. It has been 
demonstrated that the microstructure typically exhibits coarser α la
mellas towards the top of tall parts, for both the L-PBF [27] and EBM 
[28]. Unlike thin geometries, parts with thick cross-sections exhibit finer 
microstructures, which is attributed to a better heat conductivity to
wards the heat sink [29]. This in situ decomposition of martensite with 
height is also accompanied by the detection of the β phase by XRD, as 
presented in Fig. 6(b). Furthermore, it is known that the dispersion of 
fine β precipitates induces strengthening, which can also partially 
explain the hardness increase reported in Fig. 4. 

Fig. 7 displays the tensile and yield strength, and the elongation of 
the Ti-6Al-4V samples built at different distances from the baseplate. 
While the strength of the samples built under stable residual oxygen 
content is similar regardless of position (with Rp0.2 about 1050 MPa and 
Rm about 985 MPa), the samples built under machine-controlled at
mosphere are stronger when built higher. The yield strength increases 
by 40 MPa and the tensile strength by 54 MPa when comparing the 
bottom and top samples. Furthermore, it can be noted that the samples 
built under steady residual oxygen in the atmosphere are generally 
weaker but more ductile (with exception at the top position, which may 
be related to the higher porosity in that set of samples). Also connected 
to the increase in build height, a reduction of the elongation is observed 
for both conditions. 

Fig. 3. (a) Oxygen and (b) nitrogen content along the build height of the bulk of the columns built under machine control conditions and when externally control to 
the oxygen level to 100 ppm O2. The samples for chemistry were extracted from the centre of the columns. 

Fig. 4. Evolution of the hardness HV10 of the columns along their built height 
in the as-built state. 
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3.3. Surface composition 

Fig. 8(a) and (c) displays the columns in as-built condition on their 
baseplate. It is apparent that the increase of atmosphere impurities is 
reflected in a significant discoloration of the column surface (see 
Fig. 8c). The effect of the geometry (and heat accumulation) is not so 
critical, as demonstrated by the uniform colour along the column in 
Fig. 8(a). Fig. 8(b) and (d) presents the microstructures at the top and 
close to the column’s surface for both atmospheric conditions. It is 
evident that a 1–2 µm thick scale is observed on the discoloured column. 
While it is absent under externally controlled residual oxygen (see Fig. 8 
(b)), it is thickest at the top of the machine-controlled column and thins 
towards the baseplate. 

The survey spectra of the XPS analysis of the columns’ surface 
indicate the presence of carbon (C1s), nitrogen (N1s), strong titanium 
(Ti2p), and oxygen (O1s) peaks (see Fig. 9). It shows distinctly higher 
intensity of the O1s peak for the column produced under standard 
conditions. For clarity, Fig. 10 displays only the oxygen and nitrogen 
concentrations for the different surfaces studied. The figure depicts 

higher oxygen levels on the standard column produced without external 
oxygen control until the depth of up to 50 nm. Other differences exist 
between the top and bottom positions of the standard column compared 
with those of the externally controlled column. The externally controlled 
column exhibits a lower nitrogen content at the bottom position (close to 
the baseplate) than at the top position. For both positions, the nitrogen 
content decreases after 10 nm in a similar manner. For the machine- 
controlled column, the curve of the nitrogen content for the bottom 
position suggests a higher starting nitrogen content than for the exter
nally controlled column. Still, after 10 nm, the two columns exhibit 
similar profiles for nitrogen at the bottom position, while the top posi
tion of the machine-controlled column exhibits a notably different 
profile. While the nitrogen content is low for the first nanometres due to 
the thicker oxide layer present, it progressively increases to a maximum 
of about 25 at% around 20 nm. It then slowly decreases deeper but re
mains above 10 at% at 200 nm. 

X-ray diffraction was also conducted on these surfaces (see Fig. 11), 
even though their curvature makes it difficult to conduct accurate 
quantitative phase analysis and crystallite size determination [30]. 

Fig. 5. SEM micrographs, collected with the in-lens secondary electron detector, of the bulk of the column produced under externally controlled residual oxygen for: 
(a) the bottom position (5 mm from baseplate); and (b) the top position of the column (65 mm from baseplate). 

Fig. 6. XRD spectra measured on the polished cross-sections: (a) in the full inspected range for the column produced under machine-controlled oxygen level, at its 
top and bottom, (b) close-up in the 52–60º range, (c) close-up in the 70–72º range, (d) close- up in the 70–72º range for the column produced with 100 ppm re
sidual oxygen. 
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Therefore, only peak detection is considered after the background sub
traction. As measured on the bulk of the columns (Fig. 6(b)), the β phase 
is detected for the top surfaces and is connected to the in situ martensite 
decomposition. The (103)α peak exhibits a shoulder to its right that is 
also attributed to the β phase. The other notable differences are three 
subpeaks for the top machine-controlled surface close to 43º, 47.5º, and 

48.5º. 

4. Discussions 

The oxygen variation recordings suggest higher reliability of an 
electrochemical sensor compared with the lambda oxygen sensor that 

Fig. 7. (a) Tensile strength (Rm), yield strength (Rp0.2) and (b) elongation (A5) of the tensile samples positioned at different positions in the build volume.  

Fig. 8. (a) Photograph of the column built under externally controlled 100 ppm O2. (b) SEM micrograph of the cross-section at the top of the column built under 
externally controlled 100 ppm O2. (c) Photograph of the column built under standard conditions, without external control of the purity of the atmosphere. (d) SEM 
micrograph of the cross-section at the top of the column built under standard conditions. 
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would allow for improving the oxygen control system of the L-PBF 
machine (see Fig. 2). The ceramic sensors are widely employed within 
the industrial oxygen control systems and exhaust emission control 
systems of cars [23]; still, their performance is known to degrade in the 
presence of H2, CO, NO, and hydrocarbons [31]. They are typically 
comprised of a doped solid ceramic electrolyte (such as yttrium stabi
lized zirconia) and two platinum electrodes on opposite sides of the 
ceramic exposed to the process gas (exhaust gases for a car) and the 

reference atmosphere (where PO2 = 0.21 bar) [22]. Both sides are 
gas-tight from each other, and the side exposed to the process is pro
tected by a porous ceramic layer. Different oxygen chemical potentials 
develop at each electrode according to the Nernst’s equation. Thus, by 
maintaining a constant reference oxygen partial pressure, the signal of a 
balanced lambda sensor depends only on its temperature. The typical 
operating temperature is high –approximately 700 ºC [22]. The incon
sistency of the lambda probe output with the presence of hydrogen and 
hydrocarbon is connected to their oxidation on the hot sensor head [31]. 
This results in lower oxygen concentration at the platinum electrode and 
therefore the sensor underestimates the actual oxygen present during 
the process. Unlike the lambda probe, electrochemical cells do not 
exhibit such cross-sensitivity. While the sinusoidal variations can be 
attributed to the oxygen control system, the increase in oxygen over the 
build job cannot be. It has been demonstrated that when the lambda 
probe records a 50 ppm O2 increase, the electrochemical cell measures a 
700 ppm O2 increase. This underestimation of the lambda probe can be 
attributed to the presence of hydrogen. Hydrogen is likely to come from 
water vapour present in the process atmosphere. Water vapour itself 
may come from the starting humidity in the atmosphere and the 
adsorbed humidity on the powder and machine interior. The Ti-6Al-4V 
powder particles themselves might be a source of hydrogen because of 
moisture adsorption [32]. Finally, leakages of the machine, such as 
through its door or in its gas recirculation system might be a source of 
water vapour, as well. The electrochemical cell measurements highlight 
that the oxygen level increases significantly at a relatively constant rate 
of approximately 1.7 ppm O2/min for 7 h. By employing an optimized 

Fig. 9. XPS survey spectra of the top positions of the two investigated columns 
after surface contamination removal with Ar+ etching. 

Fig. 10. Profile of (a) O(1s) and (b) N(1s) atomic concentration for the top and bottom positions of the two investigated columns.  

Fig. 11. XRD analysis on the surfaces of the Ti-6Al-4V columns produced under external controlled and machine-controlled oxygen level.  
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oxygen control system and an electrochemical sensor, such an increase 
in residual oxygen can be avoided. It was revealed that the produced 
material under standard conditions is characterized by a gradient in 
oxygen and nitrogen along its building direction, which is more critical 
than under a controlled residual oxygen of 100 ppm. From Fig. 3(a) and 
(b), it can be inferred that this increase is about 16 ppm O2/mm and 
7 ppm N2/mm along the column height, while it is only about 9 ppm 
O2/mm and 2 ppm N2/mm for the column produced under the 
controlled atmosphere. It should be underlined that number of 
commercially available L-PBF systems are already using a combination 
of for example two electrochemical samples, whose output data are 
recorded and monitored during the process. Improvements connected to 
the precision calibration of these sensors at relevant oxygen levels could 
still be implemented. 

The external oxygen control system also recorded the variation in 
dew point during the printing processes. These are relatively minor and 
demonstrate an increase from − 31 ºC to − 24 ºC during the 7 h build job 
under standard processing conditions or an H2O content from 280 ppm 
to 540 ppm. This increase is slightly smaller when the oxygen is exter
nally monitored: from − 32 ºC to − 28 ºC or an H2O content from 
260 ppm to 370 ppm. In addition, the variations in hydrogen content in 
the bulk of the as-built columns along the build height are minimal. This 
level remains at approximately 40 ppm H2, which is still higher than the 
17 ppm present in the virgin powder but lower than the limit of 150 ppm 
defined in the ASTM F2924-14 [33]. Hydrogen is a strong β stabilizing 
element, and its solubility can reach as high as 50 at% above 600 ºC, 
while it is only 7 at% in α at 300 ºC and decreases rapidly with lower 
temperatures [34]. The limited solubility and diffusion of hydrogen in 
the α phase combined with the rapid cooling from the β phase during the 
L-PBF process are likely to explain the similar and relatively low H2 
contents measured in both columns. 

The presented results confirm that heat accumulation occurs as the 
material is solidified further from the baseplate, leading to lower cooling 
rates and high temperature retention during the solid-state cooling 
process. Both the XRD of the bulk and surfaces and the microstructural 
analysis indicate in situ partial decomposition of the martensite. In 
addition, the increase in oxygen by around 600 ppm and nitrogen by 
around 180 ppm along the built height of the column produced under 
constant 100 ppm residual oxygen suggests that the high temperature 

retention facilitated the higher interstitial dissolution from a kinetic 
point of view. Indeed, thermodynamically, the oxygen potential is high 
enough to promote interstitials pick-up. Fig. 12 displays the thermody
namic simulation of the oxygen and nitrogen solubility in Ti-6Al-4V. It 
indicates that both oxygen and nitrogen impurities have a high solubility 
in the matrix, about 17 at% and 12 at% at 1000 ◦C, respectively. 

Both the decomposition of the martensite and the pick-up of in
terstitials contribute to the hardness increase (additional 20 HV10) 
along the build height of the externally controlled column (see Fig. 4). 
As reported by de Formanoir et al. [26] and Pauzon et al. [17], the 
formation of fine β precipitates induces substantial strengthening. Since 
a similar contribution of β precipitation on the hardness for both col
umns is expected, the hardness difference between both (25 HV10 at the 
top) can be understood only by considering their differences in oxygen 
(500 ppm at the top) and nitrogen (330 ppm at the top) contents, which 
are connected only to the atmosphere composition, indicated during 
monitoring. Even though oxygen and nitrogen are known to be strong α 
phase stabilizers, the effect of heat accumulation appears to be the 
dominant driver for the martensite decomposition in this case. In 
addition, the calculation of the lattice parameter of the α phase from the 
XRD data collected on the bulk of the columns highlights that the oxygen 
and nitrogen absorption did not result in lattice expansion as expected 
[35] (see Table 2). Furthermore, the α peak splitting observed is very 
similar for both columns: with a 0.148º split for the machine-controlled 
column and a 0.143º split for the externally controlled column on the 
(103)α peak. Still, it is evident that the pick-up of oxygen and nitrogen, 
owing to the poor control of the atmosphere, contributes to the 
increased hardness (see Fig. 4), likely due to hardening of the α phase, 

Fig. 12. (a) Ti-6Al-4V and O and (b) Ti-6Al-4V and N phase diagrams plotted with Thermo-Calc 2020b using the TCTI2 and TCOX10 database for Ti alloys (v2.2).  

Table 2 
Evaluation of the XRD spectra of the bulk of the Ti-6Al-4V columns: Lattice 
parameter a is calculated from peak (100)α, and lattice parameter c is calculated 
from peak (002)α.   

a [Å] c [Å] c/a 

Top ext. control  2.9171  4.6621  1.5982 
Bottom ext. control  2.9188  4.6584  1.5960 
Top machine control  2.9179  4.6604  1.5972 
Bottom machine control  2.9134  4.6533  1.5972  
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since oxygen and nitrogen occupy the octahedron and tetrahedron 
interstitial sites [13,14]. This is likely to be detrimental to the 
already-limited ductility of Ti-6Al-4V built by L-PBF and can promote 
embrittlement of the produced component, which is undesirable for 
medical applications, such as reported for thin samples by Barba et al. 
[15]. This hazard has also been put in evidence by Velasco-Castro et al. 
[16], who produced Ti-6Al-4V lattice structures enriched in oxygen 
using a tailored scanning strategy, resulting in reduced ductility and 
thus reduced compressive strength. This is also confirmed in the pre
sented work (see Fig. 7), as strength increases significantly with the 
increase of impurities in the atmosphere and hence in the material, 
which is accompanied by a reduced elongation at break. The observed 
reduction in density towards the top of the columns is suspected to be 
connected to the increased oxygen content and hence a possible 
increased melt pool instability. 

The discoloration of the column produced using machine control is 
associated with the additional oxygen and nitrogen pick-up due to the 
atmosphere’s impurities and the formation of an oxygen- and nitrogen- 
rich outer layer surface, as analysed by XPS and observed by SEM (see 
Figs. 10 and 8(d)). It should be kept in mind that the investigated depth 
by XPS is smaller than the layer observed on the micrograph. In addi
tion, this discoloration is not accounted in the measured mechanical 
properties which were evaluated on the machined tensile specimens. 
Several post-processing techniques could be envisaged to remove or 
modify this oxygen- and nitrogen-rich layer such as, sandblasting, shot 
peening, or even manual grinding or machining. However, this would 
not counteract the oxygen and nitrogen dissolution in the bulk, which is 
more detrimental regarding the mechanical properties. It should be kept 
in mind that discolorations on the surface of Ti-6Al-4V are often used as 
exclusion criteria after welding (for example [36,37]). It appears that 
particles are present at the interface between the scale and the matrix in 
the case of the discoloured component and that channels connect these 
particles and the surface of the component through the scale. Even 
though the curvature of the surfaces limits accurate peak identification 
on the spectra presented in Fig. 11, by applying a chemical filter on the 
PDF database, several candidates are proposed. With several diffraction 
peaks in the 42–50º range, TiN (PDF 00-002-1221) and Al2O3 (PDF 
00-003-0914) appear to be the most reliable candidates. Transmission 
electron microscopy could support the proper identification of these 
particles. Even though it is beyond the scope of the present study, it 
would be interesting to study the effect of oxygen and nitrogen present 
in the process atmosphere on the other properties. Nitriding of Ti-6Al-4V 
has been widely investigated as an effective means of improving tribo
logical properties [38] and limiting the inward diffusion of oxygen [39]. 
For example, Valente et al. [40] recently studied the effect of nitriding 
and carbo-oxidising on the wear resistance of Ti-6Al-4V produced by 
L-PBF. This study revealed that these treatments are promising in 
reducing the specific wear volume tested by dry sliding friction against 
Al2O3. Finally, it should be kept in mind that the observed discoloration 
could be mitigated by an adjustment of the heat input through the laser 
parameters adjustment. Of course, this may imply further changes in the 
properties of the AM-produced material. 

5. Conclusions 

The present study confirms that a robust oxygen control system is 
necessary under the L-PBF conditions investigated, to establish and 
maintain a stable high purity process atmosphere and limit an additional 
pick-up of impurities, especially when processing alloys sensitive to 
oxidation, such as Ti-6Al-4V. The following conclusions can be drawn:  

• It was proven that an increase in oxygen and nitrogen levels in the 
processing atmosphere results in a direct increase in oxygen and 
nitrogen in the as-built material. As an oxygen increase at a rate of 
about 1.7 ppm/min in the atmosphere was registered, increases of 

about 16 ppm O2/mm and 7 ppm N2/mm along the column height 
are reported.  

• This increased pick-up under standard conditions without the use of 
an external monitoring system contributed to the hardening to an 
extent of about 25 HV10 at a full height of 70 mm. When the oxygen 
is maintained at 100 ppm in the atmosphere, the uptake is decreased 
by almost half to 9 ppm O2/mm and 2 ppm N2/mm along the column 
height.  

• The decreasing quality of the process atmosphere on the laboratory 
scale L-PBF machine was also connected to a discoloration of the 
surface of the column. This was attributed to the development of a 
few-µm-thick layer rich in oxygen and especially nitrogen, as was 
proven by the XPS analysis and SEM cross-section study of the 
specimen. 

• It was revealed that the column geometry promoted heat accumu
lation with increasing height of the specimen. This was also 
confirmed by the partial decomposition of martensite, observed by 
the microstructural and XRD investigations. This heat accumulation 
can be held partially responsible for the enhanced oxygen and ni
trogen pick-up. This contribution is estimated to approximately a 
600 ppm O2 and 150 ppm N2 difference between the bottom and top 
of the sample of 70 mm height. 

• Both the fine precipitation of the β phase and the pick-up of in
terstitials led to an increase of hardness of about 20 HV10 at full 
height. This was also reflected in the mechanical response of the 
produced Ti-6Al-4V material, which experienced significant 
embrittlement when produced without oxygen control on the studied 
machine–an increase of about 50 MPa in strength and a reduction of 
4% in elongation after stress relief. 
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[25] K. Sofinowski, M. Šmíd, I. Kuběna, S. Vivès, N. Casati, S. Godet, H. Van, 
Swygenhoven, In situ characterization of a high work hardening Ti-6Al-4V 
prepared by electron beam melting, Acta Mater. 179 (2019) 224–236, https://doi. 
org/10.1016/j.actamat.2019.08.037. 

[26] C. de Formanoir, G. Martin, F. Prima, S.Y.P. Allain, T. Dessolier, F. Sun, S. Vivès, 
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