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ARTICLE INFO ABSTRACT

Keywords: In Laser powder bed fusion (L-PBF), metal powders, sensitive to humidity and oxygen, like AlSi10Mg or Ti-6Al-4
Laser powder bed fusion (L-PBF) V are used as starting material. Titanium-based materials are influenced by oxygen and nitrogen due to the
Ti-6Al-4V formation of oxides and nitrides, respectively. During this research, the oxygen concentration in the build
g;l;‘:ﬁhere control chamber was controlled from 2 ppm to 1000 ppm using an external measurement device. Built Ti-6Al-4 V

specimens were evaluated regarding their microstructure, hardness, tensile strength, notch toughness, chemical
composition and porosity, demonstrating the importance of a stable atmospheric control. It could be shown that
an increased oxygen concentration in the shielding gas atmosphere leads to an increase of the ultimate tensile
strength by 30 MPa and an increased (188.3 ppm) oxygen concentration in the bulk material. These results were
compared to hot isostatic pressed (HIPed) samples to prevent the influence of porosity. In addition, the fatigue
behavior was investigated, revealing increasingly resistant samples when oxygen levels in the atmosphere are

Mechanical properties

lower.

1. Introduction

Laser powder bed fusion (L-PBF) raised attention due to the high
degree of flexibility of the process and its ability to produce lightweight
components. A computer-aided design (CAD) model is sliced into layers
and forms the basis for the rest of the process. Metal powder is dis-
tributed homogeneously onto a build platform made of a similar ma-
terial before a laser melts the alloy following a bottom-up build ap-
proach layer by layer. Aluminum- and titanium-based alloys like
AlSi7Mg, AlSi10Mg, Scalmalloy® or Ti-6Al-4 V are commonly used for
aerospace applications and medical implants.

Ti-6Al-4 V is a widely used a + P alloy which is known for its
enhanced processability and high strength at moderate to high tem-
peratures. Aluminum stabilizes the a-phase whereas vanadium stabi-
lizes the B-phase. The alloy is highly reactive to oxygen and nitrogen,
which changes the chemical and mechanical properties of the final
component. To protect the material from ignition and oxidation, argon
gas is used to establish an inert atmosphere before the laser powder bed
process begins. Most machines work with a residual oxygen con-
centration of 1000 ppm in the atmosphere leaving an equivalent

nitrogen concentration of 3727 ppm. Oxygen has a high solubility (up
to 14.2 wt-% as shown in Fig. 1) in the a-phase and is, like nitrogen (7.6
wt-% solubility), known to stabilize it [1]. Studies from BoYER ET AL
(1994) and ponarchiE (2000) show that an oxygen content of higher
than 0.2 wt-% leads to a decrease in ductility and an increase in
strength [2-4]. Decreasing interstitial elements improves ductility and
resistance against crack growth and fracture toughness. The a-phase
increases hardness and strength, though also leads to a more brittle
sample, whereas the [3-phase improves ductility whilst reducing hard-
ness and tensile strength [5].

In L-PBF high cooling rates of 10 - 10® K/s result in an acicular o’
martensitic microstructure [4,8,9]. The martensitic phase has the same
chemical composition as the B-phase but its crystalline structure is
hexagonal pseudo-compact resulting in high residual stresses [4]. Aci-
cular o’ is the result of very fast cooling B-phase existing at solution
temperature. Fig. 2 shows a phase diagram of the Ti-6Al-4 V system and
its microstructure at different thermal influences.

Mg and Mg are the starting (Ms) and ending (Mg) points of the
martensitic transformation. Above the p-transus temperature of 980 °C
the lattice structure is body centered cubic (bcc) with a parameter of
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Fig. 1. Phase diagram of titanium and oxygen [6,7].
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Fig. 2. Schematic pseudo-binary diagram of Ti-6Al-4 V [10].

3.192 A [11]. Due to contractions induced by vanadium, which has
smaller lattice parameters, the titanium lattice is shortened. At the
temperature range of 1604 °C-1666 °C Ti-6Al-4 V starts to melt
[12-16].

In this study, the importance of controlling the composition of the
atmosphere during L-PBF is investigated. The commonly implemented
lambda probes or galvanic sensors are known to be influenced by hy-
drogen which forms from humidity (H,O) in the powder [17,18]. An
alternative system to maintain a stable oxygen concentration during the
build process was used. Ti-6Al-4 V alloy is processed under different
residual oxygen concentrations in the build atmosphere, and mechan-
ical and chemical properties are assessed.

2. Experimental method

Advanced Plasma Atomized (APA™) Ti-6Al-4 V Grade 5 powder
from AP&C was used during this research. An EOS M290 that is con-
nected with a Linde ADDvance® O, precision was used to precisely
monitor and regulate the oxygen concentration in the build chamber by
purging the build chamber with inert gas. A too low oxygen con-
centration was leveled out by leakages of the L-PBF machine. The build
job design included 52 cubes (8 x 8 x 10 mm?®) with various laser
parameters, three notch impact bars (13 x 10 x 55 mm?), 15 Cylinders
(length: 12 mm, @ = 3.5 mm) and 10 bars for tensile testing (13 x 12
x 60 mm?) as shown in Fig. 3.
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Fig. 3. Example of the finished build job.

Table 1

Used Laser Parameters for Ti-6Al-4 V on EOS M290.
Hatching Laser speed  Laser Build Layer Oxygen
distance [mm] [mm/s] Power [W]  Thickness [pum] [ppm]
0.09-0.19 800-1600 200-370 30 0-1000

All samples, except the cubes were manufactured with the standard
EOS parameter Ti64 _PerformanceM291 1.10 with a build platform
temperature of 30 °C. A laser parameter study was performed on the
cubes within the range listed in Table 1.

Its purpose was to investigate the optimal laser parameters for each
oxygen concentration regarding the material density. Additional results
regarding porosity and microstructure of the cubes form the basis of a
separate study. The samples used for mechanical tests were stress re-
lieved at 650 °C for 3 h in a vacuum furnace before cutting them off the
build plate. The dimensions of the machined samples in accordance to
the respective standards are shown in Figs. 4 and 5.

For fatigue measurements a new build job design was used (Fig. 6),
to build all specimens on one platform at the same time. Three hor-
izontal tensile bars (13 x 12 x 60 mm?®) were added to determine the
ultimate tensile strength. In addition, twelve cylinders (length: 12 mm,
@ = 3.5 mm) for chemical analysis and 15 horizontal bars (83 x 14 x
14 mm?®) for fatigue measurements were added. Mechanical testing
samples were stress relieved in vacuum at 650 °C for 3 h before cutting
them from the build plate. The O, Precision was used to maintain 68
ppm and 1003 ppm oxygen in the atmosphere to determine whether
oxygen holds any influence over fatigue behavior. For the following
build jobs, the Ti-6Al-4 V powder was sieved and analyzed again.

Fatigue measurements were performed on a Roell Amsler REL 2041
with a load cell of 10 kN, according to DIN 50100. The tests were
conducted at room temperature using samples machined to Type A
shape, as specified in Fig. 7 and Table 2.

To investigate the influence of oxygen concentration in the build
chamber on the final part quality, the build job was repeatedly built at
different oxygen concentrations (0 ppm, 200 ppm, 400 ppm, 600 ppm).
The different oxygen concentrations were reached by purging in addi-
tional inert gas using the ADDvance® O, precision to a defined setpoint
and then maintained at the same level over the total build time. In
addition, a build job without using the ADDvance® O, precision to
control the oxygen level was built for further comparison as a bench-
mark. The ADDvance® system uses a chemical cell to measure the
oxygen concentration with = 1 ppm deviation. Due to humidity in the
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Fig. 4. Geometry and dimensions of used ten-
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powder, hydrogen will form during the process. H, is known to influ-
ence the measurement of Lambda and amperometric sensors leading to
a deviation in the measurement results [17,22,23]. For oxygen mea-
surements, the operating temperature of the sensors varies from 580 °C
to 700 °C. This could lead to a reaction of hydrogen and oxygen. Water
formation on the sensor surface could deviate the actual oxygen con-
centration. An increased diffusion rate of hydrogen also influences the
measurement [22].

To determine the chemical composition of oxygen, nitrogen and
hydrogen, the carrier gas hot extraction (CGHE) ONH 836 from LECO
was used on as-built samples. Porosity was measured by hot embedding
and polishing, followed by digital image capture with a Keyence VHX-
6000 microscope. Multiple pictures taken during a scan of the sample
were digitally stitched together to produce a high-resolution image of
the surface. Vickers hardness HV10 was measured using a DuraScan
from Struers according to DIN EN ISO 6507-1:2018. The measurements
were performed on the cubes surrounding the tensile specimen and
taken diagonally from the top left corner to the bottom right, using a
load of 10 kg. To investigate whether heat treated samples are affected
by different oxygen concentrations during production, only half of the
tested cubes were heat treated. Scanning electron microscope (SEM)
images were taken using a VEGA3 LMH built by TESCAN with a silicon
drift detector X-MaxN from Oxford Instruments. Charpy impact tests
were conducted with a Roell Amsler RKP 300 following the ASTM
B925-15 standard. With a Retsch Camsizer X2, the particle size dis-
tribution (PSD) was measured. Tensile tests were conducted according
to DIN EN ISO 6892-1 (02-2017) using a Zwick Roell RetroLine
Z100kN. The build cylinders were machined according to test shape B
(Table 3). For each data point 5 specimens were tested to increase
validity.

In addition, hot isostatic pressing (HIPing) removed the influence of
porosity from 5 samples. Table 4 shows the established parameters.

The samples were machined according to test shape B (Table 3) and
tested according to DIN EN ISO 6892-1 (02-2017). A Phillips PANaly-
tical X'Pert PRO with an average wavelength of 0.15418 nm and a
copper (Cu) radiation cell was used for X-ray diffraction measurements.

3. Results

The build jobs were performed at different oxygen concentrations in
the build chamber (2 ppm, 200 ppm, 399 ppm, 600 ppm). Due to lea-
kages of the used L-PBF machine, 0 ppm oxygen during the build job
could not be achieved whilst flushing with 50 1/min. Hence the oxygen
concentrations obtained are an average value over the whole build time
fluctuating by = 5 ppm. The build jobs were started after reaching a
stable value of the adjusted oxygen concentration.

7 30 50

Gas flow

Recoater

Fig. 6. Build Job design for horizontal fatigue jobs.

3.1. Powder characterization

The Ti-6Al-4 V Grade 5 powder was sieved before each build job to
remove oversized particles forming due to particle sintering during the
L-PBF process [24,25]. Agglomerated particles would increase the
particle size distribution which effects the final part quality [26,27].
Before each build job particle size distribution and chemical composi-
tion of the powder were analyzed. The results of the virgin powder are
shown in Table 5.

The SEM image of the powder (Fig. 8) reveals highly spherical
particles This is a key criterion for good powder flowability and
therefore provides process stability [28]. Particles of different sizes can
be found which contributes to an increased packing density [29,30].

3.2. Chemical analyses

The deviations in chemical composition of the built parts regarding
the oxygen concentration in the build chamber was measured by carrier
gas hot extraction. By changing the chemistry of a material, an altera-
tion in mechanical properties is expected [31,32]. Oxygen and nitrogen,
with their rather small Van-der-Waals-radii of 152 pm and 155 pm
respectively, can occupy the voids of the titanium crystal structure
[33]. Fig. 9 shows that more residual oxygen, and therefore more re-
sidual nitrogen in the process gas atmosphere during L-PBF leads to an
increased pickup of these elements into the material. Purging the L-PBF
machines until an oxygen concentration of 1000 ppm is reached will
also leave an equivalent concentration of 3727 ppm nitrogen in the

Fig. 5. Geometry and dimensions of used notch
impact test specimen [20].
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Fig. 7. Geometry of used fatigue sample [21].

build chamber. 15 cylinders (length: 12 mm, @ = 3.5 mm) were spread
over the build platform in groups of three to get an overall average,
which is shown in Fig. 9. Nitrogen concentration increased from 62.2
ppm in the powder to 200.4 ppm in the benchmark job, whereas oxygen
concentration only increased by 41 % compared to the virgin powder.
The hydrogen concentration in the bulk material was not affected by
the altered oxygen concentration.

3.3. Structural analysis

3.3.1. Porosity measurement

For density measurements, one cube (8 X 8 x 10 mm?®) for each
oxygen concentration built with EOS parameters was embedded,
ground and investigated with a digital light microscope. In Fig. 10, the
density is shown for different oxygen concentrations in the build
chamber.

The resulting density for the different build jobs was higher than
99.92 %. According to the given results, the oxygen concentration in
the atmosphere does not influence the density of the final component.

3.3.2. Microstructure

The microstructure of Ti-6Al-4 V was investigated by immersing the
stress relieved samples in Kroll’s etchant (ASTM E407 [34]) for 35 s.
Figs. 11 and 12show a typical microstructure of L-PBF processed Ti-6Al-
4 V which could be columnar prior-f grains according to YANG ET AL.
[4,9,35,36].

Comparing the microstructures obtained at 2 ppm and 977 ppm
reveals the common fine lamellar structures off additively manu-
factured parts [37]. Highlighted spots in Fig. 12 features pores in the
material. Higher magnification (500x) of the low oxygen sample could
be seen in Fig. 13. It shows a typical basketweave structure which is
assumed to be a’-martensite formed inside the prior-$ grains [11].

Increasing the magnification reveals the typical basketweave
structure, which can be classified as a’-martensite [5]. E. SALLICA-LEVA
et al. investigated the effect of sub-p-transus heat treatment on me-
chanical properties of Ti-6Al-4 V porous structures manufactured by L-
PBF. During their research they discovered that the (-phase starts to
precipitate after 2 h at 650 °C at as-processed conditions based on XRD
and SEM investigations [38]. At this magnification, it is not possible to
detect any B-phase precipitation.

At the high temperatures of 920 °C during hot isostatic pressing, -

Table 2

Table 3
Tensile test shape B according to DIN EN ISO 6892-1.(02-2017)
do Lo d Bimin Lcmin Limin
5 25 M8 7 30 60
Table 4
Parameter for hot isostatic pressing of Ti-6Al-4 V tensile samples.
Temperature Pressure Time
920 °C = 10 1000 bar -0/ +50 120 min 0/+ 30

phase is formed. Fig. 14 shows the microstructure of the obtained
samples.

Due to the HIP process, the microstructure consists of a- and f-
phase. The a-phase is depicted in brighter colors whereas the B-phase is
darker [39].

3.4. X-ray diffraction

The obtained phase composition was confirmed using X-Ray dif-
fraction (XRD). It was assumed, that the microstructure mainly contains
a-structure with only a fractional amount of B in between the grain
boundaries. For data interpretation Powder Diffraction Files (PDF)
cards 00-044-1294 and 00-009-0098 as well as literature was used as
there are no typical cards for L-PBF manufactured Ti-6Al-4 V
[32,40-43]. Fig. 15 shows the obtained XRD patterns for 2 ppm and
977 ppm oxygen.

The peaks in the XRD scan are labeled with their respective planes
notated in the Miller 3-index. Fig. 16 shows the corresponding planes of
the a- and B-phase

Both patterns look similar and could be identified as a/a’ phase.
Due to the similar lattice parameter and the hexagonal closed-packed
structure, distinguishing between both is not clear with XRD [42,45].
Between the 002 and a101 plane in the 2 ppm pattern a shoulder can
be found. In literature the a110 planes is identified as B-phase [45,46].

Dimensions of fatigue specimen according to DIN EN 6072. All dimensions in mm [21].

Cross section [mm?] L M N P Q

R S Type K, r Tolerance for r

12.5 80 9 7 34 3.99

13 M12 A 1.035 28 *0.5
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Table 5

Particle size distribution and chemical properties of virgin Ti-6Al-4 V Grade 5 powder.
Al [%] V [%] Fe [%] C [%] O, [ppm] N, [ppm] H, [ppm] D10 [pum] D50 [um] D90 [pum]
6.64 4.25 0.21 0.01 1308.0 62.2 17.2 19.9 317 43.0

ey
¢O“(\

3004

WD:
Det: SE Detector
Date(m/dly): 11/26/18

™

View field: 600.3 pm
SEM MAG: 502 x

Fig. 8. SEM image of virgin Ti-6Al-4 V powder.

3.5. Mechanical testing

3.5.1. Hardness

Fig. 17 demonstrates hardness tests performed on as-built, stress
relieved and HIPed cubes.

When measuring the range of deviations of the Vickers HV10
method, no significant trend could be found with reference to oxygen
concentration. It is assumed that the indentations on the cubes were
covering multiple grain orientations as well as smaller pores which
resulted in high standard deviations. This was proved by comparing
Vickers HV0.3 hardness of darker (386 HV0.3) and brighter (397
HVO0.3) regions.

Stress relieved samples show an increased hardness in comparison
to as-built specimens. One possible assumption is the presence of the
intermetallic TizAl- or a2-phase. THus ET AL. state that dark bands with

an aluminum concentration of at least 25 % can occur at 500 —600 °C
due to the fast solidification during the L-PBF process. They proved the
formation of the TizAl-phase in this region using energy dispersive X-
ray (EDX) measurements. [47]

HIPed samples display a decreased Vickers hardness due to the in-
creased amount of B-phase.

3.5.2. Notch impact tests

Notch impact tests were conducted regarding the ASTM E23 stan-
dard with a sample size of 55 X 10 X 10 cm. The notch was machined
after stress relief. Average values over three samples for each oxygen
concentration are shown in Fig. 18.

Results for 399 ppm are missing due to part failure during the
process. The notch impact energy is in the same range as known to
literature (11.5 J for as-built, 15 J for cast alloy) [48,49]. No significant
trend could be found with reference to varying oxygen concentrations.
The influence of oxygen on the impact toughness of horizontally
manufactured samples is smaller than the standard error.

3.5.3. Tensile tests

Fig. 19 shows the increase in the ultimate tensile strength with in-
creasing oxygen concentration when comparing stress relieved samples
to those that underwent hot isostatic pressing. Due to the high pressure
and temperature, the existing pores inside the samples are considered
closed (density: 99.99 %).

With increasing oxygen concentration during the L-PBF process
from 2 to 600 ppm, an increase in ultimate tensile strength (UTS) of
around 30 MPa was observed. The elongation decreased by up to 2.1 %
in total. The ultimate tensile strength from 2 ppm to 600 ppm increases
from 1203 MPa to 1217 MPa with a negligible standard error. A similar
trend can be observed for the Yield Strength Rp0.2. The benchmark
build job has an ultimate tensile strength of 1058 MPa with an in-
creased standard error, which could be attributed to an unstable oxygen
concentration during the build job. HIPed samples do have a decreased
UTS and Ry0.2, both around 200 MPa less. This is, due to the increased
amount of B-phase in the microstructure. With an increase in oxygen in
the build chamber from 2 ppm to 600 ppm the UTS increases by 21

2000 s 18479 250
1735.8 :

1800 16596 1690.0 g
1600 I 2004 200 8
g 169.1 ]
g 1400 1 3
................................................................................................... o

c
2 1200 1308.0 150 Z
g 125.6 — 02 )
= 124.0 [ppm] @
§ 1000 I R Powder: 02 [ppm] [
c N2 [ppm] 8
8 800 Powder: N2 [ppm] 100 3
S H2 [ppm] 3
3
2 600 Powder: H2 [ppm] o
& 62.2 8
400 5587 50 3
e}

20.6
200 195 18.8 18.3 18.9 : 3
17.2
0 0
2 200 399 600 977 (Benchmark)

Oxygen concentration in build chamber [ppm]

Fig. 9. N,, O, and H; concentration of the bulk material in relation to the oxygen concentration in the build atmosphere during L-PBF.
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Fig. 10. Density of cubes built at different oxygen concentrations using EOS standard parameter.

Fig. 11. Microstructure of 2 ppm O2 sample built with EOS parameter

Ti64_PerformanceM291 1.10 in z-direction, stress relieved.

Fig. 12. Microstructure of 977 ppm (Benchmark) O2 sample built with EOS
parameter Ti64_PerformanceM291 1.10 in z-direction, stress relieved, red circle
highlights pores (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

MPa. The ductility, however is more than two times the heat-treated
samples; increased to 16.8 % and is stable for the atmosphere-con-
trolled build jobs. With a decreased elongation by 2.5 % and an in-
creased standard deviation (1.56 %), the benchmark job differs from
the others. The standard error is = 1.78 MPa UTS and + 3.94 MPa Ry0.2
for all the samples except the benchmark job, the error for which
was * 38.54 MPa UTS and * 3.07 MPa Rp.. The same trend in de-
viation in the standard error can be observed for the elongation.

Fig. 13. Microstructure of 2 ppm O2 sample built with EOS parameter
Ti64_PerformanceM291 1.10 in z-direction, stress relieved.

Fig. 14. Microstructure of 2 ppm O2 sample built with EOS parameter
Ti64_PerformanceM291 1.10 in z-direction, HIP treated.

3.6. Fatigue testing

For the second test series the powder was sieved and analyzed.
Obtained powder properties are shown in Table 6.

Compared to the virgin powder, the particle size distribution shifts
towards coarser particles due to the formation of agglomerations during
the build process [50,51]. Fig. 20 shows agglomerated particles in the
one-time sieved powder. The oxygen concentration increased from
1308 ppm from the virgin powder to 1347 ppm which is still compliant
with the ASTM B348 standard (< 2000 ppm) [52].
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Fig. 15. XRD patterns for L-PBF Ti-6Al-4 V manufactured at 2 ppm and 977 ppm oxygen in the build chamber; stress relieved.

3.6.1. Chemical analysis

Obtained results for oxygen, nitrogen and hydrogen concentration
in the bulk material of samples built with the fatigue samples are shown
in Fig. 21.

An increase of oxygen in the build atmosphere correlates to the
changes in chemical composition of the final parts. The nitrogen con-
centration increases by up to 138 % in comparison to the powder, and
oxygen concentration increases by up to 29 %. The hydrogen con-
centration appears to be independent from the oxygen concentration.
These results are similar to the observation in section 3.5.3 demon-
strating the reproducibility of this trend (1660 ppm O, (2 ppm build
job), 1848 ppm O, (977 ppm build job)).

3.6.2. Tensile strength

For the initial fatigue test, the ultimate tensile strength must be
determined. The tensile strength of samples built with the fatigue
samples is shown in Fig. 22.

Whilst increasing the oxygen concentration in the atmosphere from
68 ppm to 1003 ppm, an increase in tensile strength of 34 MPa was
observed. This confirms the results from section 3.5.3 showing the re-
producibility of this trend (1002 MPa (2 ppm Build Job), 1058 MPa
(977 ppm Build Job)). The yield strength follows this trend, whereas

0.468 nm

elongation is constant at 4.9 %.

3.6.3. SN-Curves

For 68 ppm and 1003 ppm of O, during the build job, 12 samples
were measured. Fig. 23 shows the final results. The number of cycles
was plotted against the maximum stress. Samples marked with an
arrow were stopped before rupture. The tests were conducted in the
range for pulsating tensile stresses with R = 0.1. Comparing the lowest
and highest oxygen level during L-PBF in relation to the fatigue beha-
vior, the influence of the residual gases on the final part quality could
be inferred. Samples produced at 68 ppm O, tend to withstand more
cycles before failing than samples obtained at 1003 ppm O. This is
likely to be because of increased oxygen and nitrogen concentration in
the specimen leading to increased embrittlement. The SN-curve of 68
ppm exhibits an accumulation of data points in between 1 + E06 and 2
+ EO06 cycles, whereas the data points of 1003 ppm are more frequently
agglomerated in between 3 + EO5 and 1 + E06 cycles. The fracture
surface is investigated in section 3.6.4.

3.6.4. Fracture surface investigations
Scanning electron microscopy was performed to investigate crack
initiation on the fatigue samples. Surface and subsurface porosity was

a

Fig. 16. Unit cell of hcp a-phase (left) and bec B-phase (right) [44].
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Fig. 18. Notch impact test in relation to the oxygen concentration in the atmosphere.

identified as the reason for crack initiation independent of the oxygen
concentration in the build chamber as shown in Fig. 24.

A1l shows a half-moon-shaped forced rupture on the bottom left
corner indicating a crack initiation on the opposite side [53]. Higher
magnification (A2) reveals a non-fused particle in a pore close to the
surface. Specimens manufactured at lower oxygen concentrations in the
build chamber were subject to the same crack initiation reasons. B2
unveils a process related pore.

4. Discussion

During this project Ti-6Al-4 V samples were manufactured at dif-
ferent oxygen concentrations in the build chamber (2 ppm-600 ppm,
benchmark at 977 ppm). Whilst argon is purged in the build chamber,
air is suppressed until an oxygen concentration of 1000 ppm is reached.

The atmosphere is not completely replaced whereas an equivalent of
nitrogen in the build chamber remains as well. Built parts were in-
vestigated with reference to chemical composition and mechanical
properties. For mechanical testing the samples were stress relieved in a
vacuum furnace at 650 °C for 3 h. Due to high cooling rates during L-
PBF the microstructure is acicular o’-martensitic. Porosity measure-
ments showed an overall density higher than 99.92 % which was
considered sufficient for mechanical testing.

the effect of oxygen on the yield and tensile strength, the elongation
as well as the impact strength of commercial pure titanium grade 1-4 is
shown in Fig. 25.

wasz T AL could show that with increasing oxygen concentration, the
yield and tensile strength increases, while the elongation decreases. The
impact strength increases up to an oxygen concentration of 0.25 wt-%
while significantly decreasing with higher oxygen. O, behaves as an
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Table 6

Particle size distribution and chemical properties of Ti-6Al-4 V Grade 5 powder for fatigue testing.
Al [%] V [%] Fe [%] C [%] O, [ppm] N [ppm] Hy [ppm] D10 [um] D50 [um] D90 [um]
6.64 4.25 0.21 0.01 1347.7 102.8 18.8 20.5 32.1 44.1

WD: 19.41 mm
Det: SE Detector
Date(m/d/y): 11/26/18

SEM HV: 20.00 kV
View field: 603.8 ym
SEM MAG: 499 x

100 um

Fig. 20. SEM image of Ti-6Al-4 V powder for fatigue testing at 499x magnifi-
cation.

interstitial element in the microstructure, impeding dislocation motion
and inhibiting low temperature twinning [44,55]. In L-PBF, the parts
are built layer by layer, resulting in a repeating exposure to the atmo-
sphere in the build chamber. Therefore, on every layer, formation of
oxides is possible.

The chemical composition shows an increase in oxygen pickup from
the powder (1308 ppm) to the bulk material build at 2 ppm (1660 ppm)
to 977 ppm O, (1848 ppm). An increased oxygen concentration in the
build chamber leads to a 65 % higher oxygen concentration in the bulk
material. The surrounding powder is also known to have an increased
oxygen concentration after the build job and might therefore exceed
standard (ASTM B348) grade faster reducing the number of times it can
be reused [50]. Nitrogen follows the same trend due to the pro-
portionally increased nitrogen concentration in the build atmosphere.
Nitrogen concentration could be quadrupled at higher oxygen con-
centrations (200 ppm) compared to the powder (62 ppm). This could be

explained by the partial pressure of the gases, which increases, the
higher the concentration in the atmosphere (Dalton's law). Thereby the
overall pressure must remain constant [56]. A higher partial pressure
will lead to an increased reaction rate. The concentration difference of
the bulk material compared to the atmosphere is greater for nitrogen
resulting in an increased nitrogen pickup. Hydrogen does not seem to
be affected by the atmosphere and is stable at around 19 ppm. The
dependence of the chemical composition of the bulk material on the
oxygen and nitrogen concentration in the atmosphere could be re-
produced during the fatigue build jobs.

Even at low oxygen concentration (2 ppm) in the build atmosphere
an increase of oxygen in the bulk material of 351.6 ppm could be found.
The main source of oxygen in this case could be moisture in the powder
[57,58]. To avoid further oxidation, a drying step before the build
process could be applied. In order to avoid degradation of the powder a
vacuum drying process would be favored.

The XRD patterns show a hcp a/a’ structure known to literature.
Between the a002 and al01 plane a shoulder of 110 known as [3-
phase (bcc) could be identified. Oxygen is known to stabilize the a-
phase. Due to the atomic radius it occupies the larger octahedral site of
the hexagonal close packed structure [59].

The microstructural observations for stress relieved samples re-
vealed a basketweave structure typical for L-PBF processed Ti-6Al-4 V.
It is assumed to be o’-martensite formed inside the prior-f grains [11].
A hardness of around 390 HV10 indicates a’-martensite whereas HIPed
samples have a Vickers hardness of around 335 HV10 increasing with
the build chamber oxygen concentration [38,39]. HIPed samples do
have a certain amount of B-phase reducing the hardness and tensile
strength whilst increasing ductility.

HOLLANDERS ET AL. found an ultimate tensile strength of 1211 MPa and
a yield strength of 1100 MPa which exceed the ASTM 2924 for Powder
Bed Fused Ti-6Al-4 V requirements (ultimate tensile strength 895 MPa,
yield strength 825 MPa) [60,61]. Conversely the elongation failure (6.5
%) was below the ASTM specification of 10 % [62]. The increased
strength of the material could be explained by the high cooling rate of
the L-PBF samples resulting in a martensitic structure [63]. An ultimate
tensile strength of 1203 MPa could be observed for the 2 ppm build job,
which slightly increased to 1217 MPa for the 600 ppm build job. The
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Fig. 21. N,, O, and H, concentration of the bulk material in relation to the oxygen concentration in the build atmosphere during L-PBF process of fatigue samples.
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benchmark job had 1233 MPa. The mean standard error is + 1.43 MPa.
The yield strength follows the same trend, starting at 919 MPa achieved
at 2 ppm and 980 MPa for the benchmark job. The elongation is slightly
decreasing, from 8.1 % to 7.2 %, with increasing atmospheric oxygen
during the build job. At 600 ppm oxygen a minimum in elongation of
6.5 % could be observed. Comparing the obtained results to the beha-
vior of commercial pure titanium shows a similar trend [54]. An in-
creased oxygen concentration in the bulk material leads to higher yield
strength and ultimate tensile strength.

To investigate whether the deviation in tensile strength is due to
varying oxygen concentrations in the build chamber or different por-
osities, five tensile samples were HIPed after being stress relieved.
Similar to the stress relieved samples the UTS increases by 75 MPa from
2 ppm to 977 ppm. Due to the increased amount of B-phase, the elon-
gation is significantly higher, reaching 16.8 % for the samples where
the atmosphere was controlled by the ADDvance® O, precision and 14
% for the L-PBF machine-controlled atmosphere. Although the HIPed
samples are considered free of pores (density 99.99 %) the benchmark
jobs show a high standard error (UTS = 38.5 MPa, Elongation + 0.77
%). One influencing factor could be the increased brittleness, compared
to the ones built at lower oxygen concentrations, correlating to the
increased oxygen and nitrogen concentration of the material.

5. Conclusion

Whilst the oxygen and nitrogen concentration in the final parts in-
creases with an elevated oxygen concentration in the build chamber,
titanium oxide and nitride formation are very likely. Due to the high

cooling rates during laser powder bed fusion the (3-phase solidifies into
primarily a’-martensite microstructures. This leads to embrittlement
and decreasing elongation. HIPing at 920 °C increases the [3-content
leading to an increased elongation and reduced tensile strength and
hardness. Further, Charpy tests, tensile samples and cubes were built
horizontal, using an EOS M290 at varying oxygen concentrations in the
build chamber (0—1000 ppm) controlled by an ADDvance® O, preci-
sion. Additional tests regarding hardness, microstructure and chemical
composition were performed to determine the importance of gas
management during L-PBF. A second build job design was used to verify
the results and investigate fatigue behavior. With an elevated oxygen
concentration in the build chamber from 2 ppm to 977 ppm, the fol-
lowing conclusions can be drawn:

e Oxygen concentration in the final parts increases from 1670 ppm to
1848 ppm whilst nitrogen increases from 56 ppm to 200 ppm

e Tensile strength increased for stress relieved (1203 MPa to 1233
MPa) and HIPed samples (1002 MPa to 1058 MPa)

e Fatigues resistance tends to decrease

e Build atmospheres not precisely controlled, leads to a greater de-
viation in tensile strength for stress relieved and HIPed samples

Overall build jobs, the results are reproduceable showing that the
gas composition inside the build chamber is an important parameter for
the L-PBF process. A higher reproducibility can be achieved by precisely
controlling the composition of the atmosphere.
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Fig. 24. SEM images of the fracture surface of fatigue samples A: 1003 ppm O, in build chamber, stress relieved, 792 MPa, 86917 load cycles, R = 0.1 B: 68 ppm O,
in build chamber, stress relieved, 700 MPa, 631048 load cycles, R = 0.1.
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