Solid Freeform Fabrication 2019: Proceedings of the 30th Annual International
Solid Freeform Fabrication Symposium — An Additive Manufacturing Conference

INVESTIGATION OF THE OXYGEN CONTENT OF ADDITIVELY MANUFACTURED
TOOL STEEL 1.2344

R. Dérfert’, J. Zhang’, B. Clausen’, H. FreiBe', J. Schumacher’, F. Vollertsen"

* BIAS — Bremer Institut fiir angewandte Strahltechnik GmbH, Klagenfurter Str. 5, D-28359 Bremen, Germany °
Leibniz-Institut fiir Werkstofforientierte Technologien — IWT, Badgasteiner Str. 3,
D-28359 Bremen, Germany

‘ University of Bremen, Bibliothekstral3e 1, D-28359 Bremen, Germany
Abstract

Laser Beam Melting (LBM) offers a high design flexibility and the possibility to create complex metal
parts in small batch sizes efficiently. However, several questions regarding the mechanical properties are still not
conclusively clarified. In general, the remaining degree of porosity is regarded as major indicator on the parts
properties. Other properties such as the resulting residual stresses, the oxygen contents and possible contaminants
of the powder or the influence of humidity are less often taken into consideration and difficult to measure. In this
work, the mechanical properties for LBM generated specimens out of tool steel 1.2344 are investigated and
compared to conventionally fabricated material. The quasi-static properties are comparable to conventionally
fabricated materials, whereas a significant impact on the fatigue strength was observed together with a high
oxygen content of 569 ppm, with significant oxygen peaks that can be allocated to the fractured area.

Introduction

The additive manufacturing (AM) of metal parts out of powder via Laser Beam Melting (LBM, also referred to

as PBF or SLM") offers high flexibility in terms of part design and complexity. Thus, in recent years the
technology grows rapidly in the fields of distribution, acceptance, AM-machine sales and possible industrial
applications [1]. Beside the identification of the right use case [2] the establishment of LBM-generated parts for
industrial applications requires mechanical properties comparable to conventionally fabricated material and a

reliable reproducibility. In general, the tensile and fatigue behavior are comparable to conventionally fabricated
material but still limited by the LBM-generated rough surface and the present volume defects which decrease the

achievable stress limit [3]. Volume defects are often initiation sites for cracks and are formed due to unmolten
areas within the parts or insufficient connection between the layers as well as entrapped gas pores [4].

Furthermore, the high surface roughness of the LBM-parts leads to notch affects and thus initiation points for
cracks due to high stress concentrations [5]. Hence, post processing of the LBM-parts is often mandatory to
remove the high surface roughness and thus improve the mechanical properties significantly [6]. In addition to
the present defects the LBM-process induces high residual stresses and distortion [7] as well as an anisotropic
microstructure that results in the anisotropic material behavior [8]. Residual stresses and anisotropy occur due to
the high cooling rates and directional dependency of the built process with numerous single melt tracks. The
formation, the amount and the distribution of defects and residual stresses is highly dependent on the process
parameters and consequently on the energy input and the interaction of the laser with the powder material in the
process zone [9].

During the process the melt pool from the completely molten powder particles wets the previous solidified
material. The wetting behavior of the melt is influenced by alloying elements but also from the oxygen coming
from different sources like the gas atmosphere of the process including the trapped gas inside the powder bed or
the powder material itself [10]. As the wetting of the surface with the liquid metal is hindered by oxide films,
possible surface contamination of the previous layer and oxide films have to be removed with a sufficient amount
of re-melting [9]. The oxide layers vaporize and the oxide particles are ejected from the process zone as fume

[11]. Even with the low oxygen contents of the process atmosphere the formation of oxide compounds can be
detected within the ejected spatter of the process zone [12]. In this work, the mechanical properties of LBM-

generated tool steel 1.2344 for static and cyclical loading are investigated as well as the anisotropic material state
regarding the overall oxygen content and its local distribution.
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Experimental

Powder material out of tool steel 1.2344 with a spherical grain shape and grain sizes between 10 um and 45 pm
was used. The LBM-process was performed on a SLM Realizer 250 from Realizer GmbH (part of the DMG Mori
AQG). The machine employs a 200 W single mode fiber laser form IPG with a wavelength of 1073 nm. For the
specimen fabrication Argon was used for the inert gas atmosphere. To reduce the occurrence of temperature
gradients and induced residual stresses the substrate plate was preheated to 240 °C [13]. For the determination of
the tensile and fatigue strength six tensile specimens and 19 fatigue specimens were produced with 100 W laser
power, 100 mm/s scan speed and a horizontal build-up direction with a polar angle of 0°. The specimens were
manufactured with a chessboard scan pattern with alternating tiles of 3 mm with a rotation of the complete pattern
of 79° for every new layer. The specimens were post processed via turning. Six additional fatigue specimens were
investigated on the influence of the LBM-surface. The specimens were fabricated with a stripes scan pattern with
a stripe width of 10 mm. All produced specimens received no further heat treatment after the LBM-process.

The relative density of the material with the used process parameters was examined with a density determination
kit YDKO1 from Sartorius with a measurement according to Archimedes principle. The material’s Vickers
hardness (HV1) was measured with a LV-700 AT testing device from LECO. A 3D Laser Scanning Microscope
VK-9700 from Keyence was used to determine the roughness by the arithmetical mean height Sa of the scale-
limited surface. The tensile specimens were tested with an RM250 testing machine from Schenk. The fatigue
specimens were tested with an electro-mechanical resonance testing machine from Amsler Type 2HFP with a
load-controlled push-pull-test at a stress ratio of R = -1. The number of load cycles was limited to 10" load cycles
and specimens, which did not fail until this limit, have been rated as run outs at this mark. The testing frequency
was 125 Hz = 10 Hz. In order to get more information on the possible causes of failure and the fracture
probabilities the run-out specimens were tested again with increasing stress amplitudes until fracture. The cause
of failure for every broken specimen was analyzed with scanning electron microscopy (SEM). The specimens
were tested on different stress levels with one to four specimens per stress level according to the staircase method.
The experimental fracture probability for each stress level was determined by the ratio of the number of fractured
specimens to the number of tested specimens. The dependency of the fracture probability Pr on the stress
amplitude S, can be described with a two parametric Weibull distribution with the median of the fatigue strength
Sr which represents the fatigue limit with a fracture probability of 50% and the Weibull coefficient m. The
distribution (1) was fitted to the experimentally obtained fracture probabilities.

mzagol( ) (1)

The fatigue life of the fractured specimens with the turned surface and the specimens with a LBM-surface is
described according to Basquin. The parameters S,, N, are adopted to fatigue strength and k describes the slope
of the fatigue life of the specimens (2).
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The oxygen content of the material and a fracture surface was analyzed in order to gain further insights on the
material behavior and possible changes of the overall content as well as the distribution during the LBM-process.
Therefore, measurements via inert gas fusion, energy-dispersive X-ray spectroscopy (EDX) and secondary-ion
mass spectrometry (SIMS) were performed. The SIMS and EDX analysis were performed at the Fraunhofer IST
in Braunschweig. The total oxygen and nitrogen contents of the powder and the solidified specimens from powder
were measured via inert gas fusion with an ONH-2000 from ELTRA along with specimens out of conventionally
fabricated 1.2344. A small amount of the powder material was melted directly in the furnace. The solid material
was extracted from tensile test specimens for LBM-generated and conventionally fabricated material. The total
contents were determined as the mean value of three individual measurements for the powder material and five
for the solid materials respectively. The EDX and SIMS measurement were performed on the fracture surface of
one fatigue specimen. The region of interest lies around the cause of failure within a lamellar structure in the steel
matrix. For a qualitative comparison of the local oxygen distribution the measurements were also performed on
two reference areas around the structure. The EDX-mapping and the SEM-images were done with 15 keV. The
EDX-mapping was performed to classify the approximate oxygen quantity of the depth profiles of the SIMS-
analysis. For the SIMS-measurement the specimen was exposed to primary Cs+ ions with an energy of 5 keV.
The area of the screened surface was 400 pm x 565 pm. The ion beam hits the specimen in a 45° angle. The
sputter rate on steel was 0.9 um/h. The sputter time was 20 h and resulted in an 18 um deep crater.

Results

The produced LBM specimens have a roughness Sa of 32 um £+ 7 um for the LBM-surface without post
processing. For specimens with a turned surface the average Sa is 3 um = 1 um. The relative density of the
generated material is above 99%. The average hardness values are 579 HV1 + 15 HV1 and 571 HV1 + 15 HV1
for the stripes pattern and the chess pattern respectively. All six tested tensile specimens have a similar stress-
strain behavior, failing without constrictions and resulting in brittle fracture surfaces. The obtained average values
are 892 MPa for the yield strength and 1440 MPa for the tensile strength. The average value for fracture
elongation is 1.5%. The detailed tensile properties are given in Table 1.

Table 1 Tensile properties of LBM-generated 1.2344 specimens with chess scan pattern

Yield Strength Tensile Strength Fracture Elongation
Mean value 892 MPa 1440 MPa 1.5%
Standard deviation  55.2 MPa 34.6 MPa 0.2%

The S-N diagram of the performed fatigue tests is displayed in Figure 1. The starting stress amplitude of the
fatigue tests is 420 MPa, which is about half of the yield strength of the tensile specimens in consideration of the
expected residual porosity of the specimens. The testing stress amplitude S, of the turned specimens is within the
range of 420 MPa and 280 MPa. The calculated fatigue strength Sy according to equation (1) is 283 MPa for 10’
load cycles and a fracture probability Prof 50%. The scatter m of the results is 3.4. The diagram shows the
Basquin-curve of the data and culminates into the fatigue strength. The starting amplitude of the specimens with
the LBM-surface is 200 MPa. All specimens of the batch fractured before the set limit of 10" load cycles. Due to
the limited specimen number no statistical validated fatigue limit can be calculated for this specimen type.
However, based on the fatigue data the approximated fatigue limit is below 100 MPa which is significantly lower
than the fatigue strength of the turned specimens.
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Figure 1 S-N-Diagram of LBM-generated specimens out of 1.2344 with different surface conditions and the
corresponding fracture types

All the fractured fatigue specimens have a fractured surface perpendicular orientated to the loading direction but
show different fracture types. For rough specimens the roughness peaks of the LBM-surface serve as notches and
thus as crack initiation points. All six tested rough specimens have their critical defects on the surface itself. The
high relative density of the specimens results in overall homogeneously distributed pores as critical defects for
the turned specimens along with sporadically present cavities. The location of these critical defects is dominant
near the surface and less present in the volume area. The third observed fracture type appears in the steel matrix
itself and results in lamellar structures within the fracture surface for all specimens with this matrix failure. This
fracture type cannot be allocated to specific pores that are still present inside the specimens. The distribution of
the fracture types is also displayed in Figure 1. For 10 out of 19 tested specimens with the turned surface the
cause of failure can be allocated to a present pore or cavity and two show the lamellar structure. Eight specimens
achieved the 10" load cycles. The further testing of the run-out specimens results in additional failure in pores or
cavities for four specimens and additional lamellar structures in the steel matrix for 3 specimens. One run out
specimen failed at repeated test with increased stress amplitude in the thread. For that reason, the weak point of
that specimen is unknown.

The mean values of the measured total contents of oxygen and nitrogen are displayed in Table 2. The oxygen and
nitrogen content of the powder material is significantly higher compared to the conventionally fabricated material.
The contents of the resulting LBM-parts are similar to that of the starting powder material. A measurement of
reused powder shows no significant oxygen pick-up due to the process.
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Table 2 Oxygen (O) and nitrogen(N) content measured via inert gas fusion

Material condition O [ppm] N [ppm]
Powder material (delivery status) 541 181
Powder material (reused batch) 623 187
LBM-generated material 569 368
Conventional material (annealed) 13 128

Figure 2 shows a SEM image of a distinct lamellar structure (S) on a fracture surface as well as the two
surrounding reference areas (1 & 2) for the comparison before and after the SIMS-measurement of the specimen
tested at S, = 300 MPa and failed at 6.110.800 load cycles. The structure is completely ablated by the ion beam.
The SEM image displayed in Figure 3 indicates areas of the EDX-Mapping with Spectrum 1 indicating the area
of the ion beam crater that includes the lamellar structure as well as the two reference areas 1 & 2 (which are
displayed in Figure 2) and Spectrum 2 indicating an area around the crater that is not influenced by the ion beam.
The EDX spectra is displayed in Figure 4. After the ablation of the structure the oxygen content is at 9.5 at% for
Spectrum 1. The second measurement in the surrounding area shows 23.4 at% for the fracture surface with an

oxide layer in Spectrum 2. The values are indicators for the approximate oxygen contents of the SIMS-depth-
profile.
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Figure 2 SEM images of the fracture surface before and after the SIMS-measurement with indications of the
measuring points at the surrounding area (Reference area 1 & 2) for comparison and the lamellar structure (S)
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Figure 3 SEM-image (left) and EDX oxygen mapping (right) with 2 keV inside the ion beam crater (Spectrum 1)
and outside of the crater (Spectrum 2)
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Figure 4 EDX spectra of Spectrum 1 and Spectrum 2

The SIMS-analysis in Figure 5 shows the depth-profiles from 0 um to 18 um of the relative oxygen content on
the structure and the two reference points in the surrounding area as shown in Figure 2. After the ablation of the
oxide layer on the fracture surface the oxygen content reduces rapidly. The structure shows a plateau maximum
up to a depth of 9 um and decreases with further increasing depth. In comparison, the first reference area 1 outside
of the structure has a continuously lower oxygen content whereas reference area 2 has an overall higher oxygen
content. A more detailed distribution of the oxygen ions is displayed in Figure 6 which is highly irregular. Areas
with high oxygen contents are displayed red and areas with lower oxygen contents are displayed green. The area
proportion of sections with a high oxygen content reduces significantly after the oxide layer of the surface is
removed from the ion beam. With the increasing depth the distribution of the oxygen is still highly irregular and
not limited to the structure as cause of failure. In addition, areas with a high oxygen content do not persist through
the whole depth profile. During the ablation process local oxygen peaks disappear and new peaks appear in
different locations of the measuring area.
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Figure 5 SIMS depth-profile of the oxygen signal for the area of the lamellar structure and two reference areas
(1 & 2) located around the structure according to Figure 2
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Figure 6 Oxygen ion distribution for different ablation depths from O pm to 11.8 um with higher oxygen contents
displayed red and lower oxygen contents displayed green (The ion image is turned by 180° in relation to the SEM-
images from Figure 2)
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Discussion

The mechanical properties for the LBM-generated 1.2344 showed without further heat treatment a tensile strength
of 1440 MPa + 32 MPa and an average hardness of 571 HVI1 + 15 HV1 which is within the range of
conventionally fabricated and heat treated 1.2344 [14]. On the other hand, the mechanical properties for cyclical
loading are significantly limited by the typically high surface roughness with a fatigue limit below 100 MPa and
the characteristic residual porosity and defects with a fatigue limit of 283 MPa for this process. The roughness of
the LBM-surface is the major impact factor on the fatigue strength due to the notch effects induced by the
roughness peaks leading to high stress concentrations [5]. If the influence of the surface roughness is eliminated
by post processing via turning the cause of failure shifts to the volume to the characteristic residual porosity of
the process as well as local defects and cavities due to insufficient layer connection or powder solidification.
Those defects can increase the local stress concentration especially if the defects are located near the surface.
However, if the achieved relative density of the produced parts is high and not undermined by large cavities the
cause of failure is not only found at single pores but also in the steel matrix itself. Thus, besides the generally
regarded influence factors on the mechanical properties the condition of the microstructure of the material and
the influence of the used powder material is of great interest. Compared to other forms of raw material like casted
or forged material the powder material possesses a significantly larger surface area that leads to a high affinity
for oxygen which can lead to the formation of oxide compounds on the particles surface if not completely isolated
from the atmosphere [15]. A source for additional oxygen during the process is the process atmosphere. Despite
the use of inert gas like Argon or Nitrogen the low oxygen content of the process atmosphere can still lead to
further oxidization of the used powder. Oxides can also be found in spatters [12] or result in tarnish colors of the
parts [16]. The analysis of the resulting oxygen contents of the produced LBM-parts shows a significantly higher
amount of oxygen with 569 ppm compared to the conventional fabricated 1.2344 (annealed) with 13 ppm.
However, the oxygen content is similar to the 541 ppm of the used powder material. Thus, the additional oxygen
pick-up during the process through the atmosphere is presumably low. A clearer image of the qualitative oxygen
distribution can be obtained with the SIMS-analysis of the fractured surface. The cause of failure for the analyzed
specimen with the distinct lamellar structure lies in the steel matrix. The material shows a highly irregular oxygen
distribution after the ablation of the oxide layer on the surface. The detected local concentrations of oxygen can
be allocated to the fractured area around the cause of failure and are a further indication of the local oxide
compounds that can induce higher stress concentrations and are part of the anisotropic behavior of LBM-
generated material.

Conclusion

Additive manufactured parts with low porosity show, compared to bulk material, a weakness in fatigue strength.
The fatigue strength level can be improved in the following order:

1. reducing the surface roughness,
2. reducing the residual porosity, and
3. reducing the oxygen content,

as the failure is induced by the respective faults. As the powder used for LBM has a high oxygen content, it is

concluded that high (fatigue) strength parts can be generated, if a low porosity and deoxidation measures are
implemented into the LBM process.
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