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Zusammenfassung

Argon infiltration is a well-known problem of hot isostatic pressed components. Thus, the argon content is
one quality attribute which is measured after a hot isostatic pressing (HIP) process. Since the Selective Laser
Melting (SLM) process takes place under an inert argon atmosphere; it is imaginable that argon is
entrapped in the component after SLM processing. Despite using optimized process parameters, defects like
pores and shrink holes cannot be completely avoided. Especially, pores could be filled with process gas
during the building process. Argon filled pores would clearly affect the mechanical properties. The present
paper takes a closer look at the porosity in Inconel 718 samples, which were generated by means of SLM.
Furthermore, the argon content of the powder feedstock, of samples made by means of SLM, of samples
which were hot isostatic pressed after the SLM process, and of conventionally manufactured samples were
measured and compared. The results showed an increased argon content in the Inconel 718 samples after
SLM processing compared to conventional manufactured samples.

1. Introduction

The generic term Additive Manufacturing (AM) summarizes different manufacturing processes in which the
components are built up layer-by-layer. Near-net-shape components can be directly manufactured from 3D-
CAD data without further forming tools or process planning. So-called powder bed fusion or powder bed
laser fabrication processes, like Selective Laser Melting (SLM) or Selective Laser Sintering (SLS), belong to
the group of AM-processes. In the SLM process, a powder layer is selectively exposed to a high power laser
beam. The exposed powder particles are locally melted and bonded to each other. After this procedure, the
building platform moves down a new powder layer is applied by a recoater and again selectively exposed.
This procedure is successive repeated until the full part height is reached. Compared to SLS, the SLM
process is characterized by the complete melting of the utilized powder material and therefore by a low
porosity and good mechanical properties of the parts. The main advantages of SLM are the great degree of
freedom in possible geometries, the high flexibility in metallic feedstock powders, and the realization of an
inner structure with additional functions. Commonly used SLM powder materials are Ni-superalloys, Fe-
alloys and Ti-alloys [1-4]. Inconel 718 powder can be successfully processed by means of SLM [5-9]. Inconel
718 is a Ni-based superalloy which is commonly employed for high temperature applications [10]. Superior
mechanical properties, such as the high temperature strength and the outstanding creep behavior, are
mainly based on solid solution strengthening and precipitation strengthening [11,12]. SLM offers some new
possibilities to manufacture parts from Inconel 718, especially in the aerospace industry, which conventional
production methods do not feature, like internal cooling structures, light weight structures or integrated
sensors. Thus, researchers and the manufacturing industry are very interested in this process [13].

In general, the properties of the components made by means of SLM are largely determined by the process
parameters. So far, even with optimized parameters, SLM parts still pose some challenges to solve
concerning the quality of parts. One aspect is that complete density cannot be obtained with the SLM
process [8,14]. Especially under cyclic loading, pores act as stress raisers and lead to a reduced durability. In
some cases, a volitional porosity is sustainable [15], but the key aim is to build parts without porosity. Thus,



the remaining porosity is one main quality feature of SLM parts. Since defects like e.g. pores exist in SLM
parts, one important question arises: what is inside the pore?

If the pore is a shrink hole, the pore should be void of gas, thus enabling post-compacting by means of hot
isostatic pressing (HIP). HIP is increasingly attracting attention as a post-processing technique for SLM.
During HIP, temperatures up to 2000 °C and pressures up to 200 MPa lead to diffusion processes and
plastic deformations, thereby sealing defects [25]. Several studies [15-22] reveal that the internal porosity of
laser consolidated, laser deposited, and SLM processed parts made of different powder materials, is strongly
reduced by means of HIP, thus enhancing hence the mechanical properties.

But, if the pore already exits during the SLM building process, it is imaginable that argon is entrapped in the
component after SLM processing. This fact would lead to a contamination of the SLM part with argon. In
this case, the entrapped gas would expand due to the heat treatment during the HIP process and prevent a
perfect post-densification by means of HIP. Another problem would be the usage of such parts in high
temperature applications. The entrapped argon would cause internal stresses and may support a crack
initiation. Thus, an argon content over 400 ng/g (0.4 ppm) is not tolerable for HIPed parts [23]. In the
present study, a closer look is taken at the argon content of Inconel 718 parts made by means of SLM.

2. Experimental Details

A simple geometric shape was chosen for the specimens used in the conducted experiments. Flat rectangular
specimens (26 mm x 7 mm x 1.5 mm) were processed vertically, using a SLM 250HL machine (SLM
Solutions GmbH, Germany) and SLM AutoFab software (Marcam Engineering GmbH, Germany). Inconel
718 (IN718 — SLM Solutions GmbH, Germany) powder was employed with an average particle size of
approximately 30 um (new state). The applied and optimized SLM process parameters are summarized in
Table 1. The skin-core strategy was used to produce the samples. Hence, the process parameters of the
contour and the volume area differ from each other (Table 1). An overlap area between the skin and the core
area was used, which guarantees a good connection between both areas.

Process parameter Volume contour||Volume area
laser power [W] 100 175

laser scanning speed [mm/s]||540 620

hatch distance [mm] - 0.12

layer thickness [um] 30

Table 1: SLM process parameters used in this study for the IN718 powder.

For densification experiments, a HIP facility featuring a maximum temperature of 2000 °C and a maximum
gas pressure of 200 MPa was used (QIH-3, Asea/Avure Technologies, Franklin (TN), USA). Argon
(ALPHAGAZ 1 ARGON, Air Liquide GmbH, Germany) was utilized as an inert process gas. Before starting
the HIP process, the pressure chamber was evacuated, flooded with argon, and evacuated again.
Subsequently, the pressure chamber was heated until the set temperature was reached before the pressure
was increased to set point. The holding time was initiated when both values were stable. The process
parameters used were a temperature of 1150 °C, a gas pressure of 1000 bar, and a holding time of 4 hours.

The porosity was investigated with a micro X-ray computed tomography (uCT) in the as-built state and after
densification by means of HIP. The uCT was conducted with a commercial tomography scanner phoenix
v|tome|x | 240 (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). Tomograms were
reconstructed from the X-ray projections, using software which employs the Feldkamp algorithm. The
obtained voxel edge length was 8 uym. The uCT technique was used to determine the overall as well as the
local porosity of the SLM specimens. Investigations of the microstructure were carried out by means of
scanning electron microscopy (SEM, JEOL JSM-7001F; Joel GmbH, Eching, Germany). To check if the



pores contain entrapped argon, an argon-analysis was conducted by Bodycote HIP GmbH (Haag-Winden,
Germany). For the measurement, a specific sample mass was evaporated and analyzed by means of a gas-
phase chromatograph type GC 600 (AGC Instruments Ltd, Ireland). Table 2 summarizes the analyzed
samples.

Material||Characteristics Short Term Samples
C45 conventional processed; rolled C45 (conv.) 3
IN718 |[conventional processed; rolled IN718 (conv.) 3
IN718 ||SLM IN718 SLM 7
IN718 ||SLM + HIP IN718 SLM+HIP 4
IN718 ||[SLM + HIP (surface layer removed)|[IN718 SLM+HIP (core)||3

Table 2: Test samples for argon analyses

3. Results and Discussion

The results of the porosity measurements by means of uCT are summarized in Table 3. The porosity values
show that the relative density of the manufactured samples is high (about 99.931 Vol.-%). Compared to
other measurement techniques, the uCT method allows measuring the whole volume and not only the
porosity of a cut view section. Thus, the porosity value is more reliable. After HIP processing, the relative
density is further increased and a relative density of 99.9981 Vol.-% was achieved. The results of the
experiments have shown that HIP has a beneficial effect on the measured porosity value. But even after a
HIP processing time of 4 h some pores still remain measurable.

Table 3: Porosity of SLM samples in different conditions

Short Term Porosity by uCT (Average Value)

IN718 SLM 0.069 +/- 0.012 vol.-%.

IN718 SLM+HIP|[0.0019 +/- 0.001 vol.-%.

Figure 1 shows some defects which were found in the microstructure after SLM processing without an
additional HIP process. One observed type of defects has a spherical shape (Figure 1a). Another detected
type of defect has a crack-like shape (Figure 1b). The reasons for these defects can be versatile. Shrinkage
during cooling causing cracking, a nonsufficient melting that causes bonding problems, failures in the
powder bed layer after layer recoating, and pores in the initial powder feedstock are only some possible
hypotheses. Gerling et al. [24] verified pores in gas atomized powders which were filled with argon. The
choice of poor process parameters is of course one reason for porosity [14] as well, but in this study the
overall high relative density of the samples rebuts this cause. Yet, finding a reason for defects and pores is
not the aim of the present paper. Instead, it was the aim of this research to determine the content of such
defects. In order to obtain more information about the content of the identified defects, argon-analyses were
conducted.



Figure 1: Defects in the microstructure of SLM samples. SEM image of a cross-section

The results of the argon-analyses are summarized in Table 4. The argon content of an Inconel 718 sample is
0.308 ppm directly after manufacturing (IN718 SLM). This value is increased about 6.3 times compared to
conventionally manufactured Inconel 718 and C45 steel with an argon content of 0.049 ppm. The measured
value of 0.049 ppm is the lower measuring limit of the measuring system. Hence, in this case, it can be
assumed that the samples IN718 (conv.) and C45 (conv.) do not contain argon. However, the measured
argon contents are below the upper argon limit of 0.40 ppm.

Table 4: Argon content of different samples

Short Term Average Value|[Standard Deviation
IN718 SLM 0.308 ppm 0.021
IN718 SLM+HIP 3.22 ppm 1.078

IN718 SLM+HIP (core)|[0.36 ppm 0.03

IN718 (conv.) 0.049 ppm 0

C45 (conv.) 0.049 ppm 0

Compared to the other samples, the IN718 SLM+HIP samples show high argon contents of about 3.22 ppm.
This value clearly exceeds the upper argon limit of 0.40 ppm. For conventional HIP parts, this finding leads
to the conclusion that the welded container had a leak and the process gas infiltrated the HIP process. Yet,
this conclusion is not applicable for samples processed by means of SLM because no container or
encapsulation is used for HIP processing.

Figure 2 shows a SEM image of a cross-section of an IN718 SLM+HIP sample. A reaction zone was formed
at the surface of the sample. This reaction zone contains high amounts of chromium and oxygen (see Table
5). It is assumed that despite the usage of argon as process gas oxidation takes place. The contamination of
the used argon gas with low amounts of oxygen or the residual content of oxygen in the argon are two
possibilities for the occurring oxidation. The long thermal treatment with high gas pressures supports the
oxidation even with the presence of low amounts of oxygen.



Reaction Zone

IN718 SLM+HIP

Figure 2: SEM image of the reaction zone at the surface of a HIPed IN718 sample

Table 5: Results of the energy dispersive x-ray spectroscopy (EDXS) of the reaction zone

Element||Weight-%|Atomic-%
O 41.71 69.64

Al 0.73 0.73

Ti 3.74 2.09

Cr 51.88 26.65

Fe 0.69 0.33

Ni 1.24 0.56

For a further argon analyses the surface top layer (reaction zone) was removed, so that only the core
material could be analyzed. For this purpose, the samples were ground until a shiny metallic surface was
visible. The results of the argon analysis, conducted with the core material (IN718 SLM+HIP (core)), show
an average argon content of 0.36 ppm (Table 4). This value is much smaller than the value of the IN718
SLM+HIP samples (3.22 ppm) and close to the values of the IN718 samples (0.308 ppm). Hence, the
measured argon had to be entrapped in the surface close areas during HIP processing.

4. Summary and Conclusion

In the experiments, argon analyses were conducted to obtain information about the content of defects in
IN718 samples, manufactured by means of SLM. The measuring results show that argon is entrapped in the
samples (0.308 ppm), but the measured values are smaller than the tolerable limit (0.4 ppm). After post-
densification by means of HIP, the samples show an increased argon content (3.22 ppm). This effect was
attributed to the inclusion of argon in areas close to the surface. The argon content was reduced by removing



the areas close to the surface by means of grinding. Overall, the measured argon content is smaller than the
tolerable limit.

Two causes seem to be responsible for the measured argon content: Firstly, the presence of argon-filled
pores in the powder feedstock due to the gas atomization process. The second cause could be the formation
of defects during the SLM building process. These defects were filled with process gas and sealed with the
next powder layer. In this case, the argon content will increase with an increased porosity and probably pass
the tolerable limit. To eliminate this problem, the porosity should not exceed a defined limit. In other cases,
argon analyses should be conducted.
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