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ABSTRACT

Despite ongoing optimization, Selective Laser Melting (SLM) technology still cannot guarantee
the production of completely defect-free components. This work investigates Hot Isostatic
Pressing (HIP) in a nitrogen environment and solubilization heat treatment as methods for
improving the quality of 316L stainless steel components produced by SLM. The characteristics of
HIP-treated specimens are firstly correlated with the initial density of samples obtained with
different SLM process parameters, showing that HIP is effective at eliminating pores in
components with high initial density (above 99%) but not in those with low initial density
(approximately 94%). Subsequently, the mechanical properties and microstructure of 316L
stainless steel specimens produced by SLM are examined in the as-built state and after various
post-process conditions including solubilization heat treatment and HIP at pressures from 50 bar to
2000 bar. The observed effects of post-processing on the porosity and microstructure of each
specimen are consistent with hardness and tensile test results, with the benefits and limitations of

HIP clarified for future implementation.
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1. Introduction

Powder-based additive manufacturing (AM) technologies are currently seeing strong
development due to their potential to produce advanced components with improved functionality.
The current state-of-the-art of polymer AM is mainly focused on introduction of innovative
materials and complex 3D printed structures [1]. In contrast, there are still a number of technical
shortfalls in relation to AM of metals due to the limited number of commercially available metal
powders and the presence of defects. Uncontrolled porosity of up to 0.5 % is very common even
with optimized process parameters [2], while the resulting physical properties dependent on
process parameters [3]. The choice of parameters has a strong influence on the cooling rate and
solidification mode, which in turn influence the resulting microstructure, mechanical properties [4]
and machinability [5]. For materials such as aluminum alloys, metallurgical defects such as
balling, porosity, residual stresses and oxidation can be difficult to control, thus limiting the
number of materials suitable for Selective Laser Melting (SLM) [6]. Process optimization can also
require a compromise between low porosity and high dimensional control depending on the
applied energy density [7]. Though existing literature provides a solid technical basis and process
parameter window for those wishing to apply SLM within new applications, this technology still
cannot guarantee the production of completely defect-free components.

The presence of pores does not necessarily compromise static mechanical performance, with the
mechanical strength obtained with SLM often greater than that obtained with traditional
manufacturing methods [8-10]. Fatigue performance, however, exhibits strong dependence on
density and pore dimensions [11-13]. Parts produced by SLM can display similar hardness to those
produced with conventional methods but a significant reduction in fatigue strength even after
machining to reduce the surface roughness [14]. For example, a reduction in fatigue limit from 640
MPa with conventional manufacturing to 300 MPa with SLM has been demonstrated for 17-4 PH
stainless steel [15]. The presence of defects not only compromises the integrity of components
subject to dynamic loading, but also has a negative influence on corrosion resistance. It has been
shown that the breakdown potential of 316L stainless steel is lower for SLM parts than for the
standard bulk material [16], with the former exhibiting greater susceptibility to pitting corrosion.
This is an important aspect, as the applications of greatest interest for AISI 316L stainless steel are
related to the material’s compatibility with food products and biomedical substances. Both these
fields have strict standards relating to surface quality that require complete absence of surface
defects to avoid accumulation of material or buildup of bacteria, with parts often undergoing harsh
washing or sterilization cycles.

Defects during AM can be minimized by employing specific laser scanning approaches. Multi-
scanning strategies inducing re-melting have been shown to decrease porosity from 0.77 % to
0.036 % for 316L stainless steel [17] and from 0.39 % to 0.05 % for Ti-5Al-2.5Sn alloy [18].
Though it has been shown that this technique can be used to largely reduce porosity, defects are
not completely eliminated and build time is significantly longer. An alternative is post-processing
with Hot Isostatic Pressing (HIP). This technology has historically been utilized to compress
sintered parts such as cutting tool inserts or to improve the integrity of cast components by

reducing the presence of pores. HIP consists of simultaneously subjecting a component to elevated
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temperature and pressure within a chamber containing a (usually inert) gas, which compresses the
component in an isostatic manner. This leads internal pores to collapse, entrapped gas to dissolve
within the matrix and powder particles to consolidate within the rest of the structure [19]. HIP has
seen limited application to AM to date, with literature mainly focusing on Nickel and Titanium
alloys. Heat treatment and HIP performed on Inconel 625 SLM specimens have been shown to
increase ductility and decrease strength, suggesting that optimization of post-processing is an
important factor in achieving specific mechanical properties [20]. Increases in density from 99.917
% to0 99.985 % following HIP post-processing have been demonstrated for Inconel 718 SLM
specimens [21]. It has also been shown that the fatigue life of Ti-6Al-4V SLM specimens
improves with HIP post-processing due to a reduction in the defect population and changes in the
microstructure surrounding defects [22]. In some cases, similar fatigue behavior to the wrought
material has been achieved [23]. In a recent study by Lavery et al. [24] investigating the density
and mechanical properties of 316L stainless steel specimens following HIP, it was shown that it is
possible to reduce the presence of pores significantly. The authors did not, however, vary post-
processing parameters and therefore did not fully exploit the link between SLM and HIP. Finally,
Roettger et al. [25] performed solution annealing and HIP on 316L stainless steel SLM specimens
in an argon environment. They found that argon gas pores could not be sufficiently removed with
subsequent heat treatment due to insolubility of argon within the steel matrix.

The aim of the present work is therefore to investigate the effects of solubilization heat treatment
and HIP performed in a nitrogen environment at different pressures on the mechanical strength,
hardness and microstructure of 316L stainless steel samples produced by SLM. To do this, the
relationship between initial porosity and post-HIP density is first examined to determine whether
full optimization of SLM is necessary to obtain defect-free final components. Subsequently, the
effects of HIP at 1150 °C on the mechanical properties and microstructure are examined while
varying the pressure up to 2000 bar. To complete the investigation, the effects of solubilization
heat treatment on as-built and HIP post-processed samples are also explored. The investigation
confirms that correct SLM parameter optimization is always necessary to obtain defect-free
components, while providing insight into the range of mechanical properties and microstructures
that can be obtained with solubilization heat treatment and HIP post-processing.

2. Materials and methods

2.1 Sample production

Atomized 316L stainless steel powder supplied by LPW® with nominal particle size in the range
15-45 pm was used to produce all samples for experiments. The nominal chemical composition of

this powder is reported in Table 1. Samples were produced by SLM with a MYSINT100 machine.

Table 1 Nominal chemical composition of AISI 316L steel powder used for experiments [wt. %]
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All samples were built in a nitrogen environment with a residual oxygen content of 0.2 vol%.
Process parameters, scanning strategy, build orientation and supporting structures were defined
within the Autofab software. A rotating 3 x 3 mm? chessboard scanning strategy was utilized to
melt the bulk volume, with an alternating parallel-line laser scanning strategy applied within each
square with a hatch spacing of 0.06 mm.

A first experimental campaign denoted the “density test” (DT) focused on the link between the
initial porosity obtained with a specific set of SLM process parameters and the final porosity
obtained after HIP. During this phase, an equal number of SLM samples with low density (LD)
and high density (HD) were produced based on process parameters derived in a previous study [8].
For this purpose, 26 samples (13 LD and 13 HD) of diameter 12 mm and height 15 mm were

produced with the parameters given in Table 2. The layer thickness was set to 20 um in all cases.

Table 2 SLM process parameters used in the DT experimental campaign

Type Power [W] | Scanning speed [mm/s] | Energy density [J/mm3]
Low density [LD] 70 1200 48
High density [HD] 130 700 155

After production, the density of all samples was measured using Archimedes’ principle. This
non-destructive technique allowed the density of each sample to be measured before and after HIP
post-processing. One sample from each set of parameters, denoted LDt and HDyef, Was instead
sectioned to allow measurement of the density with image processing. Samples were then divided
into separate groups and subject to HIP. Process parameters are given in Table 3. Three LD and
three HD samples were treated for each set of HIP parameters.

Table 3 HIP parameters used in the DT experimental campaign

Temperature [°C] | Pressure [bar] | Time [h]
HIPso 50
HIP 1050
e 1150 3
HIP1s00 1500
HIP2000 2000

Once the relationship between the initial porosity obtained with SLM and the final porosity
obtained with HIP had been defined, the investigation focused on evaluating the mechanical
properties and microstructure of components subject to different post-processing cycles. Within
this second experimental campaign denoted the “mechanical and microstructural test” (MMT),
only HD specimens were considered as it had been found that HIP did not increase the density of
LD specimens sufficiently to be of interest. Twenty-four tensile test specimens with geometry in
line with UNI ISO 6892-1 were produced by SLM during the MMT experimental campaign.
These were then subject to post-processing with the conditions given in Table 4.

A typical solubilization heat treatment was selected for austenitic stainless steel consisting of
heating to 1050 °C in a nitrogen environment and maintaining at this temperature for 30 minutes
before rapidly cooling in water. A schematic representation of the entire experimental procedure is

given in Fig. 1.



Table 4 Post-processing conditions for the MMT experimental campaign

No. of tested samples Post-process

4 None
HIPso
HIP1050
HIP2000
Solubilization
HIP1050 + Solubilization
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Fig 1 Schematic representation of entire experimental campaign

2.2 Density measurements

A non-destructive test was employed to evaluate the density of all samples. A PS600 R2 Radwag
balance with a density measurement device for solid materials and a measurement accuracy of
0.001 g was used to perform density measurements using Archimedes’ principle. This approach
consists of weighing the component in air and in distilled water at room temperature. The ratio of
the difference in weight in water and in air is equal to the density of the component, noting that the
density of water is 1 g/cm®. Though this technique is highly precise, it does not account for surface
pores where water can enter. Such a limitation was considered negligible in the present case due to
the fact that HIP is not able to close external pores. As such, comparison of the measured density
before and after HIP remains coherent.

Image processing was employed to measure the density of selected samples based on cross-
sections taken orthogonally to the SLM build plane. Two samples were mounted in epoxy resin,
ground and polished. They were then analyzed with an optical microscope without chemical
etching. The resulting images were processed with the software ImageJ to determine the density of

each sample based on the area ratio of pores within the section.



2.3 Mechanical characterization

The influence of post-processing conditions on the mechanical properties of each sample was
determined with tensile tests. Experiments were carried out in line with 1SO 6892-1 on circular
specimens with a diameter of 6 mm using an Instrom hydraulic testing machine with 100 kN load
cell and 17 mm gauge length extensometer. Specimens were machined to the required geometry to
minimize the effects of surface defects. The strain rate was maintained constant at 10 s using a
cross-head separation rate of 1 mm/min.

Representative as-built and treated samples were then cut from both grip regions of each tensile
test specimen and prepared in line with standard metallographic procedures. Density
measurements were repeated with image processing to verify previously obtained data. Hardness
tests were then performed with a Vickers micro-hardness device (Remet, HX-1000) based on at
least six indentations with a load of 1000 g. Hardness measurements were performed on samples
cut from both grip regions of each tensile test specimen to determine possible differences between

the two as a result of variations in thermal cycle with position during SLM production.

2.4 Microstructural analysis

Polished samples obtained during the DT experimental campaign and those obtained from tensile
test specimens during the MMT experimental campaign were chemically etched with Vilella’s
reagent to reveal their microstructures. Optical microscopy (OM) was then performed with a
Nikon optical microscope with a magnification of 5-50x. Following OM, the cross-sections of
tensile test specimens were analyzed with scanning electron microscopy (SEM) to determine the
presence and types of defects within each sample and evaluate the presence of critical phases such
as oxides or carbides. Energy dispersive spectroscopy (EDS, X-Act/INCA, Oxford Instruments)

was then used to analyze the chemical composition of each sample.

3. Results

3.1 Density

The density of all 26 cylinders produced during the DT experimental campaign was measured
both immediately after SLM production and again after HIP post-processing. Initial average
density values for as-built samples are summarized in Table 5. Percentage values were determined
based on a reference density of 7.93 g/cm?, which was chosen to achieve closest alignment
between data obtained using Archimedes’ principle and that obtained using image processing for
the LDyt and HDref Samples. Images used for the latter, presented in Fig. 2, were obtained by
combining microscope images acquired with a magnification of 2x and subsequently processing

and analyzing the results with the software Image J.



Percentage density values therefore had the scope of making comparison between measured data

more straightforward, while only density values in [g/cm?] were to be considered as absolute

values.

Table 5 Density of as-built DT samples obtained using Archimedes’ principle

Density [g/cm?®] | Density [%]
LD (mean) 7.43 93.73
HD (mean) 7.92 99.81
LDret 7.46 94.07
HDret 7.91 99.75

Density = 94.00 %

Density =99.7 %

(b)

Fig 2 Density obtained with OM image processing for a LDyt and b HD(es Samples

Once the density of the as-built samples had been determined, they were divided into groups of

three and subject to HIP at various pressures (Table 3). The density of all samples was then

measured again. The initial and final density of all tested samples is shown in Fig. 3. The

presented data are averages of three samples for each type, subdivided into initial process
parameters (LD and HD) and HIP pressure (50, 1050, 1550 and 2000 bar).
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Fig 3 Comparison of density before and after HIP

Upon examination of Fig. 3, it is possible to note the following:

1) Samples with lower initial density (LD) exhibit a larger increase in density after HIP;



2) The density of LD samples after HIP nonetheless remains very low (see also Fig. 4);

3) A pressure of 50 bar has no influence on sample density;

4) Increasing the HIP pressure from 1050 bar to 2000 bar achieves no further increases in
density, both in the case of LD and HD samples. This implies that an asymptote exists
above which further increases in pressure provide no significant gains in terms of

reducing porosity.

© - @

Fig 4 Micrographs of LD samples after HIP at a 50 bar, b 1050 bar, ¢ 1500 bar and d 2000 bar

To verify the density obtained using Archimedes’ principle, one HD sample for each set of HIP
parameters was also measured with OM image processing (Fig. 5). The obtained density values,

presented in Table 6, are coherent with the preceding observations.

Density = 99.7 % Density > 99.99 % Density > 94.99 % Density = 99.98 %

[ ]

(a) (®) (c) (d)

Fig 5 OM images and analysis of HD samples after HIP at a 50 bar, b 1050 bar, ¢ 1500 bar and d
2000 bar



Table 6 Density of HD samples obtained with image processing after HIP at various pressures

50 bar | 1050 bar | 1500 bar | 2000 bar
Density [%] | 99.71 | >99.99 > 099.99 99.98

Results obtained during this first experimental campaign (DT) confirmed well-known outcomes in
relation to HIP post-processing of cast components; that is, that the mechanism with which pores
collapse under the action of high pressure and temperature during HIP is a combination of plastic
deformation and subsequent welding of pores via diffusion of atoms. In this way, pores of small
dimensions dissolve into the matrix while large pores reduce in size. There is no specific
discussion within the literature as to whether a maximum percentage reduction in porosity exists
for a given set of HIP processing parameters. It can nonetheless be deduced from the available data
for cast components that initial porosity up to 1% can be almost completely eliminated via HIP
[26,27], while components with initial porosity above 1% can never achieve full density. In [28],
for example, the authors perform HIP post-processing on cast components with initial porosity
between 2.6 — 6.9%, achieving relative reductions in porosity of no more than 20% in all cases.
The situation is obvious quite different, however, where the raw material is in the form of powder
and the final density after HIP processing is 100 % [29].

3.2 Mechanical properties and hardness

Results from the DT experimental campaign demonstrated that HIP post-processing was not
capable of increasing the density to 100 % where the initial density was low (approximately 94 %),
even with pressures up to 2000 bar. For the MMT experimental campaign, LD samples were
therefore no longer considered. The DT campaign also highlighted the fact that increasing the HIP
pressure from 1050 bar to 2000 bar had no significant effect on results. As such, a HIP pressure of
1500 bar was not considered for mechanical testing and microstructural analysis. Furthermore, as
outlined in Section 2, a solubilization heat treatment was included amongst the post-processing
conditions. Solubilization was tested both as a standalone process after SLM production and after

HIP at 1050 bar (Table 4). All samples obtained in this way were subject to tensile tests (Fig. 6).

Figure 6: Tensile test specimens in a as-built condition, b after turning and c after tensile testing.

Results are displayed in Figs. 7 and 8. The average yield strength (YS), ultimate tensile strength

(UTS) and elongation of all samples are presented in Fig. 7, together with the standard deviation of



each. The mechanical characteristics are very evident and consistent, allowing the following
observations to be made:

1) The UTS does not change appreciably with variations in post-processing conditions.
Values remain close to 570 MPa, in line with reference values for the bulk material. The
only exceptions are samples subject to solubilization heat treatment alone, leading to a
lower UTS of approximately 540 MPa;

2) Highest YS is obtained with as-built specimens. Samples subject to HIP instead exhibit
approximately 45% lower values. Those subject to solubilization heat treatment alone
display intermediate behavior, with a YS of approximately 370 MPa;

3) The percentage elongation is much lower for as-built samples, which display lower
ductility than post-processed specimens. Again, samples subject to the solubilization heat
treatment alone display intermediate behavior;

4) In relation to the percentage elongation, samples subject to HIP post-processing at 50 bar
display significant differences to those treated at higher pressures. At low pressure, the

average elongation is 52.7 %, while values of up to 70 % are obtained with high HIP

pressure.
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Fig 7 UTS, YS and elongation of all samples. Reference values refer to an annealed, cold-drawn
bar [30]

Stress-strain diagrams of representative samples are displayed in Fig. 8. The as-built samples do
not present significant strain hardening plastic behavior, while in all other cases this effect is
evident, in particular for HIP samples. This strengthening occurs due to movement of dislocations
within the crystal structure. Such contrasting behavior was confirmed with microstructural analysis

and will be elaborated on below.
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Fig 8 Stress-strain diagrams of representative samples

After tensile tests, representative as-built and post-processed samples were cut from both grip

regions, mounted in resin and polished for micro-hardness tests. Hardness values presented in

Table 7 are averages obtained with 6-8 indentations.

Table 7 Hardness of samples subject to various post-processing conditions

Hardness 1000 g [HV]
Post-process
Bottom Top
None 242 £11.7 | 242433
HIPso 158 +10.5 | 166+10.5
HIP10s0 161 4+5.0 | 171 +18.7
HIP2000 159 9.6 | 186+17.4
Solubilization 194 £11.7 | 191459
HIP10s50 + Solubilization | 156 +5.8 | 189+14.2

The following observations can be made in relation to these results:

1)

2)

3)

4)

The hardness of as-built samples does not vary with specimen height. This outcome is in
contrast with some results presented in the literature [8]; however, it is important to note
that such variations are related to the thermal cycle that the component is subject to,
which in turn is related to both the geometry and number of specimens produced
simultaneously [31]. In the present case, it is likely that the height (approximately 70
mm), combined with the geometry and number of samples (four per platform) led to
negligible differences in the thermal cycle induced at the initial and final stages of
printing.

The hardness of samples subject to HIP post-processing is lower than as-built samples.
Negligible differences between each condition can be observed at the bottom of each
sample, while hardness is considerably higher at the top and increases with pressure;
Solubilized samples are characterized by intermediate hardness, confirming observations
relating to the yield strength obtained during tensile tests;

Results relating to samples solubilized after HIP suggest that differences in hardness
between the top and bottom are primarily due to HIP. It is likely that a small temperature

difference existed between the upper and lower parts of the autoclave in which HIP was
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performed. This conclusion is based on the fact that solubilization on its own led to a
homogeneous hardness profile, while such differences were only observed in samples
first subject to HIP.

3.3 Chemical composition and microstructure

The chemical composition of each SLM sample before and after post processing was analyzed
with SEM-EDS and compared to the powder composition provided by the supplier. Specimens
subject to HIP at 1050 bar were chosen to provide representative values. The results of this
analysis are presented in Table. 8 and are in approximate alignment with the initial nominal
powder composition (Table 1).

Table 8 Chemical composition of SLM components before and after post processing [wt.%]

wt. % Cr Mn Si Mo Ni Fe
As-built 18.33 | 1.49 0.65 255 | 12.40 | Bal.
Solubilized 18.44 | 1.53 0.62 245 | 12.20 | Bal.
HIP at 1050 bar | 17.58 | 1.37 0.57 222 | 11.96 | Bal.

The microstructures of as-built samples presented in Fig. 9 are typical of SLM components.
They are characterized by clearly visible melted zones in correspondence with each laser track.
Fig. 9a displays a cross-section obtained parallel to the build direction in the z-x plane (see
reference system in the left of the figure), showing melt-pools of adjacent layers. Fig. 9b instead

corresponds to a cross-section obtained within a single layer in the x-y direction.

]

(L]

%

@ )

Fig 9 Microstructure of as-built specimens a parallel to the build direction and b within a single
layer

SEM images of a representative as-built sample are displayed in Fig. 10. These confirm the
presence of structures that are typically produced during SLM, including large grains within the
fused zone and sub-micrometer cells with equiaxed (Fig.10a) or columnar (Fig.10b) geometry. The
geometry of these cells depends primarily on the temperature gradient generated between the
center of the melt pool and its boundaries. The lower temperature gradient and higher
solidification rate at the center of the melt pool promote equiaxed grains, while opposite conditions

at the perimeter of the melt pool favor formation of columnar grains [32].
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Fig 10 Microstructure of a representative as-built sample obtained by SEM

‘Islands’ of cells with larger dimensions (2-5 pm) were also observed, allowing the chemical

composition of these structures and their boundaries to be studied. The results of this analysis are

displayed in Fig. 11.

7
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Fig 11 Chemical composition at cell boundaries

The distinct white color of crests in the SEM images with backscattering immediately highlights
enrichment of heavy elements or phases at sub-grain boundaries. From line scan EDS
measurements, it is clear that this heavy element is Mo. Precipitates are also generally rich in Si
and O compared to matrix regions and thus may be attributed to silicon dioxide (e.g. “spectrum 3”
in Table 9).

Zhong et al. [33] hypothesized that inter-granular segregation of Mo at cellular boundaries acts
as a reinforcing element against crack propagation and therefore contributes to the increased

13



strength of as-built SLM samples compared to those produced with conventional processes. This
explanation is in line with the results of tensile tests obtained within the present work, where the
yield strength of as-built and post-processed samples was much higher than the reference value
(Fig. 7).

Detailed discussion of typical defects found during SEM analysis of as-built samples has already
been provided in a previous work [8]. In the present study, no new characteristic cases were
observed. Post-processing of samples instead led to modification of the microstructure, as can be
seen in Figs. 12 and 13. With solubilization heat treatment only (Fig. 12), the dimensions and
direction of grain growth do not appear to undergo significant changes. It is nonetheless evident
that melt-pool boundaries disappear. Upon observation of the SEM images, it is also clear that
sub-micrometric cells are no longer present. This behavior is in line with other works in the

literature [34,35] showing that these cells begin to dissolve upon reaching a temperature of 900°C.

Fig 12 Microstructure of solubilized sample obtained with a OM and b SEM

The microstructure undergoes further modification during HIP, with complete recrystallization
of the material and the appearance of twins. Figure 13 presents micrographs of samples subject to
HIP at various pressures. With the exception of the lowest tested pressure (50 bar), there are no
variations in microstructure or grain size with increasing pressure.

Localized dark regions along grain boundaries were further investigated with SEM. Two
representative imagines are shown in Fig. 14. Irrespective of the pressure at which HIP was
performed, all samples displayed the presence of particles or micro-pores dispersed along grain
boundaries and within each grain. The presence of such a large number of post-HIP inclusions was
also observed by Irukuvarghula et al. [36], who hypothesized that they form during HIP due to the
fracture of residual oxide films from SLM, taking on specific geometry to minimize surface energy

between the metal and oxide layer.
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Fig 14 SEM images of samples after HIP at a 50 bar and b 1050 bar

A line EDS measurement was performed over one of these particles (Fig. 15), highlighting
increases in Si, O and Mn compared to the matrix (Table 8). Such inclusions therefore form as a
result of a chemical reaction between elements already present in the matrix (Si and Mn) and

residual oxygen present within the build chamber.

15



Fig 15 a EDS line scan performed on an inclusion found within a sample subject to HIP at 1050

bar and b corresponding elemental quantities identified during analysis

In contrast to the explanation given by lrukuvarghula et al. [36], the present authors believe that
this outcome is due to gas (nitrogen and residual oxygen) remaining entrapped within the
component during SLM and subsequently dissolving within the matrix and reacting with other
elements when subject to high temperatures. Performing HIP on components produced by SLM
can therefore close pores containing gas in the as-built state but cause the formation of non-
metallic inclusions. The fact that the majority of dark areas within the SEM image appear empty is
probably due to the ejection of inclusions during polishing of metallographic samples.

Other selected inclusions were also analyzed with EDS. Figure 16 shows inclusions found in
samples subject to various post-processing conditions. These include HIP at 1050 bar followed by
solubilization (Fig. 16a), HIP at 50 bar (Fig. 16b) and solubilization only (Fig. 16c). The
corresponding EDS spectra are provided in Table 9. The atomic percentage appears to indicate
silicate inclusions from the olivine family (Mn,Fe).Sis for samples subject to HIP, while the ratio
of oxygen to silicon for solubilized samples is closer to 3:1. Yan et al. [37,38] reported finding
rhodonite (MnSiOgz) inclusions in austenitic stainless steel components produced with AM
processes. Though the presence of this metastable state is justified by the high solidification rate
typical of SLM, the dimensions of crystals in the aforementioned study are in the order of

nanometers (15-100 nm) while the inclusions in Fig. 16 are in the order of a few microns.

Fig 16 EDS analysis of inclusions from a a sample subject to HIP at 1050 bar followed by
solubilization, b a sample subject to HIP at 50 bar and ¢ a sample subject to solubilization only
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Table 9 EDS spectra of inclusions found in HIP and solubilized samples (refer to Fig. 15) [wt.%/

at.%]
wt.% / (0] Cr Mn Si Mo Ni Fe
at.%
Spectru | 12.0 | 32.8 | 13.9 | 11.7 21 (09 |80 |59 |Ba
m1 2 6 8 4 7.56 | 6.01 | 493 | 7.66 3 7 1 6 L
Spectru | 19.9 | 45.6 | 11.2 12.3 111 | 1.2 | 04 9.9
M2 8 0 - 7.91 8 8.23 | 8.59 7 4 7 6.4 8
Spectru 57.9 | 10.0 29.7 | 16.2 | 15.2 | 16.2 09 | 05
m 3 31 7 5 5.73 4 0 7 7 / 7 0
Spectru | 31.8 | 55.9 | 10.8 585 36.6 | 18.7 | 174 | 174|102 | 0.0 |03 | 0.1
m 4 8 9 2 ) 6 5 1 1 0 6 |0 4

Other types of non-metallic inclusions were also identified in HIP samples (Fig. 17), but none

were found with the same frequency as those described above.

v 52 wt. % fe} Cr Mn Si Mo Ni Al Ca Fe

- Spectrum 5 | 33.55 5.12 31.61 | 18.85 - 0.39 0.34 2.09 Bal.

N Spectrum 6 | 28.78 | 32.3 | 23.49 | 3.57 - 034 | 3.57 | 042 | Bal

Shectront ] Spectrum 7 | 28.84 | 19.9 | 22.55 | 8.05 | 042 | 1.51 | 2.44 | 0.98 | Bal
Spectrum 5

Sum [
«

Fig. 17 Inclusions present in a sample subject to HIP at 1050 bar followed by solubilization and
corresponding EDS spectra of the resulting elements [wt. %]

4. Discussion

Experiments performed within this work had the aim of investigating the mechanical properties
and microstructure of AISI 316L components produced by SLM and subject to various post-
processing procedures. The DT phase of the investigation focused on the link between HIP post-
processing results and the initial density of SLM components. For low-density components
(approximately 94 %), HIP increased the density by up to 1 % but was unable to achieve
acceptable values, even at the highest tested pressure (2000 bar), see Fig. 3. This behavior is in
general agreement with results in the literature relating to HIP performed on cast components [26-
28], as previously discussed. It can therefore be concluded that the introduction of HIP after SLM
is of little benefit if the as-built component is produced without SLM process optimization. On the
contrary, if HIP is utilized for post-processing of high-density SLM components, it is possible to
achieve final density values very close to 100 %.

Having ascertained this outcome, it was necessary to better understand the effect that such an
increase in density could have on the mechanical properties of a component, noting that HIP
introduces a non-trivial thermal cycle. Alongside these conditions, a solubilization heat treatment
was also performed at a temperature only slightly below that at which HIP was performed, 1050
°C instead of 1150 °C. This additional experiment provided not only more data, but also the
possibility of obtaining an intermediate condition between as-built specimens and HIP post-
processing to allow a first approximation to be made as to the relative influence of HIP pressure

and thermal cycle on the resulting outcome.
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As-built samples exhibited higher yield strength (by approximately 45 %) and lower elongation
(up to 53 % lower for HIP at 1050 bar) due to the sub-grain texture acting as a barrier to
dislocation movement. This consideration is in alignment with the observed stress-strain behavior
(Fig. 8), which displayed an absence of strain hardening for as-built samples. The lower ductility
of as-built samples was confirmed with hardness measurements, where it was found that as-built
samples had highest hardness (approximately 240 HV), while those subject to HIP had lowest
hardness (approximately 160 HV), as show in Table 7.

These outcomes were also confirmed by analyzing samples subject to the solubilization heat
treatment only. In this case, the yield strength was lower than the as-built samples by 24 % due to
the disappearance of micro-cells during the imposed thermal cycle, but still higher than HIP
samples by approximately 27 % due to incomplete recrystallization. Solubilization increased the
ductility of as-built samples from 33.1 % to 44.7 %, but less so than components subject to HIP
(70.9 %) for the same reasons (Figs. 7 and 8).

Finally, detailed SEM analysis of the resulting microstructures revealed the presence of
numerous non-metallic inclusions with chemical compositions in line with (Mn,Fe),SiO4 and
MnSiOs, both at grain edges and internally (see Figs. 15-17). Further investigation into this aspect
is required to confirm the presence and types of inclusions. These were evident in both samples
subject to HIP as well as those subject to solubilization only. This outcome suggests that the
formation of inclusions is due to temperature and not pressure, with the latter only applied during
HIP. A greater number of defects and micro-pores was nonetheless evident in samples subject to
solubilization only compared to HIP-treated samples, confirming the validity of HIP in removing a

large proportion of porosity.

5. Conclusion

The aim of this study was to investigate the influence of different post-processing conditions on
the mechanical properties, hardness and microstructure of AISI316L components manufactured by
SLM. By performing HIP and a solubilization heat treatment, the following key results were
found:

1. HIP post-processing, even at elevated pressures (up to 2000 bar), produces defect-free
components only when the initial density is high. Acceptable results were not achieved
when the initial density was 94 %, while values very close to 100 % were achieved when
the initial density was at least 99 %;

2. SLM process parameters must therefore be optimized in all cases if porosity is to be
eliminated;

3. HIP pressures in the order of 50 bar do not have any significant impact on porosity, while
pressures of 1050 bar or above produce final results that approach 100 % density;

4. Performing HIP implies complete recrystallization of grains obtained during SLM and
therefore increased ductility at the expensive of yield strength and hardness;

5. Solubilization heat treatment after SLM only partially modifies the microstructure, for

which the percentage elongation and yield strength of samples subject to this treatment
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take on intermediate values. Where the same treatment is instead performed after HIP,
there are no direct consequences on the mechanical properties;

6. SEM analysis of samples subject to post-processing reveals the presence of numerous
non-metallic inclusions. This observation can be accounted for by considering the

reaction of residual oxygen trapped within pores in the base material at high temperature.
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