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Nebojša Bogojević 2 and Zlatan Šoškić 2
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Abstract: The quality of additively produced parts and the achievable mechanical response may
be affected by several factors, such as build orientation, heat treatment, or machining. A further
rarely investigated factor is the position of the built part in the chamber with respect to inert gas
flow. Previous studies have highlighted that the interaction between gas flow and laser track may
induce an intense vaporization with consequent lack of fusion, particle entrainment, drop in density
and denudation of the produced part, which is likely to detrimentally affect mechanical properties.
This study addresses the effect of part position on the fatigue strength of heat-treated maraging steel
MS1 produced by an EOSINT M280 machine in a nitrogen environment. Novelty arises from the
lack of studies in this field, especially under fatigue. A factorial plan with subsequent statistical
analysis highlighted that positioning the part upstream with respect to the gas flow leads to a slightly
lower fatigue strength; however, no significant differences are observed. The failure mode, involving
initiation from subsurface porosities of the same size, is also unaffected. Finally, a fatigue limit of 26%
of the ultimate tensile strength is found, which is consistent with previous outcomes.

Keywords: maraging steel MS1; powder bed fusion; build chamber position; nitrogen inert gas;
fatigue strength

1. Introduction

Current additive manufacturing techniques have impressive features from the point
of view of fabricating complexly shaped components in a monolithic form, starting from
a 3D drawing of the part. Laser Powder Bed Fusion (L-PBF), often referred to as Direct
Metal Laser Sintering (DMLS) or Selective Laser Melting (SLM), is a powerful stacking
process based on powder-bed high-speed scanning by a laser beam. The first step consists
of slicing a 3D virtual model of the part into a number of cross sections, accounting
for layer thickness. Afterwards, a small laser beam follows a strictly controlled path,
reproducing the actual cross section at the generic layer. Powder irradiation along this
specific path implies powder melting, involving a small thickness on the order of some
tens of µm. Following powder melting, cooling and solidification occur with melting pool
penetration over contiguous layers. Afterwards, the baseplate is moved downwards by
a step corresponding to layer thickness, and the cycle is repeated until the completion of the
component fabrication. It is clear that, due to the high-speed scanning and the high-speed
hydrodynamic flow involving melted powder, some spattering may take place, which can
have a detrimental effect on the component surface finish, and, especially, on its density
and achievable mechanical performance. A proper choice of the build parameters may
mitigate these consequences; however, an important role is played by the inert gas, mainly
argon, helium or nitrogen, flowing in the chamber [1]. These protective gases interact
with laser beam irradiation, thus affecting the quality of the fabricated component. The
protective feature is usually related to protection against oxidation [2–5]: as the powder bed
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is hit by the laser beam, the temperature rises and oxide generation is promoted, which has
a detrimental effect on the powder bed. The flowing gas, which is usually a noble gas, builds
up a pure and protective atmosphere that contributes to reducing oxygen concentration
and diluting the oxides. Gas recirculation control is usually based on on-line monitoring of
oxygen presence in the chamber. Gas flow may be implemented by different procedures,
ranging from an undirected, uncontrolled flow from the ceiling of the build chamber to
a directed flow over the powder bed from one side to the other, for instance from the left to
the right side or from the rear to the front. Another important feature of this gas flow is
related to process by-product removal, such as the spatter of inter-layer welding fumes, as
otherwise they may detrimentally interact with the laser, which could result in a not-fully-
dense matrix due to voids. This effect is sometimes referred to as denudation, which
may arise from the interaction between laser tracks and gas flow. As observed in [6] by
an experimental and numerical study, this interaction induces extensive vaporization and,
consequently, small metal particles may not be incorporated into the melting pool, and may
even be pulled away along a vertical direction and/or rearward with respect to the scan
direction. In other words, they may be spread all around the build chamber and, therefore,
affect the quality of the process and the achievable features of the fabricated component.
Material pulled away leaves tracks quite powderless, which may turn into unmolten spots
and porosities. Therefore, inert gas flow does have an effect on particle entrainment,
which, in turn, results in denudation and may affect density, roughness, and the static or
fatigue responses. The study in [7] highlighted that improper removal of by-products may
result in a scattering affecting the width of single scans. Their experimental study also
investigated the primary reasons for by-products during the stacking process. The results
indicate undirected gas flow and insufficient local gas flow velocity have a major role on the
aforementioned phenomenon, because they both induce a balling effect, resulting in lack of
fusion. The detrimental effect of balling has also been highlighted by [8]. Conversely, the
basic role of a properly directed and controlled inert gas flow has been emphasized in [9]:
this experimental and simulative investigation highlighted that uniformity of property
is strictly related to uniformity of flow. Their studies, regarding SLM-produced titanium
alloy, highlighted that a proper modification of inert gas outlets may significantly affect the
process and the achievable quality of the produced parts. In particular, outlet shape that
produces a uniform flow throughout the build chamber, results in a sharp reduction of the
standard deviation affecting some performance indicators. Focus was given to porosity as
a reliable indicator of the quality of the additive process and compression strength. Other
studies [10,11] have also highlighted the strict relationship between the gas flow and the
achievable part quality.

Other studies have focused on comparisons between the effects of different chamber
environments, making use of different gases. For instance, in [2], the effects of argon
and nitrogen environments have been investigated in terms of the static strength of SLM-
fabricated stainless steel specimens, finding no significant differences. The difference
between an argon and a helium environment in terms of induced spatter and of achievable
surface quality was the topic of [12]. Results indicate that an argon atmosphere may be
associated with more significant powder entrainment, which results in more spatter and
a poor smoothness of the surfaces of built parts. Conversely, helium flowing in the chamber
results in reduced spattering, taking advantage of better diffusivity and conductivity.
A more uniform flow, also in agreement with [9,13], results in a better-refined surface, which
may also allow for higher scanning speeds with respect to an argon-vented chamber. These
results are also confirmed in [14], although some more denudation issues are highlighted.

The considerable impact of spattering is also highlighted in [15], where the authors
focused on the effects of the position in the chamber, gas flow velocity, and the relative
direction of inert gas flow with respect to the laser scanning pattern. For this purpose,
a three-factor, two-level plane was implemented, addressing the achievable mechanical
performance. However, only static properties, namely the ultimate tensile strength (UTS),
along with an indicator for surface smoothness, were investigated. The results, processed
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by the tools of ANOVA, indicate that the higher the inert gas velocity in the chamber,
the higher the UTS; moreover, static properties may take advantage of scanning against
gas flow. As for part position throughout the building process, it is worth mentioning
that, based on the reported results, it has an insignificant effect on UTS: the retrieved
distributions for UTS are statistically the same regardless of upstream or downstream
location with respect to flow. Further studies [16,17] have dealt with the root causes and
the effects of spattered powder, considering an SLM additive process. A detrimental effect
of contaminated (generally burnt) powder has been observed in this case, in terms of
a lower UTS with respect to that achievable with fresh powder due to a higher amount
of inclusions. This phenomenon also negatively affects part quality. The amount of burnt
particles that may mix up with fresh powder is mainly affected by process parameters, such
as gas velocity and direction with respect to scanning path. However, it may be higher for
parts in the upstream position, i.e., close to the gas outlet [15], where spattered particles
are burnt and disintegrated by the laser. The study in [18] is the only one that addresses
the effect of part position in the chamber on the fatigue response of the fabricated parts.
This experimental campaign, focused on heat-treated 18Ni300 maraging steel, has led to
the conclusion that specimens in the downstream position exhibit a higher fatigue strength.
Further microscopy analyses have indicated cracks most often generated from surface or
sub-surface porosities. Their size was taken as an indicator of position criticality and of
the expected fatigue response: larger porosities were observed in the upstream position,
meaning that the larger the porosities, the lower the fatigue strength. This outcome could
be due to the aforementioned phenomenon.

A literature review has highlighted that inert gas flow has an impact on the achievable
features for the built part. These may be affected by number and shape of the outlets, and,
in turn, by the uniformity of flow. Another important parameter is related to the interaction
of gas flow speed with scanning speed. Finally, the type of the gas flowing in the chamber
may also affect powder entrainment and spattering, and, consequently, the smoothness
and overall finish of the surface. The effects in terms of the achievable strength have been
more rarely investigated, mainly with regard to static properties, with the exception of [18].
In the latter, the effect of the position in the chamber on fatigue was observed in an argon
environment in the framework of a more extended campaign. Based on the hypothesis that
flow characteristics may affect the mechanical properties of the built parts, it is clear that this
point may be tackled, addressing different features of the gas and its flow, or considering
the possible effect of different positions in the chamber with respect to gas flow. This study
follows the latter approach, considering upstream, midstream and downstream locations in
the build chamber of a commercial DMLS machine, where nitrogen flows from the rear to
the front. The output variable is the fatigue response in the finite and infinite life domains.
The study is focused on aged maraging steel MS1. This material has wide applications
in many fields, including the automotive, aeronautical, biomechanical, tool and die, and
marine industries [19,20]. Moreover, it has already been the topic of previous studies by the
working group [21–23], dealing with the possible effects of build orientation, thickness of
allowance for machining, and aging treatment. Based on the retrieved outcomes, it has been
proven that this material exhibits quite stable properties regardless of different fabrication,
machining and heat-treatment strategies. Issues of novelty of the present study arise from
the lack of data regarding this topic, which has never been investigated with reference
to this heat-treated material under a nitrogen environment. Moreover, an additional
level (midstream location) has been added with respect to the study in [18], where just
two locations, close and far away from the inlets, was considered. Finally, sample shapes,
dimensions and load type are different with respect to those in [18], which considered flat
samples under axial load.
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2. Materials and Methods

The material involved in the present research was maraging steel MS1, equivalent
to 1.2709 steel and also reported as 18% Ni Maraging 300 or AISI 18Ni300. The chemical
composition of the material, in terms of wt%, is provided in Table 1.

Table 1. Chemical composition (weight percentage) of maraging steel MS1.

Ni [%] Co [%] Mo [%] Ti [%] Al [%] Cr
[%]

Cu
[%] C [%] Mn [%] Si [%] P [%] S [%] Fe [%]

17–19 8.5–9.5 4.5–5.2 0.6–0.8 0.05–0.15 ≤0.5 ≤0.5 ≤0.03 ≤0.1 ≤0.1 ≤0.01 ≤0.01 Bal.

Material powder was supplied by EOSGmbH—Electro Optical Systems, Krailling/
Munich, Germany, which certified the aforementioned composition and a maximum par-
ticle size of 60 µm (mean size around 40–50 µm). The fatigue campaign, which was run
according to the procedure below, made use of cylindrical samples with a shape compliant
with the recommendations in Standard ISO 1143 [24]. A 6 mm diameter was chosen as
a good trade-off between production costs and recommended design. All the samples
were manufactured by Powder Bed Fusion (PBF), namely by Direct Metal Laser Sintering
(DMLS). For this purpose, samples were built by an EOSINT M280 machine (by EOS
GmbH—Electro Optical Systems, Krailling/Munich, Germany), equipped with an Ytter-
bium fibre laser up to 200 W power. This machine can be regarded as an evolution of
EOS M270, in which an undirected and uncontrolled gas flowed from the top of the build
chamber. Conversely, the EOS M280 features a directed flow from the rear to the front, in
order to take advantage of a more uniform flow with parallel horizontal path with respect
to the powder bed.

Its technical characteristics also include 0.2032 mm thickness and 1064 nm-wavelength
infrared light beam; moreover, the scanning task may be speeded up to 7000 mm/s.
The fabrication chamber consists of a 250 mm × 250 mm horizontal plane for baseplate
accommodation, and a 325 mm height. The sample stacking process was assisted by
the “Performance” program by EOS that features a 40 µm thickness layer, a 67◦ rotation
scanning strategy and other parameters optimized by EOS (laser speed, laser power, laser
offset). A vertical stacking direction was kept unchanged for all the specimens, meaning
the main axis of inertia was perpendicular with respect to the horizontal baseplate. All the
samples underwent the same post-manufacture treatments. Heat-treatment was performed
by age-hardening: samples were heated to a 490 ◦C temperature in one hour in an oven;
afterwards, this temperature was kept unchanged for the following 6 h. Finally, samples
underwent gradual cooling in fresh air. This treatment is usually recommended (by EOS,
serving and both machine and powder supplier), to relax the detrimental residual stresses
that are introduced by the stacking process and increase hardness up to 50HRC. At the
same time, UTS is increased from 1100 to 2050 MPa and the Yield Point (YP) is incremented
from 1050 to 1990 MPa [25].

The following step consisted of machining by grinding with a 0.5 mm allowance,
which led to the shape shown in Figure 1.

The final task consisted of micro-shot-peening performed with a flow of stainless steel
shots with 0.4 mm average diameter. The samples were treated under a 5-bar pressure up
to complete coverage. This procedure was suggested by the promising results highlighted
in [23,26]. These were yielded by surface peening treatment being run after machining
instead of just after additive fabrication. Running shot-peening just after part building
is usually recommended [27] to close the process-induced porosities and to build up
a beneficial residual stress state. However, it is generally effective over a surface layer
not beyond a 0.1 mm depth that is subsequently completely erased upon machining.
A 0.5 mm allowance, as in the described processing, is indeed to be regarded as a minimum
threshold for machining by turning and grinding. Therefore, the rationale for running
shot-peening after machining is taking advantage of the compressive residual stress at the



Machines 2023, 11, 196 5 of 17

surface, while simultaneously achieving a sufficiently smooth surface. On the one hand,
roughness asperities that may act as crack triggers are truncated [26]; on the other hand, the
compressive residual stress state prevents propagation or reduces its rate with beneficial
outcomes on the fatigue performance. Impact dimples may lead to a further roughness
increase, but previous studies have shown this is of minor importance [26,28].
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Figure 1. Sample geometry in agreement with ISO 1143 Standard (all dimensions in mm).

Samples were split into three sets, depending on their position in the working chamber.
During the additive process an inert gas, in particular nitrogen, flowed in the chamber from
the rear to the front. The rear location, close to the gas inlets, was regarded as upstream,
whereas the frontal one, close to the door, was regarded as downstream. The analysis
was run over three levels: an intermediate region (between upstream and downstream
locations), tagged as midstream, was considered as well. The experimental plan was
arranged, according to Table 2, to be regarded as a 1-factor design investigating the effect
of the position of the chamber (single factor) on the fatigue response and related failure
mode. The investigated positions in the chamber are also highlighted in the sketches in
Figure 2A,B, where the gas path is highlighted as well. Each set consisted of 12 samples
and all the samples were produced within the same batch.

Table 2. Experimental design involving three sample sets fabricated at upstream, midstream and
downstream locations.

Position in the Chamber

Upstream
(Rear side) Midstream Downstream

(Front side)

Set HMP-U Set HMP-M Set HMP-D
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Figure 2. Sample production in the build chamber: (A) plan view highlighting the three locations
with respect to gas flow; (B) isometric view with actual location of sample sets.

3. Experimental Section

All the samples were checked for both dimensions and roughness, in order to ensure
the fulfilment of the related specifications. Tests were run under four-point rotating bending
(stress ratio, R = −1) by an RB35 machine produced by Italsigma (Forlì, Italy). The testing
machine is depicted in Figure 3 and further details and schemes are included in [21]. The
testing frequency was kept at 60 Hz for all the trials.

The fatigue tests were initially run in the finite life domain, aimed at determining the
S-N curves for the three sample sets. Standard ISO 12,107 [29] was used for this purpose to
conduct the experiment and to process the results by linear and quadratic interpolations in
the logarithmic scale. The general linear test was then applied to assess the significance
of interpolation improvement when applying the non-linear model. A confidence band
corresponding to 10% and 90% failure probabilities and to 90% confidence level were
determined as well. A 107 runout was considered for fatigue limit determination, based on
the previous experience with fatigue testing with specific reference to this material [21–23].
An ANOVA-based extended statistical analysis for the comparison of fatigue curves was
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applied as well, as described below; its basic principle consists in comparing the distance
between S-N curve trends and their scattering due to uncertainty.
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Fatigue data were also processed by a Maximum Likelihood Estimation (MLE) ap-
proach, taking both complete and censoring (namely, runouts) data into account. This
approach has the capability of modelling both the sloping part of the S-N curve in the finite
life domain and its curvature at runout lifecycle range, which makes it possible to estimate
the fatigue limit for infinite life. The utilized algorithm is based on the maximization of
a likelihood function for different values of failure probability [30–32].

Eventually, an overall fatigue limit with related 90% confidence bands was worked out
based on all the determined results, and following the Dixon method [33]. It was worked
out based on a unique failure and not-failure sequence, involving samples from the three
sets. Finally, fracture surfaces and related failure modes were investigated by stereoscopic
microscope (Stemi 305, by ZEISS, Oberkochen, Germany). Sample set relative densities
were determined by the immersion method, working out the overall volume based on
Archimedes’ thrust.

A further analysis was also performed in order to determine the porosity level and to
get a better awareness of porosity distribution. Three specimens per type were cut by a saw;
their cross sections were then included in plastic-embedded specimens. A careful polishing
was carried out with sandpaper and a water and alumina solution. Cross sections were
then examined by the aforementioned stereoscopic microscope, taking a suitable number
of pictures. This procedure makes it possible to easily detect porosities: as an effect of the
stereoscopic light, the entire surface appears black except for porosities, which are bright
due to different light reflection. Image-processing software was utilized to invert colors
and to determine the proportion between dark and white pixels, which yields the porosity
level. This parameter indicates the number of voids over the considered cross section.

4. Results and Discussion

Roughness Ra proved to be the same (0.8 µm) for all the sample sets: its value is
consistent with that observed in [23] and is due to the effect of peening-induced dimples.
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Relative density and, consequently, the porosity level, also proved to be the same, in the
range of 99–99.5%.

This outcome was also confirmed by the porosity analyses. A processed image with
inverted colors is displayed in Figure 4, where voids and porosities are highlighted in black
over a white landscape. The porosity level is related to the amount of black (ratio between
the black and the white pixels) that can be easily determined by graphic processing: several
freeware programs are available for this purpose. Based on the retrieved data, the porosity
level is generally low and varies between 0.4 and 0.7%, regardless of sample type. This
outcome is consistent with the measured relative densities. Moreover, porosities appear to
be generally quite uniformly distributed.
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Figure 4. Porosity analysis assisted by image-processing software (porosities are highlighted as dark
pixels over a white landscape): a sample of the HMP-U set with 0.4% porosity level.

Each S-N fatigue curve is plotted in the finite life domain with the related confidence
band in Figure 5A–C; moreover, their trends and corresponding strengths are compared
in Figure 6A. The general linear test always led to the conclusion that the enhancement
yielded by the second-order model was always under the significance threshold. Therefore,
the linear model was utilized for all the sample sets instead, and was also applied in the
framework of the MLE approach. The curve trends following the latter methodology are
displayed in Figure 6B.

Linearly interpolated S-N curves have been determined according to Equations (1) and (2),
whereas their 10% and 90% probability of failure lower and upper bounds have been
sketched complying with Equation (3). The calculated coefficients b0 and b1 are provided
in Table 3.

Log(N) = b0 − b1 · Log(S) (1)
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S = 10
b0
b1 · N−

1
b1 (2)

Log(N) = b0 − b1 · Log(S)± k · σ (3)

A second point was S-N curve comparison. For this purpose, an ANOVA-based
statistical assessment for the comparison of fatigue curves was utilized. This method,
developed in [34] and successfully applied in the subsequent studies [21–23,26,28,35] was
used to assess the impact of the position in the chamber factor. The rationale of this
analysis is to compare the different trends of fatigue curves, and consequently, the resulting
strengths over the entire lifespan, to the uncertainty affecting the entire experimental
campaign, which results in data scattering. The first point to address the present one-
factor analysis is determining a grand-mean curve, as in Equation (4). In this formula, S
corresponds to the 10-base logarithm of the stress for a generic number of lifecycles in the
finite life domain. The subscript refers to the position in the chamber the set is referred to
(HMP-U = upstream, HMP-M = midstream, HMP-D = downstream).

S.. =
SHMP−U + SHMP−M + SHMP−D

3
(4)
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Table 3. S-N curves in the finite life domain: related coefficients for nominal trend and
confidence bounds.

Set # b0 b1 10 b0/b1 − 1/b1 k·σ

HMP-U 36.183 10.855 2155 −0.092 0.971

HMP-M 56.619 18.079 1354 −0.055 0.361

HMP-D 51.818 16.210 1573 −0.062 0.926
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Then, an SSBC′ term, i.e., a term being related to the effect of the considered factor,
must be determined as in Equation (5). This term can be regarded as the sum of the squares
of the differences between strengths for each curve and the corresponding strength for
the same value of lifecycles, according to the aforementioned grand-mean curve. From
this point of view, it is a reliable indicator of the different trends and distances among the
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retrieved curves, and, therefore, of the potential influence of the position in the chamber on
the fatigue response.

SSBC′ =
[(

SHMP−U − S..
)2

+
(
SHMP−M − S..

)2
+
(
SHMP−D − S..

)2
]

(5)

SSBC =

Log(107)∫
Log(105)

SSBC′dLog(N)

Log(107)− Log(105)
(6)

A scalar term, SSBC, is then worked out in Equation (6), computing the integral mean
of the aforementioned term over the explored lifespan, in order to account for the global
response over the entire investigated life range. The error term (“SSE”) was estimated as
the sum of the squares of the residuals between the experimental data and the predicted
ones by linear regression. These residuals were computed as the differences between
the 10-base logarithms of the fatigue experimental and predicted strengths for the same
lifecycles upon failures. The aforementioned terms were then treated as in a conventional
one-factor ANOVA. The sum of squares, corresponding to the effect of the position in the
chamber and to the experimental uncertainty affecting the campaign, were suitably scaled
by the respective degrees of freedom. The Fisher ratio and p-value were finally computed,
to draw a conclusion regarding the significance of the impact of the investigated factor.

This outcome, reported in Table 4, indicates that, based on the retrieved results,
the differences are not significant, meaning they are bounded within the experimental
uncertainty. Although no significant differences have been observed, the fatigue strength
for the HMP-U Set, corresponding to the upstream position, seems to be a bit lower. Some
authors, as in the study [15] concerning static properties, have highlighted that a few burnt
particles may mix up with fresh powder. This occurrence seems to be more relevant for the
components being fabricated close to the gas inlet. At this location, many metal particles are
spattered, as they are burnt and disintegrated by the laser, which may result in a reduced
density and lower mechanical strength. This result seems to be in agreement with the
observed lower fatigue strength for the HMP-U Set. However, a conclusion regarding this
point cannot be drawn due to the aforementioned not-significant differences among the
determined fatigue strengths and the observed densities and porosities. As for fatigue
limits for infinite life, the curves yielded by the MLE approach exhibit a curvature in the
neighbourhood of runout, which makes it possible to run a rough estimation of the fatigue
limits. It is worth mentioning the three curves converge to close fatigue strengths at runout,
which also supports the final outcome of the performed statistical analysis.

Table 4. ANOVA Table regarding the effect of the position in the chamber on the fatigue strength.

Sum of
Squares

Degrees of
Freedom

Sum of
Squares

after Scaling

Fisher’s
Ratio p-Value

SSBC: Effect of the
position in the chamber 0.0012 2 0.0006 0.70 0.51

SSE: Error 0.0136 16 0.0008

Following this outcome, the fatigue limit (strength at runout, i.e., 107 cycles) was
determined by the staircase approach, processing a unique sequence of failure and non-
failure events yielded by the merge of the results for the three sets. This merge staircase
sequence is provided in Table 5, which yields a fatigue limit of 543 MPa according to the
Dixon method [33]. This result (tagged as that for Set HMP-U-M-D), with related confidence
band, is compared to the results for the same material reported in [23] with reference to
different combinations of heat, machining and surface treatments and related order. In
particular, Set N refers to just shot-peened samples, Set H refers to shot-peening with



Machines 2023, 11, 196 12 of 17

subsequent heat-treatment, Set M refers to peened and subsequently machined samples.
The last two Sets, HM and MP, respectively refer to shot-peening with subsequent heat-
treatment and to machining with subsequent shot-peening without heat treatment. All
the fatigue limits are collected in the bar graph in Figure 7, where confidence intervals
corresponding to 90% confidence level are plotted as well. In addition, considering that,
based on [36] and many other references, the fatigue limit for finite life may be roughly
estimated as 50% of the UTS; the latter value is also added to the graph. Regarding this
point, two dashed lines are added, as reference thresholds for the non-heat-treated and
heat-treated conditions. The results may be interpreted in light of what was observed
in [23], where it was highlighted that machining and heat treatment, when applied together,
have a positive synergic effect on the fatigue strength. Therefore, the fatigue limit is
approximately 25% incremented, when comparing the joint response of Set HMP-U-M-D
to that of Set MP, as an effect of heat treatment being executed as a post-manufacture
procedure before machining and shot-peening. Conversely, a slight reduction occurs when
comparing the responses of Set HMP-U-M-D and HM. A possible reason for this drop can
be related to heat treatment making material more brittle against fatigue and fracture, also
in agreement with the remarks for PH Stainless Steel in [35]. When the surface is treated by
shot-peening, material ductility is furtherly reduced. These two effects are combined, and
consequently, crack initiation and propagation is promoted from sub-surface porosities.
As highlighted in the microscopy analyses below, these are located beneath the treated
surface, where residual stresses turn from compressive to tensile. Consequently, fatigue
strength is lowered. However, this slight decrease, on the order of just a few percentage
points, does not appear to be relevant. Regarding ratios with respect to the material UTS,
that for Set HMP-U-M-D is 26% and is well aligned with previous results retrieved for
maraging steel MS1 in heat-treated and machined conditions [21–23]. Considering the
entire study, the highest ratio, 38%, was retrieved for Set MP (UTS for untreated material is
considered here), which indicates that running shot-peening after machining yields very
good properties that are quite close to those for wrought material. In this case, there is no
need for heat treatment, which has a worsening effect, and it is possible to take advantage
of peening-induced negative residual stresses as well as a quite smooth surface.
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Table 5. Failure–not-failure sequence at staircase involving specimens of Sets HMP-U-M-D.

Stress
[MPa] — — 1 2 3 4 5 6 7 8 9 10 11 12 13

670 X

640 X

610 X X

580 O X X

550 O X X X

520 O X O

490 O

As mentioned in the Introduction, the study [18] is the only one that has dealt
with the possible effect on fatigue of part position in the chamber with respect to gas
flow. In that case, for a different heat treatment performed on a maraging steel, and for
a different machine making use of a different inert gas, it was found that samples in
a downstream location seem to exhibit better performance. An interesting point is that the
aforementioned outcome was related to the size of sub-surface porosities that triggered
fatigue failure. Porosity size was regarded as a valid indicator of the expected fatigue
strength, meaning that the larger the porosity, the lower the observed fatigue strength.
Therefore, the microscopy analysis was focused on the investigation of the failure modes
involving the fatigued samples. The first point is that all the fatigue cracks did not initiate
from the surface, but were triggered from sub-surface porosities. In particular, it was
observed that cracks started from sub-surface porosities with 40–50 µm diameter, at the
depth of 150–200 µm, regardless of the sample set, and, consequently, of the position in
the chamber. Therefore, the failure modes appear to be the same ones, as highlighted by
porosities in Figures 8–10 for the three sets investigated here. A possible reason for this
different conclusion is that the machine involved here for sample production, EOSINT
M280, features a well-controlled directional gas flow that is able to remove burnt powder
and by-products, which is not the case of the machine utilized in [18]. Having a uniform
flow, indeed, proves to be a key feature to achieve uniform properties of the built parts, as
highlighted in [6].
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5. Conclusions

This study dealt with an experimental investigation of the effect of the position in the
chamber on the fatigue response of a maraging steel MS1 produced by additive manufac-
turing, in particular by Direct Metal Laser Sintering. A literature survey has indicated this
topic has been rarely investigated, especially with reference to the fatigue response of the
material. Moreover, issues of innovation regarding this research arise from the experimental
assessment of the fatigue response of MS1, following an aging heat treatment, which has
never been the topic of a previous analysis. In addition, the manufacturing procedure
was conducted on a commercial EOS M280 machine with nitrogen flowing from the rear
to the front, and three different locations of the parts were considered, whereas previous
investigations have been mainly concentrated on argon or helium environments with just
two locations. The study was arranged by a factorial plan. All the samples were fabricated
in the same batch, but at different locations: upstream, midstream and downstream with
respect to the nitrogen gas flow. All the samples then underwent aging heat treatment,
machining and final shot-peening.

Statistical processing of the results indicates that no significant differences may be
observed. This outcome seems also to be related to the same failure mode of the samples,
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regardless of their respective positions in the build chamber: all the fatigue cracks were
initiated from sub-surface porosities with the same sizes (40–50 µm) and approximately at
the same depth of 150–200 µm, beneath the layer affected by shot-peening. This minimal
effect of sample position appears to be due to the particular features of this machine, which
features an improved control of gas flow with respect to previous ones.

Therefore, an overall fatigue limit at runout could be determined. The latter is 26%
of the ultimate tensile strength of the aged material, which is well aligned with values
determined in previous research by this group.
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Nomenclature
The following symbols and abbreviations are used in this manuscript:

AM Additive Manufacturing
ANOVA Analysis of Variance
b0, b1 S-N curve coefficients according to ISO 12107 Standard
DMLS Direct Metal Laser Sintering
k Confidence-related tabled coefficient from ISO 12107 Standard
MLE Maximum Likelihood Estimation
L-PBF Laser-Powder Bed Fusion
N Lifecycles (for S-N curve)
R Stress Ratio (fatigue tests)
Ra Roughness Average [µm]
S.. Overall mean (for ANOVA computations)
SLM Selective Laser Melting
S Maximum Bending Stress (for S-N curve)

SHMP-U
10-base logarithm of stress, for Set HMP with upstream location
(for ANOVA computations)

SHMP-M
10-base logarithm of stress, for Set HMP with midstream location
(for ANOVA computations)

SHMP-D 10-base logarithm of stress, for Set HMP with downstream location
(for ANOVA computations)

S-N curve Maximum Bending Stress vs. Life Cycles curve in the finite life domain
SSBC′,
SSBC

Sum of Squares between Columns (for ANOVA computations, for a generic
life N and integral mean over the considered lifespan)

SSE
Sum of Squares Error, taking experimental scattering into account
(for ANOVA computations)
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UTS Ultimate Tensile Strength [MPa]
YP Yield Point [MPa]

σ
Standard deviation of the S-N curve linear regression according to
ISO 12107 Standard
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