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1 | INTRODUCTION

Abstract

This paper deals with the novel topic of the fatigue response of additively
manufactured Maraging Stainless Steel CX. A two-by-two factorial plan was
arranged, to experimentally assess the effects of heat treatment and machining
on the fatigue strength in both finite and infinite life domains. The two factors
were regarded as on-off, taking the untreated unmachined condition as a
reference for comparisons. Cylindrical specimens with vertical build
orientation were involved in the fatigue campaign under four-point rotating
bending. The results indicate that the fatigue strength may be remarkably
incremented (up to five times) with respect to the as received conditions,
especially thanks to surface smoothing and taking advantage of a very low
porosity level. Heat treatment strengthening mechanisms were also interpreted
in the light of optical and electron microscope observations. Fatigue
enhancement arises from precipitate size increment throughout the conducted
heat treatment, although the fracture mode turns to be more brittle.
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section of the considered layer. Afterwards, the build

Metal additive manufacturing technologies are nowadays
widely used in many industrial fields. Parts are made by
merging material powder by a laser source or an electron
beam. The components can be built directly from a 3D
model, thus reducing the time from conception to mar-
ket. The model is sliced in layers, a dispenser deposits a
layer of powder on a build platform and a laser or an
electron beam selectively fuse the corresponding cross-

plate moves by an amount corresponding to the height of
the molten layer. Then, a further powder layer is spread
again over the build platform and the aforementioned
steps are repeated again until part completion. Thus, the
consolidated metallic material within close scans and
overlapped melted pools gradually generates the fabri-
cated component.

These additive manufacturing methodologies are
often regarded as “powder bed fusion (PBF)”.> The
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possibility of melting material only where necessary
makes it possible to build complexly shaped components
in a monolithic form,* avoiding material powder waste.
Moreover, this procedure makes it possible to achieve a
high stiffness to weight ratio. The main application fields
involve biomedical, automotive, aerospace, and injection
molding industries. The two most widely used powder
bed processes are called DMLS (direct metal laser
sintering) and SLM (selective laser sintering),””” which
can nowadays be regarded as synonyms.® Therefore, in
the following, they will be regarded as PBF processes.
Static and dynamic mechanical properties of compo-
nents made in AM are often different from those of parts
made of wrought material. A lot of studies are available
in the literature® ' regarding static properties; in addi-
tion further data are often yielded by powder supplier
datasheets. On the other hand, an extensive use of addi-
tively processed parts requires a good awareness of their
fatigue properties. The lack of knowledge regarding these
items is often regarded as a drawback, manly affecting
new powder materials specifically developed for AM. A
0.5 ratio between fatigue limit and ultimate tensile
strength (UTS) is commonly accepted for metallic
wrought materials,"> but this generally does not apply to
additively processed parts.'*'* In addition, products built
by additive processes are often affected by defects, such
as internal voids and porosities, oxides, as well as poor
surface finishing. Tensile residual stresses are also gener-
ally present, as an effect of heating and cooling stages
with remelting'®> upon the stacking process. These fea-
tures detrimentally affect the fatigue response.'®'” Heat
and surface treatments are expected to improve the per-
formance by changing the microstructure’®!® or by
dropping down the level of tensile residual stresses.
Machining may improve surface finishing, also removing
the surface layer, in particular surface contours, where
defects are generally more concentrated. The effect of
roughness or, more generally, of surface irregularity has
been the topic of a few papers in the literature that have
highlighted the detrimental effect of poor surface
finishing. In previous studies®>*" it has been shown that
roughness level is inversely proportional to fatigue
strength, meaning that the higher the roughness, the
worse the fatigue response. A possible reason for this out-
come is highlighted in several papers, such as**** High
roughness causes an increase of initiation sites for surface
cracks. The higher the surface profile irregularity, the
higher the number of onset points. Consequently, many
close cracks may start and then propagate fast, due to the
high driving force arising from multiple cracking. A fur-
ther point, when considering additively manufactured as
built parts, is that build orientation may also affect the
level of induced roughness. The detrimental effect of

roughness involves the fatigue response of a large set of
materials, ranging from metals, Al and Ti alloys to
Inconel. In Vayssette et al”>* the detrimental effect of
roughness was also the subject of a numerical model that
was implemented to interpret the fatigue strength of
Ti-6Al-4V samples.

A further factor that is likely to affect the perfor-
mance of additively processed parts is shot-peening. It is
a widely used surface treatment that has a positive effect
against fatigue and can be applied to several materials,
including stainless steel and metal alloys.> Its main capa-
bilities include the reduction of porosity and the genera-
tion of a beneficial compressive residual stress state at
the surface and just beneath it. Previous studies on addi-
tively manufactured Ti6Al4V have highlighted fatigue
strength enhancement® in preheat treated samples that
have been fatigued under four-point rotary bending. The
fatigue response improvement arises from negative resid-
ual stresses that have the capability of retarding surface
crack propagation. This mechanism relies in cracks need-
ing greater cyclic stress levels to grow up to final break-
age, even though surface is made more irregular than in
the ground state. In addition, the scatter affecting fatigue
strength and S-N curves is also reduced.”” However,
sometimes, surface damage due to the treatment may
trigger the initiation of a few surface cracks. The benefi-
cial impact of shot-peening is also highlighted in O'Brien
IM et al.,”® where a numerical analysis, involving an
additively processed stainless steel, has been run. Its
results indicate that heat treatment and shot-peening
have the capability of relaxing the stacking process-
induced tensile residual stresses and, in addition, of gen-
erating a significantly compressed layer at the surface.
Some authors have also observed an effect of grain refine-
ment.*>** This point is also highlighted in Almangour
and Yang,*' where additively fabricated 17-4 stainless
steel was initially shot-peened and subsequently heat
treated. It was observed that the peening/heat treatment
combination has the capability of inducing a finer micro-
structure, precipitate growth, and larger martensitic
volumes that are likely to positively affect the material
mechanical response.

Process parameters, such as build orientation, are also
important, as well highlighted in Todai.** Both the over-
all number of layers being needed to manufacture a part
and the time for scanning a layer are highly dependent
on part orientation on the build platform. For example,
when fabricating a cylindrical sample lying on the plate,
a reduced number of layers is needed, but laser scans of
each section are remarkably long and take a longer time
with respect to a vertically oriented specimen. Some of
the aforementioned factors have been investigated by the
authors in previous studies involving different
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materials,">'***** including Maraging and Stainless

steels. Maraging steels have wide applications in many
fields, with particular regard to automotive, aeronautics,
and tool machine industry. Previous studies, such as that
in Kempen et al.,> investigated the influence of some
processing and postprocessing parameters and treatments
on the static properties of additively manufactured
Maraging Steel grade 300. The retrieved responses were
also compared with the performance of wrought mate-
rial. Other studies involving Maraging steels have been
focused on the effects of internal defects or voids® or of
microstructural features®’ on fatigue.

Several researches in the literature deal with stainless
steel mechanical static and fatigue properties, as an effect
of additive process and postprocess parameters.*'~%3°
Stainless steel CX can be regarded as a recently intro-
duced Maraging Stainless Steel featuring a low carbon
content and a high amount of chromium. These charac-
teristics lead to interesting properties such as remarkable
corrosion resistance, high hardness, and UTS as well as
yield point (YP). Moreover, this alloy may be classified
within precipitation hardening stainless steels that take
advantage of the precipitation of the p-NiAl intermetallic
phase.** EOS GmbH has recently introduced the feed-
stock powder for this material (named stainless steel CX
or Corrax®) that can be processed by PBF machines. Con-
sequently, this alloy is a valid candidate for injection
molding tools even in harsh environments*"** and also
for shipbuilding, constructions in oil and gas field, off-
shore technologies, and nuclear power plants.*’

The few papers dealing with Stainless steel CX in the
scientific literature are focused on microstructural prop-
erties, hardness, and microhardness features and only
static response. The study in Asgari and Mohammadi**
deals with microstructural microscope observations to
identify scan tracks and melted pools, whose dimensions
were compared with printing parameters. X-ray diffrac-
tion was also run, thus highlighting weak peaks of aus-
tenite and much sharper ones of martensite. Static
strength hardness and porosity levels were investigated
as well, emphasizing a nearly full dense structure. Poten-
tial anisotropy arising from different build orientation
was studied in Sanjari et al.** Microstructural features
and micromechanical properties (hardness, response to
nanoindentation) were investigated, highlighting differ-
ences arising from different printing strategies. Other
studies*>*® are focused on the effect of heat treatment on
static properties, in particular microhardness and, conse-
quently, strength. The response in as built conditions was
compared with those following austenitization only,
aging only, or austenitization with subsequent aging,
which is the treatment being recommended by the pow-
der supplier (EOS,*'). The paper*® also deals with heat
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treatment effects on toughness, whereas a further study*’
is focused on CX corrosion resistance, which is remark-
ably enhanced for CX with respect to same class
materials.

As exposed above, additive manufacturing has great
potentials for rapid manufacturing of highly
complicated parts as single components. However, pre-
vious studies, involving other materials, highlighted that
the stacking process may lead to a lower fatigue
strength with respect to corresponding wrought
materials. In fact, as above, for conventional wrought
materials, the fatigue limit for infinite life may be
coarsely estimated as the half of their UTS,"* but this
ratio is significantly dropped down, when considering
an additively processed material. For this reason, a lot
of research is needed in this field, in order to
investigate the relationship between the additive process
and the achievable fatigue response, accounting, in
case, for postfabrication stages.

However, it is clear that the topic of fatigue involving
CX is still unexplored despite its importance in many
industrial applications. In addition, postmanufacture
treatments, in particular heat treatments, as highlighted
in*** and surface machining, may be used to enhance
its fatigue strength. No study is available regarding the
effect of the aforementioned postprocessing and on their
interaction on fatigue in the finite or infinite life
domains. A further important point is that this Maraging
Stainless Steel is likely to have a different behavior with
respect to other Maraging or stainless steels. In fact,
unlike conventional Maraging steels, featuring 18 wt% Ni
and being strengthened by NizTi precipitates, CX
composition accounts for a much lower content of Ni,
just 8 wt%. Moreover, it is strengthened by the
precipitation of its -NiAl intermetallic with an ordered
CsCl superlattice.*****” On the other hand, Stainless
Steel CX, when compared with other Stainless Steels, has
a much lower C content and a much higher Cr
concentration, up to 11%, which has been exploited to
improve its anti-corrosion properties, as remarked in
previous studies.***’

This paper tackles the topic of additively man-
ufactured CX under fatigue, following different treat-
ments by an experimental approach with subsequent
statistical assessment of the data. Fractography,
micrography, hardness and porosity estimations, and
scanning electron microscope analyses have been utilized
to interpret the data and to investigate the strengthening
mechanisms. Based on the aforementioned remarks, evi-
dent issues of novelty arise from the point that this study
is the very first that deals with the fatigue response of this
material being significantly different from the other
Maraging Stainless Steels.
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2 | MATERIALS AND METHODS

The material involved in the present research is the
aforementioned Maraging Stainless Steel CX, having a
mainly martensitic structure, supplied by EOSGmbH -
Electro Optical Systems, Krailling/Munich, Germany. Its
composition is provided in Table 1.

All the specimens were manufactured using
EOSINT M290 machine equipped with Ytterbium fiber
laser with 400-W power, with working space 250 mm
wide and 250 mm long. All the samples were produced
during a single production process (one batch) with ver-
tical orientation of longitudinal axis of the samples dur-
ing production process. The production process used
the EOS standard direct part set, recommended as
default for industrial applications, with layer thickness
of 30 pm and building volume rate of 3.2mm?/s. Fresh
powder was used for sample production, meaning that
totally new (not recycled) powder was used upon
fabrication.

The developed experimental plan involved two fac-
tors, both regarded over two levels. The first factor was
the heat treatment: the response without and with heat
treatment was assessed. The second factor concerned
machining: The response of unmachined samples, to be
regarded as the zero level, was compared with that of gro-
und specimens. Postmanufacture heat and surface treat-
ments were run, according to the protocol and sequence
being detailed below.

The experimental design is summarized in Table 2:
Four sets were built: “NN” (not heat treated and not
machined), “HN” (heat treated and not machined),
“NM” (not heat treated and machined), and “HM” (heat
treated and machined). Fifteen specimens were built per
combination, corresponding to a total of 60 samples.
These were shaped according to Standard ISO 1143, with
uniform cross-section at gage. After the stacking process,
the samples of the “NN”-type underwent shot-peening
according to the procedure and the parameters provided
below. According to the literature®>* and to EOS recom-
mendations, this treatment is usually carried out to close
the surface porosities and to generate a beneficial com-
pressive residual stress state aiming at balancing the stac-
king process-induced tensile residual stresses. Set HN
samples were treated by shot-peening, as mentioned
above, and then underwent heat treatment according to
the following procedure. This was split into two stages:
Solution annealing and aging,*"*** whose details are

Cr (%) Ni (%) Mo (%) Al (%)
11-13 8.4-10 1.1-1.7 1.2-2 <0.4 <0.4

Mn (%) Si (%)

provided in the points below. The two-step heat treat-
ment is designed to get homogenously distributed fine
precipitations (which are extremely hard) in the rela-
tively soft and ductile metallic matrix. According to the
powder supplier, this process makes it possible to achieve
excellent properties of hardness, strength as well as duc-
tility for the treated part.

« Solution annealing

« Heating up to 900°C with heating rate around 5.5-
6°C/min.

« Parts kept at the controlled temperature of 900°C for
45 min.

« Rapid cooling in compressed air stream from 900°C to
150° C with 150°C/min cooling rate.

« A further cooling from 150°C to room temperature
with cooling rate around 10°C/min.

Aging phase

« Heating from room temperature to 530°C with heating
rate around 5.5-6°C/min.

« Parts kept at the controlled temperature of 530°C for
3h.

« Cooling in a furnace to the room temperature.

It must be remarked that it is consistent with that rec-
ommended by EOS in a previous study.** However, very
few details are available in the scientific literature and in
supplier datasheets regarding the practical procedure to
conduct this treatment and especially to comply with the
strict specifications related to cooling or heating rates.
From this point of view, the conducted procedure was
highly demanding, as it required a controlled argon flow
(around 1.5 L/min) to assist heating as well as rapid
cooling. According to a previous study,* the UTS is
enhanced from 1080 to 1760 MPa, following heat treat-
ment. Similarly, its YP is also incremented from 840 to
1670 MPa.

Samples of the “NM” type were initially ground
with 0.5-mm allowance. Afterwards, they underwent
shot-peening according to the same specifications. In
previous studies dealing with Maraging Steel, it was
found that beneficial effects are given on the fatigue
response by peening treatment when it is performed
after machining.>* As highlighted in this Reference,
powder suppliers usually recommend running shot-
peening before machining. However, proceeding this

TABLE 1 Chemical composition of
Maraging Stainless Steel CX (wt%)

C (%) Fe (%)
<0.05 Bal.
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TABLE 2 Experimental plan

Factor 1: heat treatment Not heat treated

Heat treated

[ et o _WILEY L ¢

Factor 2: surface condition

Shot-peened Machined and shot-peened
Type NN Type NM
Type HN Type HM

Abbreviations: HM, heat treated and machined; HN, heat treated and not machined; NM, not heat treated and machined; NN, not heat treated and not

machined.

FIGURE 1 Specimen with 6-mm diameter
at gage, 10 mm at the heads complying with
ISO 1143 standard (all dimensions in mm)
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way, the treated layer is completely removed, thus mak-
ing the peening treatment barely ineffective. Con-
versely, running shot-peening after grinding makes it
possible to take advantage of the peening-induced com-
pressive residual stress state. Since this beneficial effect
is not strictly related to material properties, it is reason-
able to presume that it may also apply to the CX
Maraging Stainless Steel. For this reason, for machined
sets, shot-peening was always conducted after
machining.

Finally, regarding samples from the HM Sets, after
the end of the PBF process, they initially underwent heat
treatment as exposed above. Afterwards, they were gro-
und with 0.5-mm allowance and finally shot-peened
according to same parameters of the other sets, which are
going to be provided in the following paragraph.

As a final resume, regardless of the sample set they
were belonging to, all the specimens had their surfaces
treated by shot-peening. For the sake of clarity, it was
run just after PBF for Sets NN and HN and after machin-
ing for Sets NM and HM. The involved shots were made
of stainless steel and had 0.43-mm average diameter
(corresponding to S170) and 47 HRC average hardness.
Airstream pressure was 8 bar, which led to 0.55 m>/min
air consumption (in normalized air conditions). Air-
stream orientation was kept perpendicular to the sample
surface, at 50-mm distance, throughout the entire
process.

3 | EXPERIMENTAL

The specimens were made with smooth cylindrical shape
in agreement with ISO 1143. The gage diameter was set
at 6 mm. This value is the minimum recommended in
the standard and could be regarded as a good trade-off
between standard specification accomplishment and cost
saving. The heads were produced with 10-mm diameter.
A specimen sketch is provided in Figure 1.

Prior to experimental testing, all the samples were
checked for dimensions and roughness with a suitable
number of replications for statistical evidence reasons.
For this purpose, an electronic micrometer (resolution of
0.001 mm) and a portable surface roughness tester with
the resolution of 0.001 pm (RT25, by SM Metrology Sys-
tem, Torino, Italy) were used. Six diameter measure-
ments were run at the gage and four at each head.
Roughness measurements were carried out both at gage
and at both heads with eight replications. Ra is averagely
6.3 pm for unmachined shot-peened samples (Sets NN
and HN). Machining has clearly the capability of remark-
ably dropping down roughness values. Subsequent shot-
peening leads to the final observed values around 1 pm
(average value: 1.5 pm) being consistent with those for
peened surfaces.**

The tests were performed by a four-point rotating
bending machine (RB 35, by Italsigma, Forli, Italy), con-
trolled by a computer, which makes it possible to have a

so[onIe $s900y uad() 105 3deoxs ‘papruiad jou AOLYS ST UOHNGLYSIP pue asn-Y *[120Z/11/11] U0 -K1eiqr suruQ AS[ip Ag "wod Ks[im Areiqriaur[uo//:sdiyy woiy papeo[umo( ‘0 ‘120Z “S69209+ 1



CIRIC-KOSTIC Er AL.

* | WILEY-[{d TNt e

constant bending moment at the gage and a stress ratio
R = —1. This symmetrical alternating load has been uti-
lized in many researches aimed at the investigation of the
fatigue response of additively processed parts.”® The load
frequency was set at 80 Hz, complying with a previous
study.>* The samples were fatigued until failure or up to
107 cycles, to be regarded as run-out. The run-out value
was chosen in agreement with previous campaigns
involving Stainless Steel PH1 as well as Maraging
steel.>** Before each test, sample misalignment at gage
was checked by a centesimal comparator.

The tests were devoted to the determination of the
S-N curves in the finite life domain and of the fatigue
strengths at 10 million cycles (FL). The S-N curves were
determined complying with Standard ISO 12107, deter-
mining confidence bands corresponding to 10% and
90% probabilities of failure and 90% confidence level.
According to standard recommendations, both the lin-
ear and the quadratic model were implemented and the
general linear test was applied to assess whether the
improvement yielded by the quadratic model was signif-
icant. However, it always proved to be negligible; there-
fore, the linear interpolation model was applied instead.
FLs were worked out by abbreviated staircase (aver-
agely, seven nominal specimens) based on the Dixon
method,> which is applied in several studies such as.®
Confidence bands at the 90% confidence level were
applied as well, based on fatigue limit standard devia-
tion and on the size of the sequence at staircase. Den-
sity analyses were performed by the immersion method
to estimate the porosity level of the specimens. These
tests were aimed at comparing the relative density in
the treated and in the untreated states to literature ref-
erence data. This analysis was also aimed at assessing
the comparability of the retrieved microstructural prop-
erties to those observed in other studies dealing with
static properties of CX. The measurements were carried
by an electronic balance based on the Archimedes prin-
ciple. The weight of the specimens was measured twice:
the first measurement was made in air. The second one
was performed with the specimens immersed in dis-
tilled water. The difference between the two measure-
ments is equal to Archimedes' thrust (or hydrostatic
lift). It made it possible to estimate the overall volume
of the sample and consequently its density to be com-
pared with the theoretical one for the material. Their
ratio yielded the relative density, whose deviation from
100% is related to the porosity level.

To furtherly assess the porosity level, an image analy-
sis was also carried out. Three specimens per types were
cut by a saw: one cross-section and two longitudinal sec-
tions were obtained from each sample. The sections were
carefully polished by sandpaper and a water and alumina

solution. Afterwards, some surface pictures were taken
by a Stemi 305 stereo-microscope (by ZEISS,
Oberkochen, Germany). The polished surfaces, under the
stereoscope light, appear black except for porosity areas,
which are conversely very bright. By an image processing
software, the proportion between dark pixels and white
ones was evaluated, thus providing an estimation of the
porosity level.

Rockwell hardness (HRC) measurements were carried
out, running 3 measurements per sample and 45 measure-
ments per sample type. Hardness tests were carried out
both in the not heat treated and in the treated conditions
in order to compare the retrieved results to literature
data. This analysis was important to ensure the confor-
mity of the material and of the performed heat treatment
and the alignment of mechanical properties to those
observed in other studies addressing CX static properties.
Machined samples only were involved in this analysis in
order to avoid hardness measurements being altered by
surface asperities in the unmachined ones. In particular,
120° equally spaced spots at sample heads were involved
in hardness assessments. The results were worked out
based on the recommendations in>” in order to consider
the actual convex surface curvature, thus properly cor-
recting the experimental yields.

Fracture surfaces were then analyzed, to individuate
crack nucleation sites and to highlight any internal
defects, oxides, or porosities. A Stemi 305 stereo-
microscope (by ZEISS, Oberkochen, Germany) and an
Optiphot-100 optical microscope (by Nikon, Melville, NY,
United States) were utilized for this purpose.

The microstructure induced by the stacking process,
with and without heat treatment, was initially investi-
gated by micrographies. For this purpose, three samples
per group were cut along the cross-section and along
their longitudinal section, which made it possible to
investigate the microstructure on the deposition plane
and along the vertical stacking direction and to address
the effect of heat treatment. Vilella's reagent with surface
preheating was utilized as chemical etchant, and the
aforementioned optical microscope was used.

At the last stage, observations by a scanning elec-
tron microscope (SEM) were run. These analyses were
again aimed at assessing the microstructure in the as-
built condition and following heat treatment, thus
assessing heat treatment strengthening effect. Further-
more, fracture surfaces in the same conditions were
observed, to explore fatigue propagation and different
final fracture mechanisms. This microscope (Mira3
Model, by TESCAN, Brno, Czech Republic) is equipped
with a hot-cathode field emission gun (tungsten fila-
ment emitter) and with an energy-dispersive X-ray spec-
troscopy (EDS).
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All the fatigue results were processed by the linear model
according to Equation 1, which can be turned into
Equation 2. The calculated coefficients by and b; are col-
lected in Table 3. Figure 2 shows all the fatigue S-N cur-
ves in the finite life domain along with the related
experimental points.

Log(N) =bo+ by - Log(S) (1)

by 1
S=100 N 2)

Density analysis was also performed by the immer-
sion method, as detailed in the methodological Section.
The values for each set are shown in Table 4, in terms of

TABLE 3 Coefficients of the determined S-N curves, according
to the linear model of ISO 12107

Set # b, b, 10 bo/bt -1/b,

NN 9.441 1.768 218,742 —0.566
HN 18.955 5.354 3,470 —0.187
NM 52.247 17.114 1,129 —0.058
HM 21.559 5.390 9,996 —0.186

Abbreviations: HM, heat treated and machined; HN, heat treated and not
machined; NM, not heat treated and machined; NN, not heat treated and
not machined.

1000
800
200
700

200

Maximum bending stress [MPa]

100
1.0E+04 1.0E+05 1.0E+06 1.0E+07

Life Cycles [-]

4 Exp. Res. Set NN —S-N Set NN # Exp. Res. Set NM —S-N Sat NM

© Exp. Res. SetHN - 5-N Set HN @ Exp. Res. Set HM —5-N Set HM

FIGURE 2 S-Ncurves in the finite life domain for all the
samples [Colour figure can be viewed at wileyonlinelibrary.com]
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average density and as a percentage with respect to the
declared data by EOS* that is equal to 7,700 kg/m®.

Considering that relative density estimates are highly
affected by the declared value by the supplier, a further
analysis was carried out. As reported above, three speci-
mens per type were cut along the longitudinal and trans-
verse directions. The surfaces were then polished and
observed by stereoscopic measurement. In these condi-
tions, without any chemical etching, a large part of the
area generally appears black. The presence of porosities
is highlighted by a different light reflection that makes
them appear bright. The images were then processed,
turning them into grayscale and reversing the colors.

A processed image with inverted colors is displayed in
Figure 3A with reference to a longitudinal
section (i.e., along the sample main axis of inertia, along
the build direction) of a machine sample. Another image
is shown in Figure 3B with regard to an unmachined
sample. In this case, a cross-section (build surface) is dis-
played. Related details, with corresponding scales, are
provided in Figure 3C,D, respectively. In these images,
voids and porosities are highlighted by dark shadows in a
white landscape: The amount of black may be easily
determined by graphic processing with the aid of several
freeware software. Therefore, the ratio between the black
and the white pixels can be regarded as a reliable indica-
tor of the porosity level in the investigated area. This out-
come, if confirmed by similar analysis on the same
component, may be extended to the entire part.”® The
retrieved data indicate the porosity level is consistent for
all the sample sets: It is in particular 0.1% for NN, HN,
and NM Sets, and a bit high, up to 0.3% for the HM Set.

Hardness measurements (HRC) are 31.0 + 1.5, when
considering not heat treated material (set NM) and 47.0
+ 0.9 for heat treated material (set HM). Confidence
intervals take the worst scenario of twice the standard
deviations into account.

The study was completed by fractographic and
micrographic analyses by stereoscopic and optical

TABLE 4 Density measurements

Relative density

Measured density (declared density by

(kg/m?) EOS *': 7,700 kg/m?)
Set NN 7,651 99.4%
Set HN 7,631 99.1%
Set NM 7,674 99.7%
Set HM 7,666 99.6%

Abbreviations: HM, heat treated and machined; HN, heat treated and not
machined; NM, not heat treated and machined; NN, not heat treated and
not machined.
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1 mm

FIGURE 3 (A) Graphically processed
polished longitudinal section of a machined
sample. (B) Graphically processed polished
cross-section of an unmachined sample. (C) A
detail of (A). (D) A detail of (B) with visible
subsurface porosities [Colour figure can be
viewed at wileyonlinelibrary.com]

(C) g 500 um

L

100 um

FIGURE 4 Fracture surfaces observed by stereoscope (A, C, E, F) and by optical microscope (B, D, F, H). Sample numbers: NNOS8 (A,
B); HNO5 (C, D); NMO5 (E, F); HM13 (G, H) [Colour figure can be viewed at wileyonlinelibrary.com]

microscopes. Some fracture surfaces are shown in
Figure 4. The outcomes of micrographies captured by
optical microscope are shown in Figures 5 and 6. The
first one refers to not heat treated specimens (NN and
NM Sets), whereas the latter deals with heat treated
ones (from HM Set).

5 | DISCUSSION
5.1 | Statistical assessment

The plots in Figure 2 suggest that both machining and
the heat treatment have a positive effect on the fatigue

performance. An ANOVA-based extended statistical
method for the comparison of trends, which was first
introduced in a previous study®® and then successfully
adopted in other studies,"***** was applied here to prop-
erly compare the S-N curves. In particular, the tool of
two-factor design has been utilized in order to assess
whether the visible differences among the curves are sig-
nificant, if compared with the scattering of the experi-
mental campaign. The curve trends were compared,
averaging their differences over the lifespan ranging from
10* to 10’ cycles, which corresponds to the observed
lifespan. The analysis starts with the computation of the
gran mean curve S, to be computed as reported in
Equation 3.
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FIGURE 5 Micrography surfaces.

(A) Sample NMO09, longitudinal section.

(B) Sample NNO1, cross-section (melt pool
boundaries highlighted by red dashed lines)
[Colour figure can be viewed at
wileyonlinelibrary.com]

S

FIGURE 6 Micrography involving a heat treated sample (from
Set HM) [Colour figure can be viewed at wileyonlinelibrary.com]

- 5 S S S
S NN T HN‘Z NM + SHm (3)

Sy indicates the 10-base logarithm of the stress
corresponding to a generic fatigue life, whereas the sub-
script corresponds to the previously mentioned sample
sets. The second step of the analysis consists in the com-
putation of the row means (R; and R,) and of the column
means (C; and C,), where

Ry = * S @)

R, _ SN ‘;SHM (5)

c _ Snn+Sun (6)
2

¢, =t St (7)

Then, the SSBR and the SSBC terms have been com-
puted. The SSBR term (sum of square between rows)
takes the effect of the “Row” factor into account. Conse-
quently, based on the experimental design in Table 2, this

Hd I et WILEY-L 2

term deals with the effect of heat treatment comparing
the fatigue trends with and without this postprocessing
(Equation 8). The SSBC term (sum of square between col-
umns) is related to the effect of the “column” factor, that
is, machining. The fatigue response with and without
grinding is consequently compared (Equation 9). Like in
conventional ANOVA, sums of the squares of the differ-
ences between row and column means and the grand
mean are computed

SSBR= (R1—5)"+ (R, —5)° 8)

SSBC = (C1—5)*+(C, - 5)* 9)

Setting  S;;=Snn, Si2=Snm S21=Sun, and S,
= S based on the position of these treatment combi-
nations in the matrix in Table 2, it is finally possible to
calculate the term R; G as shown in Equation 10. This
term makes it possible to compute SSI term, being the
acronym of sum of squares interaction and taking the
interaction between the two mentioned factors into
account.

and then the SSI term (Equation 11).
2 2 2
SSI:Zi:le:lRiCj (1)

The aforementioned terms were computed over the
entire lifespan with a sufficiently refined step. After-
wards, they were turned into scalars, taking the respec-
tive integral means over the entire life range in order to
have global indicators being reliable of the average
impacts of factors and interaction over the investigated
life domain.

The last term we need to compute the ANOVA analy-
sis is the error-related term SSE. It can be regarded as the
sum of the squares of the residuals between the
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experimental data distributions and the retrieved S-N
curves. This term may be estimated, based on Equa-
tion 12, where S,y, represents the logarithm of the stress
level corresponding to an observed life and S.q. indicates
the same stress level in the logarithm scale, based on the
interpolated S-N curve for the same life extent. In this
formula, the subscripts i and j retain the same meanings
as above, indicating the rows and the column of the
experimental design in Table 2, whereas k identifies the
k-th experimental point and ,;; is the number of available
points of the dataset.

2 2 nij 2
SSE= Z i=1 ZHZ k:dl (Sexpu.k - Sf-‘alCzJ,k> (12)

A final step was needed to make the determined terms
comparable with one another and to process them in a
conventional two-factor ANOVA: The aforementioned
terms were scaled, rationalizing them by the related
degrees of freedom. The outcome of the statistical assess-
ment is reported in Table 5 and can be commented with
reference to the plots in Figure 2. The conclusion was
that both heat treatment and machining significantly
affect the fatigue life. Moreover, the two factors have a
strong interaction. Glancing at the plots in Figure 2, it is
possible to highlight the heat treatment effect. The cur-
ves of the heat treated specimens HN and HM are gener-
ally higher than those for not heat treated conditions,
that is, NN and NM. This outcome highlights that the
performed heat treatment remarkably enhances the
fatigue strength regardless of surface conditions. At the
same way, curves for sets with and without machining
can be compared: NM and HM series generally exhibit
higher strength than the unmachined Sets NN and
HN. The interaction effect may also be discussed, based
on curves trends. This point may be addressed, compar-
ing the slopes of the curves, being related to the coeffi-
cient b, (Table 3) of curve equations in the logarithmic
scale. Interaction generally arises from a different effect
of one factor, depending on the current level of the other

TABLE 5 Analysis of variance results

Sums of Degrees of
squares freedom
SSBR: effect of heat 0.0826 1
treatment
SSBC: effect of machining 0.2831 1
SSI: interaction 0.0483 1
SSE: error (data scattering) 0.1045 39
Total 0.5185 42

one. In the curves of the HN and HM series, the coeffi-
cient b; assumes approximately the same value and, in
fact, their slopes keep approximately the same. This
means that for heat treated series, the improvement
yielded by surface grinding is the same both for low and
for high life cycles regimes. On the other hand, the S-N
curves for the NN and NM Sets have considerably differ-
ent slopes and their b, coefficients are also highly differ-
ent. This outcome indicates that, when heat treatment is
not performed, machining leads to a fatigue enhance-
ment, which is remarkably greater at higher life spans.
Therefore, the effect of machining is different in
untreated and treated parts and is significantly
incremented on not treated parts. A similar remark
applies to heat treatment effect that keeps different for
unmachined and machined parts.

5.2 | Fatigue strengths at 10 million
cycles and most noticeable parameter
combinations

The fatigue curves along with their confidence bands are
singularly plotted in Figure 7. FL nominal values are dis-
played in the bar graph in Figure 8, where the
corresponding confidence intervals at the 90% confidence
level are also appended to the bars. The bar graph high-
lights and confirms the beneficial effects of both heat
treatment and machining. Taking the samples type NN
(not treated and not machined) as a reference, heat treat-
ment without machining leads to more than doubled FL.
On the other hand, machining without heat treatment
has the capability of remarkably incrementing the FL by
a factor three. The combination of heat treatment and
machining with subsequent shot-peening leads to a fur-
ther improvement: The FL for Set HM appears to be more
than four times increased with respect to that for type
NN. This is indeed the best combination of the four. The
reasons for this result can be justified based on several
argumentations.

Sums of squares after Fisher's

scaling ratio p-value
0.0826 30.85 2.16:10°
0.2831 105.65 1.17-10 '
0.0483 18.03 1.30-10°*

0.0027

Abbreviations: SSBC, sum of squares between columns; SSBR, sum of squares between rows; SSE, sum of squares error; SSI, sum of squares interaction.
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FIGURE 8 Fatigue strengths at 10 million cycles (FLs)

The machining process indeed drops down surface
roughness (R,), which is reduced from 6-7 pm to 1 pm or
even less, thus making the surface smoother and reduc-
ing the number of potential crack nucleation sites. As
reported in the Section 1, several studies in the literature
indicate that a poor finishing worsens the fatigue proper-
ties. Furthermore, the removal of the outermost layers
erases the external contours that are usually the most
affected by detrimental porosities and voids. On the other
hand, heat treatment has the capability of relaxing the
stacking process-induced tensile residual stresses that
detrimentally affect the fatigue response. The main rea-
son for the observed fatigue response must be related to
the structure of the investigated Maraging Stainless Steel
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with and without heat treatment.*>*® When in its as-built
state, it consists of columnar or equiaxed cells that fea-
ture its martensitic matrix. The structure is completed by
fine nanoprecipitates, uniformly spread in the matrix,
whose development is triggered by the additive process,
in the framework of heating/melting stages, followed by
rapid cooling. The precipitate size is furtherly
incremented upon the two-stage heat treatment, while
new precipitates tend to nucleate. Therefore, the treated
material has its hardness and strength incremented with
positive outcomes regarding its static and fatigue resis-
tances. Discussion regarding heat treatment strengthen-
ing effect is going to be deepened in the following, based
on the support of Field Emission Gun Scanning Electron
Microscope (SEM-FEG) observations.

An interesting point for design purposes is the estima-
tion of the ratio between the determined fatigue strengths
at run-out and the UTS declared by the powder supplier
in a previous study** with and without heat treatment.
To properly tackle this question, two dashed lines have
been appended to the bar graph in Figure 8, in order to
indicate the levels corresponding to 50% of the UTS in
the two conditions above. It is worth mentioning that the
ratio versus UTS is sharply incremented by machining,
when considering untreated samples: from 0.11 to 0.41.
This is also increased for heat treated samples from 0.16
to 0.29. This latter value is indeed lower than the previ-
ous one and also keeps much lower than 50% of UTS for
treated material.
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An important outcome is that the 0.29 FL versus UTS
ratio for treated and machined samples is very close to
the corresponding values retrieved for Maraging steel
MST1 and for Stainless Steel 15-5 PH1 3143334 and, there-
fore, may be assumed as a reference for design for this
class of materials. A further remarkable outcome is that
machining parts, even without heat treating them, can be
regarded as a highly efficient combination. On the one
hand, the ratio over UTS is the highest one and very close
to 0.5; on the other hand, the corresponding FL keeps
very close to the highest one retrieved for the head
treated and machined samples (450 MPa against
510 MPa).

5.3 | Density and porosity

The immersion method was used as a first approach to
address relative density estimation and to consequently
work out the porosity level. As above, running this fur-
ther analysis was important to compare the retrieved out-
comes to other results in the literature for the same
(untreated and treated) material in order to make sure of
the comparability of static properties and of the correct
execution of heat treatments. Not remarkable differences
were observed: The retrieved data were all aligned and
even greater than the declared value by the powder sup-
plier, that is, 99%. A 0.5%-1% average level of voids is
usually commonly accepted and consistent with the spec-
ifications of most powder suppliers.**® Moreover, it is
worth mentioning that the obtained results are also well
consistent to those in Hadadzadeh et al.,45 where a 0.32%
porosity level was observed.

The porosity levels were also worked out, following
an accurate graphic processing analysis of microscope
observation. Consistent data were obtained for all the
investigated sections, regardless of part type and of orien-
tation: Average porosity levels range from 0.1% to 0.3%.
These outcomes confirm those by the immersion method
and are well aligned with those in Asgari and
Mohammadi** for the same material, confirming the full
density of the stacked parts, regardless of set features.
They all confirm that the studied samples are absolutely
conformal to common specifications for additively
processed parts and to previously investigated CX sam-
ples in the literature.

Anyway, considering the captured images
(in particular the detail in Figure 3D), it is worth men-
tioning that, when considering unmachined samples
(i.e., NN or HN Sets), a few porosities are located close to
the surface, presumably at the interface between the
external contour lines and the internal scanned surface.

Hardness values appear to be a bit lower than those
included in previous studies*"**: In particular, a differ-
ence by four HRC has been observed. It is worth men-
tioning the same discrepancy affects both untreated and
treated samples, which indicates that the observed hard-
ness increment, following heat treatment, is completely
compliant with previous studies and material
specifications.

5.4 | Fractography and micrography

With regard to the fracture surfaces shown in Figure 4,
it was found that almost the totality of failure starts
from surface defects with multiple nucleation points for
not machined specimens (types NN and HN). As
highlighted in previous studies,”’* a high surface
roughness has the detrimental effect of triggering crack
initiation and consequent propagation. Conversely, in
most (over 90%) machined samples (NM and HM
types), the failure grows up from internal porosities
located at a distance from the edge up to 500 pm. This
outcome is clearly due to the removal of surface defects
and roughness crests, as also confirmed by the much
better fatigue response versus unmachined specimens.
In addition, part machining with 0.5-mm allowance has
also the capability of removing contour lines. Thus, sev-
eral subsurface defects and voids, which are often pre-
sent at the interface between laser scans and contour
lines (as highlighted above and as it is also visible in
the detail in Figure 3D), are also removed.

Micrographies observed by optical microscope are
depicted in Figures 5 and 6. The first one refers to not
heat treated specimens (NN and NM Sets). The picture in
Figure 5A was taken, following a cut along the sample
longitudinal section (a plane containing the sample main
axis of inertia). Therefore, the microstructure along the
vertical stacking direction is here depicted. Conversely,
the micrography in Figure 5B refers to a transverse cut
along the cross-section, which means the microstructure
on the build surface is here investigated. Stacked layers
are clearly visible in Figure 5A, whereas laser scans can
be observed on the build surface in Figure 5B. The
retrieved microstructure is completely different in the
heat treated specimens, where the typical structure of
additively processed parts is no longer visible and the dif-
ference between stacked layers and laser scans also van-
ishes. A microscope observation is displayed in Figure 6,
considering the same chemical etching. This image refers
to a longitudinal plane along the build direction, but
exactly the same pattern was observed in the perpendicu-
lar plane.

so[onIe $s900y uad() 105 3deoxs ‘papruiad jou AOLYS ST UOHNGLYSIP pue asn-Y *[120Z/11/11] U0 -K1eiqr suruQ AS[ip Ag "wod Ks[im Areiqriaur[uo//:sdiyy woiy papeo[umo( ‘0 ‘120Z “S69209+ 1



CIRI C-KOSTIC ET AL.

5.5 | Heat treatment strengthening
effect investigated by SEM-FEG analyses

The microstructure in the as-built and heat treated con-
ditions and the effect of heat treatment were then
investigated in the light of SEM-FEG observations. In
particular, the analysis involving not heat treated sam-
ples has made it possible to get awareness of the

FIGURE 9 Scanning electron microscope
(SEM-FEG) observations in the not heat treated
state: (A) equiaxed and columnar cell structures
and (B) observed precipitates

ﬁm E::?.‘"I.ﬁnﬁmi & Struciures _W] LE YJ_B

solidification morphology, following the stacking pro-
cess. The picture in Figure 9A, taken on the build sur-
face, indicates that the solidification process has led to
a set of equiaxed and columnar cells, which is in agree-
ment with the outcomes in.**®

The generation of these morphologies arises from the
actual solidification rate and thermal gradient. For
instance, a high cooling rate leads to the development of

FIGURE 10 Scanning electron microscope
(SEM)-FEG observations after heat treatment:
(A) elongated grains; (B) detail of (A) with
precipitates; (C) precipitate compounds [Colour
figure can be viewed at wileyonlinelibrary.com| (©)
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a fine equiaxed cellular structure. A similar structure was
observed in other samples from not heat treated speci-
mens, regardless of surface orientation with respect to
build direction. A detail of precipitates is displayed in
Figure 9B. As previously highlighted, the structure of this
Maraging Stainless Steel consists of fine nanoprecipitates
being uniformly distributed in a martensitic matrix. After
the annealing and aging heat treatments, grain bound-
aries are surrounded by dislocation walls and an impor-
tant role is given to nanoprecipitates. As an effect of heat

(B)

Ductile ¥

i f‘I:)u-:'.-.ne-a_

treatments, the existing precipitates (mainly p-NiAl) tend
to grow up, while additional ones are induced to nucleate
at dislocation tangles. This general growth of precipitates
plays an important role for material strengthening.*® The
observed microstructure in heat treated samples is shown
in Figure 10A. It is worth mentioning that heat treatment
leads to around 1-pm-wide elongated grains. As men-
tioned above, precipitate actual size before and after heat
treatment deserves a careful analysis. The annealing and
aging treatments lead to precipitate growth from the

FIGURE 11 Crack initiation points in
(A) an unmachined sample. (B) A machined
sample with subsurface void

FIGURE 12 (A) Beachmarks in not heat
treated conditions. (B) Beachmarks in heat
treated conditions. (C) Ductile fracture in not
heat treated conditions. (D) Brittle
transgranular fracture in heat treated conditions

Ductile
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range 20 to 70 nm to that between 50 and 130 nm. Con-
sistently with the observations in Chang et al.,* this is
the most relevant mechanism that leads to strength
enhancement against fatigue. A detail of Figure 10A,
along with precipitate compounds, is provided in
Figure 10B,C.

5.6 | Fracture mechanisms and heat
treatment effect investigated by SEM-FEG
analyses

The last stage of SEM analysis was devoted to get a full
awareness of the fracture mechanism in samples in the
unmachined or machined states, with and without heat
treatment. Regarding initiation points, it was confirmed
that as remarked above’** high surface roughness in
unmachined samples triggers surface crack nucleation, as
surface irregularities acted as sharp notches (Figure 11A).
Conversely, when considering machined samples,
Figure 11B, subsurface voids were usually the primary
reason for crack initiation.

Details of beachmarks are respectively provided in
Figure 12A,B with regard to not heat treated and
treated conditions, respectively. Not significant differ-
ences may be observed between the retrieved patterns
that also keep the same spacing (300 nm). As for final
fracture mode, not heat treated samples exhibited a
ductile fracture as clearly highlighted by dimples in
Figure 12C with reference to ultimate fracture. Heat
treatment had indeed the relevant role of significantly
increasing the fatigue strength, but fracture turned to
be brittle with transgranular mode (cleavage). This is
clearly visible in Figure 12D, although some spots of
ductile fracture (highlighted in the same picture) are
still present. Material embrittlement is in agreement
with hardness increase and toughness drop observed in
Chang et al.*®

6 | CONCLUSIONS

The present study has dealt with the fatigue response of
CX Maraging Stainless Steel produced by PBF. This is the
very first one, going beyond the study of static properties
and trying to investigate the response of this material
under cyclic loads. The effects of heat treatment and of
machining have been experimentally assessed by a two-
factor design. Rotating bending tests have led to the
determination of S-N curves and of fatigue strengths at
run-out (corresponding to 10 million lifecycles). The data
have been processed by conventional statistical methods,
according to Standards, and by a not conventional

[3 T st csam —WILEY-L 2

ANOVA-based statistical analysis for the comparison of
fatigue trends.

The outcomes indicate that both heat treatment and
machining have a significantly beneficial effect, even if
performed singularly. The effect of the machining is par-
ticularly relevant even without heat treatment. It indi-
cates this material is highly sensitive to surface
irregularities triggering cracks: running machining leads
to a four-time incremented fatigue strength. When heat
treatment and machining are applied together (in this
order and with subsequent shot-peening), they have a
synergic beneficial effect, which leads to a further
enhancement of the fatigue strength (up to five times). In
this condition, the ratio between the fatigue strength at
10 million cycles and the static resistance (UTS) is 0.29,
which, also based on previous studies, may be assumed
as a reference for Maraging and Stainless Steels. How-
ever, when specifically considering the ratio between the
fatigue strength at run-out and the actual (in the same
condition) ultimate tensile strength, it is worth mention-
ing that the highest value (0.41) has been obtained, when
specimens are machined but not heat treated (with subse-
quent shot-peening). This seems to be the most effective
combination of the investigated parameters for the addi-
tively manufactured CX Maraging Stainless Steel also
because its fatigue strength keeps very close to the
highest one retrieved for the head treated and machined
samples (450 MPa against 510 MPa). In addition,
machining has the capability of removing the contour
layers and smoothing the external surface, thus moving
initiation sites from the surface to inner layers (up to the
depth of 0.5 mm).

Electron microscope observations made it possible to
assess the heat treatment fatigue strengthening effect.
When in its as-built state, the material consists of colum-
nar or equiaxed cells with nanoprecipitates being uni-
formly spread in the matrix. The precipitation size is
incremented upon the two-stage heat treatment; in addi-
tion, new precipitates tend to nucleate at dislocation tan-
gles and then to grow up. This mechanism leads to
hardness and static and fatigue strength increment. On
the other hand, further observations regarding the frac-
ture mode indicate that it is made more brittle, as an
effect of heat treatment.
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NOMENCLATURE

AM Additive manufacturing

ANOVA  Analysis of variance

by b; S-N curve coefficients according to standard

C,C, Column means (for ANOVA computations)

DMLS Direct metal laser sintering

FL Fatigue limit (or strength) at 10 million cycles

HRC Rockwell hardness

N Lifecycles (for S-N curve)

PBF Powder bed fusion

R Stress ratio (fatigue tests)

RC; Interaction term (for ANOVA computations)

R, Roughness average [pm]

R, R, Row means (for ANOVA computations)

SLM Selective laser melting

S Maximum bending stress (for S-N curve)

Sum 10-base logarithm of stress, for Set HM (for
ANOVA computations)

SHN 10-base logarithm of stress, for Set HN (for
ANOVA computations)

Sun 10-base logarithm of stress, for Set MN (for
ANOVA computations)

SNN 10-base logarithm of stress, for Set NN (for
ANOVA computations)

S Overall mean (for ANOVA computations)

S-N Maximum bending stress versus life cycles

curve curve in the finite life domain

SSBC Sum of squares between columns (for

ANOVA computations)

SSE Sum of squares error (for ANOVA
computations)

SSI Sum of squares interaction (for ANOVA
computations)

SSBR Sum of squares between rows (for ANOVA
computations)

UTS Ultimate tensile strength (MPa)

YP Yield point (MPa)
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